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Project Approach

Emerging infectious diseases are diseases that have
newly appeared in a population or that have existed
but are evolving or increasing in incidence or geo-
graphic range. Emerging infectious diseases have
affected animal and human health in recent decades,
demonstrated by bovine spongiform encephalopathy,
variant Creutzfeldt-Jakob disease (vCJD), Hendra
virus, and Nipah virus, among others. New diseases
will continue to emerge and affect animal and public
health, along with the economic well-being of coun-
tries throughout the world (Brown 2004; King, Marano,
and Hughes 2004).

Disease emergence can occur through the evolution

of pathogens or the introduction of existing pathogens
to a new location, followed by establishment and
spread. Pathogen evolution is driven by biological,
ecological, environmental, and societal factors, such
as those that put adaptive and selective pressure on
microbes. Introduction of agents, hosts, or vectors into
new settings (including intracountry spread as well as
transboundary spread) is promoted through ecological,
environmental, and societal changes, economic forces,
migration, trade, and travel (Lederberg, Shope, and
Oakes 1992; Morse 1995; Smolinski, Hamburg, and
Lederberg 2003).

Current methodologies for pathways analysis and

risk assessment focus on predicting the likelihood

of movement of known diseases to new locations.
However, to be able to prevent or decrease the fre-
quency of emerging disease occurrence, a method to
predict emergence and movement of novel or evolving
diseases is needed. New approaches are needed to
accomplish this. Numerous authors have suggested
using the biological, ecological, environmental, and
societal factors associated with disease emergence to
improve prediction; however, interactions among these
emergence factors can be complex, making modeling

difficult (Linthicum, Anyamba, Tucker, Kelley, Myers,
and Peters 1990; Wilson, Levins, and Spielman 1994;
Myers, Rogers, Cox, Flahault, and Hay 2000). Attempts
to date have focused on predicting the potential
movement of known vector-borne diseases, such as
Rift Valley fever, by examining climate and ecological
factors (Linthicum et al. 1990; Myers et al. 2000).

The goal of this project was to develop a method that
could assess disease emergence potential for an animal
industry. The method used information on disease
emergence risk factors. The focus of the project was

to assess an industry’s overall likelihood of disease
emergence rather than assessing the likelihood of emer-
gence of a particular disease. Such a tool could be used
by industry and government officials to identify vulner-
able areas and to effectively target mitigation measures.
The tool could be used to monitor how changes in the
dynamics associated with an industry increase or could
decrease the potential for disease emergence over time.

The U.S. food fish aquaculture industry was chosen for
this project to provide focus and specificity during the
development of the method. Aquaculture is defined as
the farming of aquatic organisms in inland and coastal
areas, involving intervention in the rearing process to
enhance production and the individual or corporate
ownership of the stock being cultivated (FAO, Glossary
of Aquaculture, 2006). Food fish includes finfish and
shellfish destined for direct human consumption. The
food fish industry in the United States and globally

has been developing rapidly. The U.S. and global
industries have experienced serious disease outbreaks
in recent years. For example, white spot disease, a
viral disease of shrimp, first emerged in Japan in 1993
and subsequently spread to many other countries

in Asia, Central and South America, and the United
States (OIE, International Database on Aquatic Animal
Disease, 2006).
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Overview of Factors Associated with

Infectious Disease Emergence in Aquaculture

Many identified drivers or factors are associated with
the new appearance and evolution of aquaculture
pathogens, and the spread of pathogens to new
locations, including between countries (transboundary)
and within countries (intracountry). These factors may
overlap and interact with each other in complex ways.

