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Aquaculture is the fastest growing form of food production in the world. It is also a significant
source of protein for people in many countries, including the United States. Globally, nearly half
the fish consumed by humans is produced by fish farms. This worldwide trend toward
aquaculture production is expected to continue. At the same time, demand for safe, healthy
seafood is also expected to grow. It is clear that the United States needs a robust aquaculture
industry to meet rising seafood demand and to enhance domestic commercial and recreational
fish and shellfish stocks.

Technology innovation is a major source of the nation’s economic well-being. Therefore it is
critical to identify the technological roadblocks which impede innovation as well as identify the
needs in measurements which are linked to technology innovation. The primary function of the
Addressing Barriers to Technological Innovations in Aquaculture workshop was to generate
information from private and public sectors to ensure that the nation’s innovation and
measurement needs in aquaculture were identified. If financial and other resources are made
available and there is sufficient stakeholder interest, a research and innovation action plan could
be developed based on this assessment.

The National Institute of Standards and Technology (NIST) and the National Oceanic and
Atmospheric Administration (NOAA) jointly facilitated the Addressing Barriers to
Technological Innovations in Aquaculture workshop. Other key agencies in aquaculture also
participated as part of the workshop steering committee, including the U.S. Department of
Agriculture (USDA) and the Food and Drug Administration (FDA). Founded in 1901, NIST is a
non-regulatory federal agency within the U.S. Department of Commerce. The NIST mission is
to promote U.S. innovation and industrial competitiveness by advancing measurement science,
standards, and technology in ways that enhance economic security and improve our quality of
life. As a federal agency, under the U.S. Department of Commerce, NOAA is at the forefront of
a national initiative to help the United States become more self-sufficient in the production of
seafood. This initiative is based on sustainable commercial marine fisheries complemented by
robust domestic aquaculture production.

In the fifteen previous industry workshops conducted as part of the U.S. Measurement System
Assessment (usms.nist.gov) by NIST, 164 industry technology roadmaps were reviewed and 723
measurement needs in 11 industry sectors and technology areas identified. One would imagine
technology and measurement needs across the sectors would vary tremendously. One would also
imagine aquaculture’s technological needs to be completely unique from other industries.
However there are many notable similarities in the needs identified. Many needs identified from
this workshop also touch upon previously identified needs that crosscut industry sectors:

» Requirements to improve process control transcend nearly all sectors and demand
increased accuracy, precision, resolution, sensitivity, and repeatability.

» Opportunities to use sensors to detect, monitor, and control a wide variety of quantities,
properties and processes—in real time—are abundant.



> Reliable metrics for quantifying overall system performance—such as interoperability
and conformance to specifications—are critically needed, as products and services are
integrated or networked into collections of hardware and software technologies, including
complex systems.

Representing a variety of interests, including public and private research and development
interests, industry, academia, and government and non-government entities, over 125 workshop
participants helped identify and prioritize a more specific innovation and measurement needs
agenda that addresses the technical infrastructure in the varied disciplines of aquaculture. By
self-selecting into four working groups, participants identified how best to transfer knowledge
and share priorities across industry, government, funding agencies, regulatory agencies,
educational and not-for-profit institutions in order to build strong collaborations and
partnerships. By the end of the workshop a roadmap of the innovation and measurement needs
was outlined in four major areas: Biofloc-based Production of Marine Shrimp, Land-based
Production of Marine Finfish, Coastal Shellfish Production, and Cage Production of Marine
Finfish. The steps required to address these technical needs, as well as the consequences of
inaction, were generally developed within these four breakout discussion groups.

If utilized effectively, this roadmap will make a difference for NOAA and NIST and the way we
view aquaculture research needs and for the many other organizations public and private, who
comprise the aquaculture infrastructure of the United States. It is our hope the varied
technological barriers identified by this workshop will be a key component of the nation's
innovative focus in aquaculture for the future. The industry comprises an incredibly diverse
assortment of activities from commerce and trade to food safety, bio-security, animal health care
and nutrition, environmental impacts, production technologies, as well as basic science oriented
research and innovation. The results of this workshop provide a broad vision of the aquaculture
industry in the U.S. and its innovation and measurement needs as we continue to move toward a
more robust and sustainable domestic aquaculture industry that is both environmentally and
economically sustainable.

Dr. Michael Rubino
Manager, Aquaculture Program
National Oceanographic and Atmospheric Administration

Dr. Willie E. May
Director, Chemical Science and Technology Laboratory
National Institute of Standards and Technology
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Overcoming Technical Barriers to the Sustainable
Development of Competitive Marine Aquaculture in the
United States

Summary of a Workshop on
Enhancing Competitiveness of Sustainable Marine Aquaculture in the United States:
Addressing Measurement Barriers to Technological Innovation

Orlando, Florida
13-14 February 2008

Sponsored by:
National Institute of Standards and Technology
National Oceanic and Atmospheric Administration

Workshop Executive Summary

Technological innovation drives economic growth and development and is a key source of
ongoing competitive advantage in a global economy, but innovation can be impeded by
unresolved measurement barriers. Measurement barriers include development of methods,
standards, instruments, and capabilities to evaluate sector progress and technological
advancement. This document summarizes the outcome of a NIST-NOAA workshop designed to
identify the priority research needs, and where appropriate, the measurement barriers that impede
U.S. marine aquaculture innovation. The workshop focused on the critical technology gaps that
affect the sustainable development of a commercial marine aquaculture sector based on four
types of production systems:

e shellfish aquaculture,

e cage culture of marine finfish,

e land-based culture of marine finfish, and

e Diofloc-based culture of marine shrimp.

At the workshop, the main subject areas with identifiable technology gaps included:
e genetic improvement,

nutrition,

health management,

reproductive control,

production of larvae and juveniles,

food safety and product quality,

environmental performance and impact,

system engineering and life-support systems, and

economics and marketing.
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It was clear from the workshop discussions that technical barriers to innovation can be addressed
by strategic investment in high priority areas, particularly those with potential benefits that
extend across technology platforms, and those that integrate research among disciplines. Also,
cost-effective investments in research to address priority information and technology needs,
combined with a stable regulatory environment, a streamlined permitting process, and public-
private partnerships in demonstration systems can accelerate private-sector investment in the
development of a sustainable and competitive marine aquaculture sector in the U.S. economy.

The following sections in this summary provide more detail the scope for an expanded marine
aquaculture sector in the US, background on workshop structure and organization, as well as
prioritized outcomes of the discussions of the workshop breakout groups. Research needs are
summarized and prioritized. Specific measurement gaps are also described. During the
workshop some very important non-technical barriers to sector development were identified and
these have also been summarized in a section entitled Non-Technical Barriers. The final section
in the workshop summary discusses roadmap implementation focusing on next steps to promote
the advancement of US marine aquaculture.
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The Scope for an Expanded Marine Aquaculture Sector

In 2007, the trade deficit for seafood in the U.S. was over $9 billion, with over 80% of the
seafood consumed in the U.S. imported and about half of those imports from aquaculture.
Production from U.S. marine aquaculture accounts for only 1.5% of the domestic seafood
supply. Thus, there is enormous growth potential for production of safe, high-quality seafood
that is farmed under federal and state environmental and food safety standards.

Marine aquaculture in the U.S. encompasses the production of a wide variety of finfish, shellfish,
and algae, most of which are marketed as high-value seafood. Currently production is dominated
by molluscan shellfish, although salmon and shrimp are also important, as well as smaller
quantities of other marine species. The following table indicates the quantity and value of U.S.
aquaculture production and imports of three of the main seafoods consumed in the U.S. (from the
U.S. Department pf Agriculture (USDA) Census of Aquaculture, 2005 and National Marine
Fisheries Service Annual Summary of Imports and Exports of Fishery Products, 2007).

Marine species thousand pounds million US$

Oysters, clams, mussels | U.S. production 268,164 170.4
Imports 80,416 125.3

Salmon U.S. production 20,726 37.4
Imports 521,293 1,600

Shrimp U.S. production 8,037 18.7
Imports 1,223,434 3,896

Shellfish is currently the most important and robust sector of commercial marine aquaculture in
the U.S. The potential for additional growth is high despite constraints associated with food
safety, water quality, user conflicts, and site availability. In addition, seafood import statistics
suggest that there is tremendous potential for the broader marine aquaculture sector based on the
culture of marine finfish in cages and land-based recirculating systems, and on the culture of
marine shrimp in intensive, biofloc-based systems.

Workshop Structure and Organization

A two-day workshop sponsored by the National Institute of Standards and Technology (NIST)
and the National Oceanic and Atmospheric Administration (NOAA) was held in Orlando,
Florida from 13-14 February, 2008. The workshop, which attracted over 125 participants, served
to provide a forum and focus for a broad range of input from knowledgeable and experienced
participants from among the community of aquaculture producers and those providing
technology and services to producers, academics, and representatives of relevant government
agencies and non-governmental organizations. The goals of the workshop were to identify and
prioritize the critical technology gaps and, if appropriate, identify associated specific
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measurement barriers that constrain technological innovation in the development of sustainable
marine aquaculture in the United States.

Four types of marine aquaculture systems were examined: coastal production of shellfish, cage
culture of marine finfish, land-based production of marine finfish, and biofloc-based production
of marine shrimp. These systems were selected on the basis of their potential for large-scale
sustainable development in the U.S., the potential competitiveness of their products in a global
seafood market, and technological innovations in research and development that are currently led
by the U.S.

For each marine production system, a preliminary technology roadmap that charts the
development of a competitive and sustainable marine aquaculture sector was prepared for review
before the workshop. Marketing, economics, financial feasibility, and risk analysis provided
focus on the technological barriers that are directly related to commercial competitiveness. Each
roadmap addressed the following questions:

. What is the technology at issue?

. What are the short-, medium- and long-term opportunities for technological innovation
that should be considered?

. What are the technological barriers to the innovation?

o What is the economic significance of the innovation that can improve U.S. marine
aquaculture competitiveness?

. How can improvements in performance be measured and to what extent are measurement
problems part of the technological barrier?

o What are the potential solutions to the measurement part of the technological barrier?

Innovative technologies were identified and described with the goal of spanning and integrating
among all aspects of aquaculture production, including:

. species selection, broodstock development, and genetic improvement

. hatchery, fingerling and adult husbandry

nutrition, feeds, growth, and product quality

disease diagnostics and health management

production system design and engineering

environmental standards and waste management, and

harvesting, processing and marketing

In break-out sessions during the workshop the roadmaps were discussed, additional input
collected, and participants encouraged through facilitated discussion to identify and prioritize
impediments to commercialization. The output from the break-out session was a list of
technology, knowledge, and implementation gaps that constrain innovation and competitiveness
of each of the targeted sustainable production systems. Another break-out session focused on
defining potential solutions to technology gaps and issues raised in the first break-out session.
Participants were encouraged to identify and define the measurement needs that impede research
and development of the technological innovations that foster competitiveness. Workshop
participants prioritized output into short-, medium-, and long-term needs through a combination
of individual indications of importance and consensus-building discussion to rank the most
important areas. In the wrap-up session, break-out group leaders summarized findings in a
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plenary session and solicited additional input from participants. Participants were also given
opportunities to provide additional input during several rounds of post-workshop review of
roadmaps and this document.

A sustainable and competitive marine aquaculture sector in the United States must overcome
numerous technical, regulatory, and economic barriers to innovation and commercial
development. Although the workshop focused on technology innovation and measurement
needs, the importance of the enabling environment — including regulatory streamlining and
stability, the availability of investment capital for aquaculture businesses, and the overall policy
environment — were identified as no less critical to the success of marine aquaculture
development.

This document identifies priority areas for future research and development investments that
target the most critical technology gaps and measurement needs, the solutions of which can lead
to improved competitiveness and large-scale development of the marine aquaculture industry in
the U.S. Accompanying this document are roadmaps that detail the research needs for four
marine aquaculture production systems.

Priority Research Needs

Some of the research needs to overcome technical barriers are common to multiple technology
platforms. For example, research on feeds to improve the environmental sustainability and
culture performance of fish and shrimp aquaculture will be beneficial irrespective of specific
technology platform. Other research needs are specific to particular culture systems. The cost-
effectiveness of investment in research can be maximized by investing in priority areas that are
relevant to multiple technology platforms.

Many of the technology areas that are described here apply broadly to aquaculture in general, but
the specific needs of each area with respect to the four technology platforms are emphasized.
Cross-cutting research areas include: genetic improvement, feeds and nutrition, health
management, reproductive control, larval production, environmental monitoring and
management, waste treatment, and system engineering. Research needs in economic
performance and product quality and safety were also identified. The following were identified
as high priority areas. Ordering of priorities varies somewhat with technology platform, but in
general research needs are presented in order from higher to lower priority. A sustained,
coordinated, and well-supported effort will be necessary to yield the benefits from discoveries
and technology development.

Genetic Improvement

The genetic basis for growth, feed conversion, disease resistance, processing yield, and other
commercially important production traits is poorly understood and represents a barrier to
improved production performance. Selective breeding programs should continue to emphasize
traits of commercial importance, especially growth rate, feed conversion efficiency, and disease
resistance. Long-term advancement of improved culture performance of shellfish, marine
finfish, and shrimp requires genetic improvement programs based on the application of
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conventional selective breeding (selection, crossbreeding, hybridization) aided by molecular and
other genetic tools.