New Appearance and

Evolution of Pathogens

Some of the factors that can be associated with the
new appearance of pathogens and the evolution of
existing pathogens include pathogen and host factors,
environmental factors, and the population dynamics
of the pathogen and host (Antia, R., Regoes, R.R.,
Koella, J.C., and Bergstrom, C.T. 2003). An example
of a pathogen characteristic related to the evolution of
existing pathogens is the mutation of benign wild-type
pathogens into more virulent strains, either before

or after transmission to a farmed host. Infectious
salmon anemia (ISA) is thought to emerge in farmed
Atlantic salmon when mutated isolates are transmitted
from wild salmonids or, following mutation of benign
isolates in farmed salmon, after transmission of the
benign isolates from wild salmonids (Nylund, Devold,
Plarre, Isdal, and Aarseth 2003). Because pathogen
evolution can lower the species barrier, pathogens that
mutate more easily, such as RNA viruses, are at higher
risk for species-crossing (Kuiken, Holmes, McCauley,
Rimmelzwaan, Williams, and Grenfell 2006). Existing
pathogens that are known to infect (either clinically
apparent or inapparent infection) one host species
may be new pathogens for another similar species.
Infectious pancreatic necrosis (IPN) was first identified
as a pathogen of trout, but subsequently it was found
to be pathogenic for a wide range of other fish species
(Murray and Peeler 2005). Host characteristics that can
play a role in the appearance of new pathogens and
the evolution of existing pathogens include age, physi-

ological state, genetic strain, and immunity (Murray
and Peeler 2005). Another situation in which a disease
can emerge in a new species occurs when a spe-
cies of fish is introduced into a new geographic area.
The newly introduced species may lack the immune
defense mechanisms of endemic fish species and,
therefore, be more susceptible to existing pathogens
(Mauel and Miller 2002).

Environmental factors that reduce immunity in the
host or reduce the geographical or behavioral barriers
that limit contact and potential pathogen transmission
may increase risk for new pathogens or increase the
evolution of existing pathogens (Kuiken et al. 2006).
High densities of fish, poor management, new rearing
conditions, and exposure to infectious agents in aqua-
culture settings can cause stress on the fish, resulting
in decreased resistance to opportunistic infections and
favorable conditions for the adaptation and amplifica-
tion of pathogens (Mauel and Miller 2002; Mjaaland,
Hungness, Teig, Dannevig, Thorud, and Rimstad
2002; Murray and Peeler 2005). Exposure to infectious
agents on the farm can occur through the introduction
of infected stock or contaminated water, feed, and
equipment. When barriers between farmed fish and
wild fish are broken, farmed fish will be exposed to
pathogens infecting wild fish and vice versa. Climate
change may affect the geographic range of fish spe-
cies and of pathogens. For example, fish in Northern
European countries are now at increased risk from two
diseases, Lactococcus garviae and proliferative kidney
disease, previously only found in warmer climates
(Murray and Peeler 2005).

Species-crossing of a pathogen involves a pathogen
donor host species and a pathogen recipient host
species. The population dynamics of both the donor
host species and the recipient host species, such
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as the population sizes and the degrees of mixing or
interaction, influence the likelihood of a virus persisting
in a new species (Kuiken et al. 2006). Three types of
interactions influence the likelihood of a virus becom-
ing endemic in a new (recipient) host species: (1)
interactions between hosts of the donor and recipient
species, (2) host-virus interactions within individual
hosts of the recipient species, and (3) host-host
interactions within the recipient species (Kuiken et

al. 2006). Factors that affect these interactions will
affect the likelihood of disease emergence. In addition
to host population dynamics, pathogen population
dynamics play a role in successful disease emergence.
An example of pathogen population dynamics influ-
encing the persistence of a pathogen is the popula-
tion frequencies of different strains and their varying
abilities to evade the host’s immune system (Gupta,
Ferguson, and Anderson 1998).

Pathways for Transboundary Spread

The factors associated with the transboundary spread
of emerging and existing aquaculture diseases from
one country to another are primarily related to the
introduction of the pathogen through a trade pathway,
including trade of live fish, fish eggs, fish products,
fish feed, and equipment. Although wild fish do not
respect manmade boundaries, aquacultured fish
typically have a more controlled environment. This