Some relevant molecular tools are available, but are only moderately well developed and applied
to genetic improvement of a limited number of commercially important species. Other tools
have not been applied to the genetic improvement of species with commercial potential. Yet
other much-needed tools with specific relevance to genetic improvement of existing and
emerging species with commercial potential have not been developed. Examples of molecular
tools include specific microsatellite and single-nucleotide polymorphism markers, DNA
microarrays, quantitative trait loci maps, expressed sequence tag libraries, and whole genome
sequences.

Although genetic improvement of all cultured species can lead to substantial gains in
productivity, it was not identified as a priority area for marine finfish at this time. Compared to
freshwater finfish, the culture of non-salmonid marine finfish is relatively new and fish captured
from wild populations are used as broodstock. For shellfish and marine shrimp, the specific
goals of research programs in genetic improvement are:

Shellfish: Establish selective breeding programs for commercially important and emerging
shellfish species and continue to support current breeding and genetics research. Develop new
molecular and other tools to elucidate the genetic basis for commercially important production
traits (e.g., improved meat-to-shell ratio, resistance to disease, heat or salinity stress).

Marine Shrimp: Continue to invest in robust selective breeding programs for penaeid shrimp.
Develop new or use existing molecular tools to understand the genetic basis of shrimp
production performance and disease resistance, and apply discoveries to improve the efficiency
and genetic gains of selection programs. Develop methods for monosex female production.

Nutrition, Feeds, and Feeding Practices

Feed typically represents the largest variable cost item in commercial aquaculture for systems
where animals are fed. Feeds and nutrition are critical priority areas for marine finfish and
marine shrimp technology platforms, and for shellfish hatcheries. Identification and evaluation
of dietary protein and lipid sources suitable as alternative ingredients to fishmeal and fish oil in
aquaculture feeds is a pressing research need, particularly in the context of rapidly rising
commodity grain prices. Diet formulations must be improved to increase the efficiency of the
fishmeal and fish oil resources used in feeds. There is also a critical need to develop high-
efficiency, low-polluting diets that are optimized for species, life-stage, and culture system.
Research is needed to evaluate finishing diets that can be used to affect the nutrient composition,
especially the fatty acid profile, of cultured seafood. Research on attractants and diet palatability
is needed. Basic nutrition research on the nutrient requirements of different life-stages of most
species of marine finfish with culture potential is required. Research and development efforts
are needed to evaluate feed delivery systems, including information-intensive or “smart”
systems, remotely operated feeding systems, and feeding regimes or protocols to realize the
production potential of genetically improved finfish and shrimp. Finally, the overall
environmental impact (i.e., ecological footprint) associated with feeding requires additional
review, followed by periodic re-evaluation.
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Technology gaps related to nutrition and feeds of shellfish apply during the hatchery phase and
are addressed in the section on larval production below. Following are the specific goals of
research programs in the nutrition of marine finfish and shrimp.

Marine Finfish: Improve the efficiency of feed formulations. Evaluate diets with fishmeal and
fish oil from fish processing by-products. Develop high-performance, cost-effective diets with
protein sources that are alternatives to fishmeal and fish oil. Identify nutrients in fishmeal not
present in other ingredients. Understand the link between broodstock nutrition and gamete
quality. Improve understanding of larval digestive physiology. Improve diets specifically
manufactured for optimum performance in recirculating systems. Understand the effect of diet
on recirculating system performance. Evaluate the broader impact of feed use in terms of
ecological footprint (e.g., Life-Cycle Assessment).

Marine Shrimp: Improve feed formulations that maximize the efficiency of fishmeal, minimize
the ecological footprint of all ingredients, and promote water quality. Integrate formulations
with contributions of natural productivity and maximize the benefits from suspended solids
(biofloc) to shrimp growth. Improve inventory control and optimize feeding efficiencies.

Health Management

High-density confinement and other environmental stressors, weak control over the type and
density of pathogens, and limited options for practical disease control are factors that make
health management and disease control a major concern in all forms of marine aquaculture. This
area is a priority for all technology platforms. The role of common stressors or combinations of
stressors in aquaculture production systems on the immunity and health of cultured animals is
poorly understood. Further, understanding of the genetic basis for the relationship between
immunity and health is lacking. Probiotics and immunostimulants represent alternatives to
antibiotics, but realization of the full potential of these materials requires additional research to
understand the underlying mechanisms that influence efficacy. Research is also necessary to
establish protocols and standards for practical application of these materials. Development of
new vaccines, particularly those targeting emerging diseases, requires an ongoing research effort.
New tools and application of existing tools are needed to monitor pathogens and disease
outbreaks in aquaculture production systems, including shellfish growing areas. The effects of
hatchery methods, larval nutrition, and water quality on the health of cultured juveniles require
additional research effort. Finally, evaluation and refinement of biosecurity protocols to prevent
the exchange of pathogens between aquaculture facilities and the environment is needed

The specific goals of research programs in health management for production systems used to
culture shellfish, marine finfish, and shrimp are:

Shellfish. Develop real-time diagnostic tests for important pathogens of shellfish. Develop field
tests for stress indicators and other measures of shellfish condition. Develop cost-effective
vaccines or disease treatments for shellfish. Explore water treatment measures to improve larval
and juvenile survival and growth in hatcheries.
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Marine Finfish. ldentify the genetic basis of fish health. Develop sensitive diagnostic tools to
measure fish stress and health. Assess probiotic approaches to enhance fish growth and health
and improve understanding of the underlying mechanisms related to efficacy. Improve vaccine
development and delivery efficiency. Develop and evaluate rapid diagnostic tools for
assessment of pathogens, particularly Vibrio species, especially during fingerling transfer to
cages. Develop management techniques for control of sea lice and gill parasites. Develop
techniques to manage the effects of harmful algal blooms.

Marine Shrimp. Improve understanding of the factors affecting shrimp health and fitness.
Develop diagnostic tools that permit rapid assessment of stress and disease. Develop standard
biosecurity protocols, including pathogen monitoring and disease control systems. Establish
protocols for management response to early warnings of stress or disease.

Reproductive Control

Control over reproduction to achieve consistent, year-round spawning and the production of
high-quality gametes and larvae are priority areas for shellfish, marine finfish, and shrimp. The
identity and role of natural spawning cues and pheromones on fish reproduction requires further
research. The role of the endocrine system on reproduction must be better understood to enable
predictable volitional or induced spawning. Additional research is required to evaluate the role
of broodstock husbandry and nutrition on the number and quality of gametes and offspring. For
shellfish and marine finfish, mass production techniques that will reliably result in the
reproductive isolation of cultured stocks from wild populations must be developed and
evaluated.

The specific goals of research programs in reproductive control for shellfish and marine finfish
follow. Control over reproduction is not seen as a priority area that constrains the development
of commercial marine shrimp aquaculture in the U.S.

Shellfish. Develop improved methods for the reliable mass production of sterile animals to
minimize or eliminate genetic interactions between wild and cultured populations of native
shellfish. Create tools to assess maturation and potential reproductive performance in
broodstock.