is not true, however, in all situations. For example,
international trade of live fish is believed to be one of
the main mechanisms contributing to the rapid global
spread of koi herpesvirus (KHV) (Gilad, Yun, Adkison,
Way, Willits, Bercovier, and Hedrick 2003). Trade in live
ornamental fish is thought to be responsible for the
spread of emerging iridoviruses. Go, Lancaster, Deece,
Dhungyel, and Whittington (2006) found that trade in
ornamental fish was linked to an iridovirus epizootic of
an economically significant farmed finfish in Australia.
Imports of salmonid eggs to Japan since the 1950s are
thought to have led to outbreaks of numerous diseases
on fish farms in Japan, including IPN, infectious hema-
topoietic necrosis (IHN), and bacterial kidney disease
(BKD) (Yoshimizu 1996). Frozen shrimp imported into
the United States were found to contain infectious

white spot shrimp virus (WSSV) and thought to be
the cause of an outbreak of WSSV in farmed shrimp
in Texas (Lightner, Redman, Poulos, Nunan, Mari,
and Hasson 1997; Durand, Tank, and Lightner 2000).
Imported contaminated fish feed and fishing equip-
ment can lead to outbreaks in the importing country
(Murray and Peeler 2005). Wild fish and birds are a
pathway for the introduction of aquaculture pathogens
across country borders. Ships can move microor-
ganisms and live animals between countries in their
ballast water, because they take up ballast water in
one country and release it in another (Ruiz, Rawlings,
Dobbs, Drake, Mullady, Hug, and Colwell 2000).

Intracountry Spread

Many factors associated with the establishment and
intracountry spread of both emerging and existing
diseases are similar to factors associated with the
appearance of new pathogens and the evolution of
existing pathogens. The similarities exist because

the mixing of hosts and pathogens, and the stresses
on each, play a key role in both processes. The rate
and pattern of disease spread on a farm, between
farms, and in the wild depend on the spatial distribu-
tion, movement, and mixing of the host population
(Kuiken et al. 2006). The movement of live fish, includ-
ing broodstock, fry, fingerlings, and fish eggs, is an
important means of intracountry pathogen spread
between farms, between wild fish and farmed fish,
and between wild fish in different geographic areas. A
qualitative risk assessment of the routes of transmis-
sion of the fish parasite Gyrodactylus salaris identified
the anthropogenic movement of live fish as the most
important route for the spread of the disease between
two river catchments (Peeler, Gardiner, and Thrush
2004). The spread of IHN in Europe was aided by the
fact that broodstock may act as carriers and vertically
transmit the virus. The disease was introduced to sev-
eral European trout hatcheries through infected eggs
(Ghittino, Latini, Agnetti, Panzieri, Lauro, Ciapelloni,
and Petracca 2003). Aquaculture disease control pro-
grams rely heavily on the restrictions on the movement
of live fish for success (Hastein, Hill, and Winton 1999).
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Host, pathogen, and environmental factors play
important roles in intracountry pathogen spread. Host
factors such as age, physiological state (stressed
versus unstressed), and genetic strain influence the
susceptibility of fish to infection and disease (Murray
and Peeler 2005). Pathogen factors that affect
disease spread include virulence, transmissibility,
infective dose, and survivability in the environment.
Environmental factors, such as the distance between
farms, and biosecurity practices, such as treatment
of incoming and outgoing water, and disinfection of
vehicles, equipment, and personnel, have important
effects on the local spread of disease (Murray and
Peeler 2005). The release of untreated liquid and solid
waste from fish processing plants into waterways or
landfills is a mechanism for disease spread (Lightner
et al. 1997). Scavenging animals such as wild birds
can act as disease vectors (Peeler, Gardiner, and
Thrush 2004). Severe weather events can lead to the
movement of farmed and wild diseased fish. Water
temperature can influence virus replication and onset
and severity of mortality (Murray and Peeler 2005). The
use of effective disease control and prevention meth-
ods on- farms, such as vaccination and rapid removal
of sick or dead stock, affect the spread of disease.
For example, Norwegian farms that removed dead
salmon daily throughout the summer were three times
less likely to experience an ISA outbreak compared
with farms that removed dead salmon less frequently
(Murray and Peeler 2005).
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Project Overview