Marine Finfish. Improve understanding of endocrine regulation of reproduction and spawning.
Establish protocols and evaluate techniques for consistent, year-round production of juveniles.
Optimize gamete quality and supply. Evaluate methods for assessing and controlling gamete
quality. Understand the link between broodstock nutrition and gamete quality. Improve
broodstock performance through species-specific selective breeding programs. Develop reliable
and effective methods of sterilization as a means to mitigate potential effects of escape.

Production of Larvae and Juveniles

Almost all culture systems require the production of juveniles in hatcheries, although shellfish
aquaculture as currently practiced in some areas remains dependent to a varying degree on
natural recruitment. In the future, aquaculture will require the consistent and controlled
production of large quantities of healthy juveniles with high performance potential. Hatchery
technologies must be engineered to reduce production variability and to allow for controlled
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production under diverse conditions. The quality and number of fingerlings required (i.e., large
batches) are major constraints on the development of offshore cage culture of finfish.
Broodstock, hatchery, and nursery operations must be established to meet the increasing demand
for larvae and juveniles. Standardized stress tests are needed to gauge juvenile quality.

Research is necessary to better understand larval digestive physiology and larval diets, including
live foods and microdiets that replace live foods. Research is also needed to improve
understanding of the species-specific physical requirements (e.g., water flow, light) for larval
rearing.

The specific goals of research programs in larval production of shellfish, marine finfish, and
marine shrimp are:

Shellfish. Establish the capacity for real-time monitoring of larval and juvenile condition, live
food quality, and biosecurity in shellfish hatcheries. Assess water quality management and other
techniques that minimize, eliminate, and control specific pathogens and contaminants in algae
and shellfish larval production systems.

Marine Finfish. Establish species-specific criteria for physical and biological requirements for
hatchery production of juveniles. Establish standards for larval and juvenile quality. Improve
tailored microdiets to replace live foods, along with supporting probiotic regimens. Increase the
level of husbandry automation (e.g., in-tank counting and grading, tank cleaning, stage-specific
harvesting). Establish standard techniques for counting stocked fingerlings. ldentify the species-
and site-specific optimum size for transfer of fingerlings to production cages.

Marine Shrimp. Develop replacements for live foods in larval culture. Establish standards for
postlarval quality and fitness. Develop non-invasive methods to accurately count post-larvae and
juveniles.

Food Safety and Product Quality

Food safety is not only a critical priority area for marketing shellfish, but is an important issue in
the marketing of all cultured seafood. Most shellfish are marketed as a fresh and live product so
the real or perceived risk of consumption of shellfish that are contaminated with human
pathogens is a serious impediment to further expansion of consumer markets. Other potential
contaminants of concerns are marine biotoxins, Vibrio and other marine bacteria, viruses in
growing area waters, and biotoxin and pathogen accumulation between harvest and consumption.
Sensitive, standardized, and high-throughput methods are needed to allow expansion of testing
for microbial contaminants, organic and inorganic pesticides and chemicals, antibiotic and other
drug residues, and other contaminants. More rapid and cost-effective tools are needed to detect
and quantify human pathogens in shellfish and natural waters, and harmful algal blooms and
their toxins that are present above established food safety or toxicity thresholds. Research is
necessary to develop diagnostic tests for human pathogens in shellfish, especially Vibrio species.
Further, there is a need to define safety standards and action thresholds with respect to microbial
pathogens and to develop the tools for risk analysis. In the absence of tests for specific
pathogens, there is a need to establish indicators that can serve as proxies for food safety
pathogens that are difficult to detect and measure directly. Collectively, these tests will provide
the basis to assure consumers of the safety of cultured seafood and provide a competitive
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marketing advantage to U.S. growers who produce seafood under stringent regulatory oversight
of food safety. In the realm of product quality, tests are needed for nutritional and flesh quality
in shellfish, finfish, and shrimp. Tests to identify cultured seafood can aid in product
traceability, market branding, certification programs, and differentiating cultured from wild
populations. Methods for improving shellfish product quality (e.g., cleaning, sterilization) using
ozone or pressure need further evaluation. Similarly, methods should be developed that avoid
potential problems and remediate product quality of shrimp and shellfish with off-flavors that
could be associated with recirculating systems. The relationship between feed composition and
the nutrient composition (e.g., fatty acid profile) of aquaculture products needs evaluation and
refinement.

The specific goals of research programs in food safety and product quality for shellfish, marine
finfish, and marine shrimp are:

Shellfish. Develop and refine rapid test methods for detecting human pathogens, marine
biotoxins, and environmental contaminants in water and shellfish. Establish uniform standards
for infection, toxin, or contaminant thresholds. Evaluate indicators that can serve as proxies for
pathogen measurement. Establish alternatives to fecal coliform bacteria as an indicator
organism. Provide practical product quality measurement tools for processors and shippers of
shellfish products.

Marine Finfish. Develop diets and feeding practices to minimize contaminants and optimize the
fatty acid profile of the final product. Develop alternative feeds to minimize the risk of
concentration and accumulation of environmental contaminants in the final product. Develop
systems to monitor flavor quality in fish cultured in land-based recirculating systems.

Marine Shrimp. Develop products that can provide added value or some other premium quality
over competitive products and can be distinguished in the market through branding or labeling.
Examples include fatty-acid enrichment, organic certification and marketing live or fresh-never-
frozen shrimp.

Environmental Performance and Impact

Monitoring and managing the beneficial and adverse environmental effects of aquaculture are
high-priority areas. The application of cost-effective monitoring tools is needed to demonstrate
compliance with discharge permits and performance standards. Research is necessary to further
evaluate interactions between aquaculture and the environment. In particular, standard
approaches are needed to assess environmental carrying capacity of local culture areas during
preliminary site assessments. These techniques should also consider the cumulative effects of
multiple facilities.

With cage culture, carrying capacity refers to understanding the near-field solid waste
assimilation capacity of sites and the far-field effects of dissolved nutrient waste release. With
shellfish culture, carrying capacity refers to the relationship between primary production,
hydrodynamics, and shellfish production. Research is also needed to assess and optimize the
environmental effects of shellfish harvest methods and other farming practices. Some of the
specific environmental impacts and risk sources that require further investigation include benthic
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impacts and site remediation, disease transfer between wild and cultured populations, and the
effect of escaped fish and shellfish on wild populations.

Land-based systems pose different types of environmental impacts that may need to be
monitored and managed, such as footprint associated with the production of feedstuffs and feed
manufacture, energy use, effluent reuse, and waste disposal. Environmental performance should
be evaluated in terms of standardized sustainability metrics, which are currently lacking.

The specific goals of research programs in environmental management for coastal shellfish
aquaculture and cage culture of marine finfish and land based culture systems are:

Shellfish. Characterize the effect of farming methods on the environment, indexed to reference
sites. Develop and evaluate mechanized harvest methods to increase management efficiency,
reduce labor costs, and minimize environmental impacts. Develop standard geo-referenced and
relational databases that integrate environmental monitoring with shellfish production data to
track shellfish from broodstock and larval culture through the production and supply chain.