Phase 1: U.S. Aquaculture Industry Profile
As a first step to building an infectious disease emer-
gence risk assessment tool for the U.S. food fish
aquaculture industry, it was necessary to develop an
understanding of the dynamics associated with the
industry and how those dynamics might affect disease
emergence. Nine broad areas were examined: (1)
agent, host, and vector biology; (2) climate, ecology,
and the environment; (3) economics and industry; (4)
health management; (5) international trade; (6) the
political and regulatory climate; (7) production prac-
tices; (8) social and cultural issues; and (9) technology.
Detailed information was gathered in each of these
areas for the industry in general and for six specific
aquacultured species that are important in the United
States: catfish, hybrid striped bass, salmon, saltwater
shrimp, tilapia, and trout. Once this initial information
was gathered, the results were used for phase 2, the
development and application of an infectious disease
emergence risk assessment tool.

Phase 2: Infectious Disease

Emergence Qualitative Risk

Assessment Tool Development

Using the information about industry dynamics

from phase 1, a tool was developed to help industry
managers and government officials understand the
“riskiness” of industry practices and the ecologic,
economic, political, and social factors for disease
emergence, and to identify potential opportunities

to mitigate the identified risks. The risk assessment
tool had to address three separate elements: disease
emergence and evolution, pathways for transboundary
spread, and intracountry spread. The tool is structured

so that it can be used across the multiple sectors in
the aquaculture industry, allowing comparisons to be
made across sectors. The tool is applicable over time
and capable of capturing changing industry conditions
that might signal an increase or decrease in risk. Once
the tool was developed, it was applied in phase 3 to
four aquaculture sectors in the United States: catfish,
salmon, saltwater shrimp, and tilapia.

Phase 3: Infectious Disease Emergence
Qualitative Risk Assessment Tool
Application and Results

The disease emergence risk assessment tool was
applied to four aquaculture sectors in the United
States: catfish, salmon, saltwater shrimp, and tilapia. A
qualitative risk rank (high, medium, or low) was deter-
mined for each sector for each of the disease emer-
gence elements (emergence and evolution, pathways,
and spread). The results highlight areas in each sector
in which risk mitigation efforts could be targeted to
decrease risk.

Phases 2 and 3: Infectious Disease Emergence Qualitative Risk Assessment Tool Development, Application and Results



Phase 2: Infectious Disease Emergence Qualitative

Risk Assessment Tool Development

Overview

Within the assessment tool, aquaculture disease emer-
gence and spread is separated into three elements:

(1) disease emergence and evolution (henceforth
referred to as the evolution element); (2) pathways for
transboundary disease spread (henceforth referred to
as the pathways element); and (3) intracountry disease
spread (henceforth referred to as the spread element).
The evolution element examines the potential for new
pathogens to appear or for existing pathogens to
evolve in the aquaculture setting which are not related
to direct transboundary spread of a new pathogen. The
pathways element examines the potential for known
or new pathogens to move from country to country.
The spread element examines the potential for newly
emerged, evolved, or introduced pathogens to spread
from the point of emergence, evolution, or introduction
within a country. Each element has a set of designated
risk factors, with some risk factors being included in
more than one element. This tool does not assess

risk for disease emergence in wild fish and does not
address the consequences of disease emergence,
such as the economic or environmental impact.

The risk assessment tool was developed in three
stages. First, for each disease emergence element,

a set of risk factors was identified. Identification of
individual risk factors to be included in the risk assess-
ment tool was based on research of the industry and
factors for disease emergence. These risk factors were
drawn from research of the following broad categories
of factors associated with disease emergence: (1)
agent, host, and vector biology; (2) ecology, environ-
ment, and climate; (3) economics and industry; (4)
politics and regulations; (5) health management; and
(6) social and cultural issues. Sources used to identify
risk factors for disease emergence within the industry
included published literature such as journals, industry
publications, and government publications, as well

as discussions with industry experts and site visits

to production facilities. Additionally, risk factors were
identified based on standard epidemiologic principles
and known risk factors for the transmission and spread
of diseases.