Cage Culture of Marine Finfish. Develop cost-effective ways to assess sites and evaluate
environmental performance of cage aquaculture that can predict the potential for adverse impacts
(e.g., benthic, disease transfer, escaped fish) and beneficial effects (e.g., habitat creation).
Evaluate the suitability of easily measured indicators or indices of the environmental effects of
aquaculture on the marine environment. Further develop and validate models of environmental
performance and carrying capacity.

Land-Based Culture of Marine Finfish or Marine Shrimp. Develop standardized
sustainability metrics and explore methods to better characterize the ecological footprint of land
based recirculation systems. Issues such as efficiencies and costs of manufacture and
transportation associated with feeds formulated for these systems, efficiencies of energy
utilization per unit production, effluent and waste generation per unit seafood production and
sustainable disposal alternatives should be addressed.

System Engineering and Life-Support Systems

Some future marine aquaculture systems will be intensive, and therefore rely increasingly on
engineering for critical life-support and waste treatment services, mechanization of management
operations, and reduction of risk. Research is required to improve biofiltration and waste
treatment technology for land-based marine finfish and shrimp production systems and water
treatment processes for shellfish hatcheries. Further elucidation of design specifications for
waste treatment and life-support systems according to species and life-stage is needed.
Fundamental research on microbial processes and their relationships with water quality and
target crop performance is also required. Establishment of metrics to assess changes in the
efficiency of biophysical resource use can guide management improvements that enhance
economic competitiveness.

In general, engineering needs are specific to culture system, species, site, and facility. The
specific goals of research programs in engineering are:
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Shellfish. Improve hatchery and nursery technology and culture techniques. Develop cost-
effective real-time water quality monitoring and control processes for water intake and holding
systems in hatcheries. Improve mechanization or automation of harvesting, predator deterrence
or exclusion, biofouling control, and other operations during grow-out. Explore alternate and
non-destructive predator protection and exclusion methods. Develop processing, packaging,
transport, and storage techniques to maintain product quality and food safety and minimize
ecological footprint.

Cage Culture of Marine Finfish. Evaluate improved materials, cage designs, and construction
techniques to reduce the risk of fish escape from containment breaches caused by adverse
weather, predators, and human error. Establish performance criteria and standards for
containment technologies (e.g., structure, integrity). Develop highly mechanized, remotely
operated systems (e.g., feeding, biofouling control). Develop generic automated monitoring and
control systems for cage management operations — especially feeding, depth control, fish
inventory assessment, and cage biofouling control — to maintain an optimal environment for fish
production. Develop software systems that involve remote sensing, feedback systems, and
neural networks for intelligent control of cage culture operations. Evaluate on-site energy
generation from waves, ocean currents, or wind. Develop deepwater mooring and containment
systems, including tension-leg and single-point moorings, and untethered cage systems.

Land-Based Culture of Marine Finfish. Improve the energy efficiency, cost-effectiveness, and
biosecurity of life-support, biofiltration, and waste treatment technology. Optimize microbial
communities and processes to maximize waste removal and water reuse, and the efficiency of
probiotic support. Improve system energy efficiency, particularly for maintaining water
temperature. Establish standards and specifications for waste treatment and disposal, and life-
support systems. Develop generic and standard production systems suitable for the culture of
multiple marine finfish species. Increase the level of system automation, particularly for routine
husbandry operations. Evaluate the co-production of energy (methane) from solid waste.

Biofloc-Based Culture of Marine Shrimp. Improve the cost-effectiveness of life-support
technology. Improve system energy efficiency, particularly for maintaining water temperature.
Establish standards and specifications for system engineering design, with the goal of improving
production efficiency as measured by shrimp growth and production potential. Demonstrate
standard management techniques to establish, manage and maintain the structure, abundance,
and activity of stable biofloc communities that maximize contributions to shrimp growth and
water quality management. Improve methods to collect, dewater, digest, and dispose of waste
solids. Improve methods for denitrifying, desalting, and treating water to reclaim minerals for
reuse.

Economics and Marketing

Better understanding of the economic performance of marine aquaculture production systems is
needed to stimulate investment. Economic and financial analysis at the firm or facility level is
needed, including estimation of capital requirements and production costs, return on investment,
and internal rate of return. The models should also include sensitivity, cash flow, and a
comprehensive risk analysis. Generic business plans and economic audits for each marine
aquaculture system should be used to focus research priorities on areas that are significant to
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reducing risk and maximizing economic performance. A market analysis must be completed
before any species is farmed or an aquaculture business developed. The marketing analysis
should include estimation of supply and demand, analysis of supply chains, assessment of market
depth, and evaluations of consumer attitudes and perceptions toward cultured seafood. It should
also determine the potential for market strategies that can increase the demand for cultured
seafood products such as grading, branding, labeling, certification, and adding value.

Although there is a general need for economics and marketing research for all species and
culture systems, the specific research needs identified for biofloc-based marine shrimp culture
are:

Biofloc-Based Culture of Marine Shrimp. Develop accurate, flexible, and user-friendly
financial bio-economic models that include sensitivity and risk analyses. Apply studies to
determine the potential size of the market for value-added products.

Biofouling Control

The colonization of aquaculture netting, equipment, and structures with biofouling organisms
can reduce the growth and survival of cultured animals and increase the risk of containment
failure. Research is needed on technologies and management approaches to control biofouling in
marine aquaculture, particularly for culture systems with direct exposure to the marine
environment. Further improvement of non-toxic and fouling-resistant materials and coatings is a
critical need. Alternatively, automated and remotely operated net cleaners are needed to control
biofouling in cage culture.

Inventory Estimation

Efficient feeding and other aspects of culture system management requires knowledge of the
number and size of finfish, shellfish, or shrimp in a production unit. Direct population sampling
is the most widespread current practice, but this is often impractical (especially in large culture
units), can have a negative impact on growth or health, and may lead to biased estimations of
inventory. Cost-effective and non-lethal technologies are needed to assess inventory, count
juveniles at stocking, and estimate population size. Collection, processing, and integration of
this information in real time allows control of feeding and water quality management operations.

Ranked Specific Priority Areas

The areas requiring research and development effort for each technology platform are prioritized

on the basis of three criteria:

. Feasibility. An evaluation of the scientific and technical potential for overcoming
technological barriers. What is technically feasible? What can be accomplished through
research? How difficult is it to overcome the barrier?

. Importance/Relevance/Urgency. How pressing is the need? How critical to overall
success is overcoming this particular gap?
. Socio-economic Impact. Projections of expected benefits and consequences. Are results

broadly applicable or narrowly focused? What is the relative return on investment made
to overcome a gap?
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Priorities are described in terms of the most important goals for that area, with special emphasis
on those areas with measurement needs. The priority areas are described with short phrases;
more detailed descriptions of each area are provided above and in the roadmaps for each
production system. Areas are listed in order from higher to lower priority. In most cases, the
areas indicated are viewed as critical, high-priority needs that must be addressed in the short to
medium term.

0 | Shellfish Production

food safety and product quality

reproductive control

genetic improvement

database management and tracking (traceability)
shellfish health and condition

farming methods

. larval and live food production

Cage Production of Marine Finfish

Issues related to species selection, genetic improvement, and hatchery production of larvae and
juveniles were addressed by the land-based marine finfish group and are not discussed here.
However, they were identified as high priority technology gaps that must be addressed for the
development of a sustainable and competitive marine aquaculture sector based on the cage
culture of marine finfish. The priority needs for cage culture of marine finfish are:

. assessment of environmental performance

nutrition and feeds

cage integrity

fingerling transport and transfer

disease diagnosis

integrated, self-regulating, and autonomous operational control

Land-Based Production of Marine Finfish

Given the diversity of marine finfish species considered as suitable candidates for aquaculture,
criteria for selecting among candidate marine finfish species with commercial culture potential
are needed. A decision matrix that applies these criteria can be used to evaluate and prioritize
candidate species. The priority research needs for land-based marine finfish culture are:

. life-support systems

induced spawning

larval rearing

nutrition and feeds

fish health and stress
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iofloc-Based Production of Marine Shrimp

C OITiy

production system engineering and design
suspended solids (biofloc) management
waste management and treatment

genetic improvement

feeds and feeding

health and biosecurity

value-added products

bio-economic models

Measurement Needs

The measurement needs for marine aquaculture can be divided into two overlapping categories.
In one category are measurement needs to advance aquaculture science. These measurement
needs require the development or application of sophisticated and advanced scientific and
engineering tools and techniques. Advances in genetic improvement, health diagnostics, stress
and digestive physiology will require development and application of these new tools. In
another category are the measurement needs for the operation and management of commercial
facilities, particularly as part of monitoring and control systems. Measurement tools for
commercial facilities must be robust and cost-effective.

Sensors

Sensors have been widely used in aquaculture, particularly in monitoring water quality. ldeal
sensors in aquaculture would be low-cost, robust, resistant to biofouling, self-calibrating, permit
remote operation, and provide measurements in real time. Sensors for aquaculture can be
mechanical, chemical, thermal, biological, optical, and acoustic and used for detection,
monitoring, and control. Sensors can be used to measure the basic physical, biological, and
chemical components of system function. The value of sensors increases with connection to
control equipment that manages life-support systems or automates husbandry operations.
Sensors are available to measure temperature, salinity, dissolved oxygen, and water currents,
although wider use of some sensors is constrained by high cost and uncertain reliability. Sensors
to measure or estimate phytoplankton and microbial biomass and activity need improvement.
Sensors (e.g., video, sonar) and image analysis can be used for biomass estimation, inventory
control, equipment inspection, environmental observation, and farm security. These sensors can
be used as components of feeding systems in cage culture. In some cases, sensors exist, but cost
reduction is needed for routine application.

Analytical Technigues

Most research laboratories have well-developed analytical capability, but most commercial
facilities have only the most basic analytical equipment. Technology-intensive marine
aquaculture is also knowledge- and information-intensive, increasing the need for enhanced
analytical capability using new tools and techniques. Some of the research addressing technical
barriers will need new tools or application of tools that are used elsewhere. The value of many
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techniques can be improved by increasing accuracy and precision, reducing cost, improving
simplicity, and increasing the timeliness of results.

Standard analytical techniques are needed to measure:

. biochemical and physiological indices of shellfish, finfish, and shrimp, including those of
the endocrine and immune systems, and changes in response to stress

gamete quality, especially egg biochemical composition

microbial activity

nutrient bioavailability from feeds

fatty acid profiles of diets and cultured seafood products

organoleptic quality of cultured seafood

Diagnostic Tests

Most diagnostic tests in aquaculture have been applied in research settings, not as simple field
kits employed at commercial facilities. Diagnostic tests should be accurate, sufficiently
sensitive, cost-effective, non-destructive, rapid, and preferably provide timely results to guide
management decisions. Real-time polymerase chain reaction (PCR) is an example of such a test,
although it is cost-prohibitive in a commercial setting and requires a skilled technician.

Diagnostic tests are needed to:

o confirm the presence of important human pathogens and biotoxins (e.g., paralytic
shellfish poisoning toxin) in shellfish or water at culture sites

. evaluate sources of microbial contaminants that impact shellfish growing areas

. evaluate and quantify contaminants in cultured seafood

. identify and quantify the most important pathogens of shellfish, finfish, and shrimp,

particularly to demonstrate disease-free status (e.g., specific pathogen free (SPF) for
certification of juveniles for transfer and stocking

. evaluate general health status (i.e., immunocompetence) of cultured animals
. evaluate flesh quality (freshness, organoleptic quality, fatty acid profile)
. identify or mark fish, shellfish, or shrimp to be able to trace product through the supply

chain or to evaluate the effect of escaped culture animals on wild populations

Metrics or Standards

Establishing standards has been critical to the success of many industrial sectors of the economy.
In aquaculture, few technology standards exist and many system designs are idiosyncratic.
Metrics and standards are needed for many aspects of marine aquaculture production and
marketing.

Standards are needed for:

o infection thresholds (i.e., action levels) of fish or human pathogens

. contaminants, such as pesticides, metals, organic compounds, drug and anti-biotic
residues

. organoleptic quality (flavor, texture, “freshness,” shelf-life)

Standard methods and metrics are needed to:
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. quantify culture system performance, particularly efficiency measures and environmental

performance

. assess broodstock readiness to spawn (e.g., with gene chips that measure the activity of
genes for hormones that control egg maturation) and performance

. quantify fingerling and shrimp post-larval quality (e.g., stress tests) and performance

o prevent diseases, especially in hatcheries and recirculating systems (i.e., biosecurity)

. evaluate feed ingredient digestibility

Models

The value of information from primary research can be improved by integration into models.
Models can be constructed in a variety of domains: 1) physical, such as hydrodynamic models
of ocean currents or shallow intensive tanks; 2) ecological, such as models to estimate waste
assimilation capacity, nutrient dynamics in recirculating systems, and shellfish and primary
production; and 3) economic, such as models for culture system performance, business, and
market demand. Some models may be constructed and apply across multiple domains. The most
useful models will be 1) developed into operational tools to forecast conditions in each domain,
2) integrated into monitoring, control, and decision-support system software, or 3) applied as a
tool in environmental regulation.

Non-Technical Barriers

Although the focus of the workshop and this document is on the technical barriers to innovation
in marine aquaculture, other factors play roles of varying importance to technology development
and the establishment of commercial marine aquaculture.

Requlations and Policy

The process of obtaining approvals and permits for coastal aquaculture projects is a major
impediment to the development of marine aquaculture in the United States. Permits from a
spectrum of federal, state, and local agencies are required for marine aquaculture, and the
permitting process is often difficult, time-consuming, and costly. Permitting remains an
uncertain, uncoordinated, unstable, and inconsistent process, indicating that clear guidelines are
needed. Permits regulate the selection of sites, the species that may be cultured, and on-site
operations. Constraints on siting limit the expansion of shellfish aquaculture, particularly for
small-scale producers, and offshore cage culture projects. The proposed National Offshore
Aquaculture Act seeks to streamline the permitting process for federal waters, but congressional
approval remains pending. There is a need for comprehensive nearshore planning (through the
Coastal Zone Management Act or other mechanisms) that includes zoning for aquaculture,
including marine technology parks. There is also a need to transition from individual to general
permits under the National Pollutant Discharge Elimination System and the U.S. Army Corps of
Engineers Nationwide Permit 48 for shellfish aquaculture. Efforts to educate regulators and
assist permit applicants with regulatory clearance are needed.
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User Conflicts

Some members of the public hold negative perceptions of the practices and products of
aquaculture. Coastal areas are used for a variety of commercial and recreational activities that
inevitably conflict with aquaculture projects. Increasing coastal population and the
accompanying transition to an increasing proportion of users who are not dependent on the
marine environment for their livelihood have given rise to objections to siting aquaculture
facilities in productive nearshore areas. Objections are raised to the privatization of what is
understood to be open-access resources. To foster good relations, the public should be provided
with science-based information that describes the benefits of U.S. marine aquaculture, industry
practices, and aquaculture-environment interactions. A better understanding of market and
nonmarket benefits and costs associated with marine aquaculture is needed to address necessary
tradeoffs among stakeholder groups.

Financial

Some types of modern commercial aquaculture are capital intensive and so the availability of
investment capital and interest rates on borrowed capital constrains economic development. A
thorough risk analysis can guide investment and financing decisions. Business and marketing
plans with a comprehensive economic and financial analysis, including consideration of market
dynamics and uncertainties, are needed. Financial information provided by commercial
producers is necessary to assess economic performance, develop business plans, and conduct
market analysis. New and existing producers need training in business management skills.
Strong public sector investment in research to develop state-of-the-art knowledge and evaluate
best practices can serve as an incentive for potential investors. A favorable and incentive-driven
investment climate for marine aquaculture remains a daunting task and is becoming more
challenging in the current economic environment.

Research

A major constraint to enhancement of the technical competitiveness of marine aquaculture in the
U.S. is the lack of long-term vision and poor coordination of private, state, and federal research
activities and infrastructure. This barrier can be addressed through strategic planning and
coordination among relevant agencies, especially NOAA and USDA. Strategic planning can be
used to leverage funds in targeted areas and improve the likelihood of realizing success with
competitive funding opportunities. With few exceptions, there is no dedicated funding stream
for long-term marine aquaculture research projects. Rather, research is largely supported by a
fragmented array of short-term grant programs. Although increased long-term funding levels
can improve the competitiveness of marine aquaculture, more efficient use of existing funding
and limited portfolios to solve practical problems that are relevant to the needs of commercial
aquaculture development are also needed. Funding for aquaculture research and development,
including demonstration projects, requires consistency, continuity, integration, and evaluation of
cost-effectiveness to ensure success and attract long-term commitment by the private sector.
Appropriately funded government-industry-academic partnerships in targeted integrated
multidisciplinary efforts should be encouraged. Short-term, extramural funding sources (e.g.,
earmarks and competitive grant programs, such as the NIST Technology Innovation Program)
can complement coordinated longer-term, intramural funding sources from government agencies
such as NOAA and the USDA Agricultural Research Service. Available Small Business
Innovation Research (SBIR) programs should also be promoted to the commercial aquaculture
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sector to encourage proprietary research or activities more suitable for private patents. Research
should be applied with a view towards understanding effects across the supply chain; for
example, how research results implemented on-farm will affect product quality and market
value.

Skilled Workers

Modern, technically sophisticated marine aquaculture requires skilled workers to manage and
operate marine aquaculture facilities and trained scientists to staff university and government
research laboratories. Marine aquaculture will compete with agriculture and other sectors of the
economy for the services of individuals with desirable skills and experience. Many prominent
university-based aquaculture programs have contracted, although some programs, most notably
those of 1890 Land Grant universities, are expanding. Non-degree technical programs
emphasizing the practical skills desired for employment at aquaculture production facilities are
lacking. Thus, a deficit of skilled and experienced workers can constrain marine aquaculture
development. Support is needed for infrastructure and training programs at marine aquaculture
research or production facilities operated by universities, government agencies, or aquaculture
businesses. The availability of expertise within the United States to address priority marine
aquaculture research needs and measurement barriers remains an open question. Marine
aquaculture investigators in the U.S. have relationships with international colleagues that range
from informal professional contacts to formal networks.

Technology Transfer

A formal and vigorous technology transfer program will be necessary to extend technology
innovations to new and existing producers. Sea Grant and Land Grant college extension
programs will be the critical agents of technology transfer and producer training. Although the
National Sea Grant Program has an extension function, it is not as nearly well-developed as the
agricultural extension effort supported by Land Grant universities, particularly for aquaculture.
The effectiveness of any transfer program will depend, in part, on demonstration of technologies
at an appropriate commercial scale to encourage adoption. Commercial-scale yield verification
programs that evaluate and demonstrate improved practices and technologies with cooperating
producers can accelerate technology transfer.

Roadmap Implementation

A technological advanced marine aquaculture sector will be knowledge-intensive and thus
require new information and technologies to supplement and extend the current understanding of
aquaculture production systems. In some cases, technology gaps will be overcome with new
knowledge or tools and in other cases they will be addressed by demonstrating success in
application and integration of existing knowledge or tools.

Overcoming technical barriers and increasing production efficiency requires solving problems
holistically, recognizing the interrelationships among areas of investigation and across
disciplines. Thus, these problems are best addressed systematically by teams of researchers,
each with complementary expertise to address components of the technical barriers. This
approach can increase the value of research investments. An economic audit of a production
system can identify areas of greatest risk or greatest economic return and impact. Economic
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analysis is a critical component to guide research priorities and evaluate the cost-effectiveness of
investments in research and development.

In general, the capability to address technical barriers is present in the United States among the
university- and government-based research and extension communities, assisted by commercial
producers. However, critical needs may not be met because aquaculture competes with other
sectors of the economy for individuals with desirable skill sets. Partnerships with international
colleagues on issues of mutual interest can enhance the competitiveness of marine aquaculture in
the U.S.

Finally, overcoming technical barriers requires periodic assessment of progress. Clear
definitions of success can be achieved by developing criteria and quantitative measures to
evaluate outcomes, impacts, and progress in overcoming barriers.

Demonstrating Feasibility

The focus of this workshop was on identifying specific technical barriers that constrain the
development of a sustainable and competitive commercial marine aquaculture sector.
Overcoming these barriers will require strategic and careful investment in research and
development by public and private sectors, perhaps in partnership. The development of a
competitive marine aquaculture sector in the United States can be stimulated by establishing
commercial-scale pilot systems to demonstrate and refine the economic and environmental
performance of each of the main technology platforms. In the case of shellfish aquaculture, one
pilot system should be established at each of the three main coastal areas where shellfish are
cultured in the United States (Pacific Northwest, Mid-Atlantic, Gulf of Mexico). At least three
demonstration systems should be established to evaluate the cage culture of marine finfish, and
at least one each for land-based marine finfish and biofloc-based shrimp systems. Project goals,
evaluation criteria, and standards of success must be clearly defined.

Obviously, establishing and operating a commercial-scale demonstration facility is costly, so
creative funding mechanisms that equitably share risks must be explored. One option is a
private-public partnership that is part of university-supported technology parks or business
incubators, particularly for diagnostic services or high-value, specialty applications. Another
variation would be to establish a private-public partnership where private-sector investors,
perhaps supported by a venture capital fund, would provide funding for capital equipment
(facilities and equipment). The investors would also support a general and technical
management team. Public agencies would support the efforts of investigators who would
provide conceptual engineering designs, generic business plans, and evaluate technology and
management approaches in a commercial setting. In either case, clear agreements about
intellectual property, patents, and licensing agreements must be in place.
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A Roadmap for Commercialization of Advanced
Technologies for the Farming of Marine Shellfish

Technical Challenges and Measurement Barriers

Technology at Issue

Advanced technologies for farming of marine shellfish.

Technological Innovation at Stake

Marine shellfish aquaculture accounts for a large fraction of the total world production of
aquacultured seafood, with an annual production in 2005 trailing only cyprinids (freshwater
carps and similar species). It is also extremely diverse with a wide range of species cultured,
culture methods, and technological development. In the United States, molluscan shellfish
accounted for approximately 1/3™ of the total domestic aquaculture production of 526,280 metric
tons in 2007 (FAO Global Aquaculture Production Statistics). It is a traditional and expanding
industry on the West Coast, and an expanding industry in the eastern and southern U.S.
Historically oysters accounted for the bulk of the production, but in recent years other shellfish
have become increasingly important. These include mussels; hard, softshell, Manila, and
geoduck clams; scallops; and abalone. While U.S. aquaculture production of these species is
increasing, it does not meet the domestic demand for shellfish. Nor does it provide sufficient
opportunities for export of shellfish products.

The U.S. shellfish aquaculture sector, government agencies and tribal entities are faced with
numerous near-term to long-term opportunities and challenges. Advances in shellfish hatchery,
nursery and grow-out systems require new technologies to enhance production of currently
cultured species, the culture of new species, and restoration of wild stocks. These technologies
can be made possible by combined private and public sector research, education, and training
efforts. Coupled with technological advancements are international and national policies and
programs calling for the support and development of robust, economically effective and
environmentally sound aquaculture practices. In order to meet increasing world demand for
shellfish and other seafood products and to reduce rising seafood deficits, assistance is needed
for technology development to enhance shellfish aquaculture production in shore-based,
offshore, and land-based environments.

This shellfish technology roadmap integrates previous efforts to establish research goals for

shellfish aquaculture with the combined input of shellfish growers, researchers, and public
agency specialists from the workshop. Beginning in 1999 with updates through 2008, a West
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Coast research cooperative, the Pacific Shellfish Institute (PSI), prepared a broad list of goals
through 2015 and prioritized the research needed to achieve them. These goals and priorities
were subsequently adapted by the East Coast Shellfish Research Institute to develop a
coordinated research, education and training effort on the East Coast. Similar recommendations
were made during an oyster research and restoration workshop sponsored by Maryland Sea
Grant in 2003. These documents were circulated to research institutions, granting entities, and
resource management agencies for comment.

Expert input to this shellfish roadmap was facilitated by a working group with diverse interests,
professional experiences, geographic representation, and institutional membership. Working
group members were provided with an outline of key problem areas and were asked to comment
on and enhance the outline, and to respond to ongoing updates in the shellfish roadmap.

Economic Significance of Innovation

Technological innovation for shellfish aquaculture can take many forms. It has the potential to
markedly increase U.S. shellfish production, expand export opportunities, and improve
understanding of the complex interrelationship between the natural and human environment in
these production systems. The recent development of geoduck clam (Panopea abrupta)
aquaculture in the western U.S. offers an excellent case example of the economic effects of new
technology. Geoduck are large (0.75 to 1 kg at harvest) and relatively fast-growing (4-5 year
growout) clams with a high biomass density at harvest (90+ mt/ha [80,000+ Ib/acre]) and strong
market demand from Asia. The development of geoduck aquaculture is closely linked to
hatchery, nursery, grow-out, harvest and transportation technologies which must be adapted
specifically to create an optimized product for the producer and consumer. The geoduck
aquaculture sector is expected to increase with improvements in those technologies. U.S.
production is projected to be over 2,000 mt by 2010 with a farm-gate value of about $20 million
(Jonathan King, Northern Economics, Anchorage, personal communication). New technology
applications are beginning to drive economic development in other parts of the shellfish
aquaculture sector. Examples include:

. development of intensive hatchery and nursery systems

. application of genetic tools to improve shellfish yields, survival and appearance/taste

. experiments with methods to modify the production cycle and access non-traditional
growing areas (such as offshore systems)

. intensive production systems

. precision harvesting methods to reduce harvest area disturbance and increase yields

. processing methods to control product quality, food safety, and facilitate transport.

Crosscutting Non-Technical Barriers to Innovation

Research Integration and Management

A major constraint to enhancing the technical competitiveness of marine aquaculture in the U.S.,
including shellfish aquaculture on the West Coast, is the lack of long-term vision and a
coordinated private, state and federal research infrastructure. The present fragmented approach
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is impeding the development of important shellfish research programs and uniform
environmental management systems. For example, shellfish breeding programs must integrate
genetic technologies with husbandry, nutrition, disease management, and production systems in a
long-term strategy to improve the efficiency and yield of shellfish farming. While the West
Coast has had the benefit of two long-term research projects on genetic improvement of Pacific
oysters, both of which have produced new knowledge, limited progress has been made towards
applying that knowledge to commercial breeding. The industry continues to grow wild animals,
with only rudimentary knowledge of yields, production efficiencies, and environmental effects.
This is not necessarily a result of specific technological gaps but is more likely caused by a lack
of integration of existing research findings with commercial production methods.

Requlatory, Siting, and Public Policy Issues

Progress in key regulatory and policy areas is critical to open opportunities for application of
new technologies in aquaculture. For example, provisions of the Coastal Zone Management Act
encourage states to do comprehensive nearshore aquaculture planning. NOAA 