Second, definitions for level of risk (high, medium, low,
no defined risk) were developed for each factor. These
risk rankings allow specific attributes associated with
industry sectors to be captured and taken into account
within each factor. In general, if a risk factor is used in
multiple elements, for example, in both the evolution
element and the spread element, the level of risk is
assessed using the same definition across elements.

Third, the individual risk factors were classified accord-
ing to specific criteria as either primary or secondary
factors. The primary or secondary classification
indicates the level of contribution of the factor to
overall risk, independent of the outcome of the risk
ranking determined in stage two. Specific criteria were
developed based on research of factors for disease
emergence in aquaculture.

The complete risk assessment tool covering all three
disease emergence elements, with the rationale for
including each factor, is provided in appendix A.

Risk Factors

Risk Factor Categories

Selecting individual factors to include in the risk
assessment tool for each element was challenging.
Previous work on which to draw in the area of infec-
tious disease emergence risk assessment was limited.
In addition, few scientific studies outlined the relative
contribution of individual factors to infectious disease
emergence. Risk factors were drawn from broad cat-
egories of forces or drivers associated with infectious
disease emergence (Table 1, Figure 1)
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Table 1: Risk Factor Categories

Category Description

Climate, Ecology, and Environment Includes factors that predominantly are influenced by environmental factors outside
of the production “environment,” or factors found in nature. Examples include
weather, geography, geographic location, and issues dealing with wildlife and wild
fish species.

Industry and Economics Includes factors that are predominantly driven by internal economic influences and
decisions within the industry based on economics, production efficiency, technol-
ogy, and output.

Social and Cultural Includes factors that are most strongly influenced by cultural norms, social aspects
of society, and external economic forces. Examples include current market trends,
types of product sold or consumed, increases and decreases in demand, and
international movement of fish and fish products.

Political and Regulatory Includes factors that are mainly influenced by infrastructure of a country, stability,
and organized government. The degree and enforcement of laws and regulations
about animal movement, animal imports, waste management, water management,
and imports that could affect animal health are also included.

Agent, Host, and Vector Biology Includes factors that are driven by how easy a host is to invade, whether or not the
host has a strong-functioning immune system, types and numbers of diseases a
host is currently susceptible to, and prevalence of disease agents in an industry.

Health Management Includes factors that account for the level of health care available and used within
an industry. Also includes health-related production practices such as biosecurity
and mortalities management.

Figure 1: Convergence of Risk Factors leading to an Emerging Disease
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Based on the research conducted, general risk factors
were made specific to the aquaculture industry. For
example, direct contact between species is a general
risk factor for disease emergence because it provides
opportunity to transfer and mix pathogens and micro-
organisms, in general. This risk factor was tailored to
the aquaculture industry by including a risk factor for
the amount of polyculture practiced. Polyculture is

the production of multiple aquatic species in a single
aquaculture environment, including species that may
or may not naturally coexist together in the wild, and it
provides the opportunity to transfer and mix microor-
ganisms between species. Use of waste products from
fish or other species for fertilization of aquaculture
ponds is another example of a specific risk factor for
disease emergence in the aquaculture industry. This
use of waste falls under the broader economics and
industry category of factors for disease emergence.

Factors ultimately included in the assessment were
those that were identifiable and measurable. In some
cases, specific information on an important factor was
not found and a proxy factor had to be used. An exam-
ple of this use of a proxy factor is the use of import
value rather than volume for some trade data. This was
required because import data do not provide volume
data broken out by species. A more complex example
of the use of a proxy factor is one addressing the issue
of changing consumer demand. Increased consumer
demand over a short period of time can result in
changes in the supply chain that result in higher
disease emergence risk; however, data quantifying
consumer demand of various species of aquacultured
food fish were not available for this assessment. The
proxy risk factor measured recent changes in imports
of live food fish. An increasing rate of change in such
imports indicates higher demand for the products and
may be a signal that aquaculture production, for those
species that can be aquacultured, may be increasing
in the importing country or that new importers with
little experience may be entering the market. These
importers may try to increase their import volume
quickly without appropriate expansion of infrastructure
and without attention to best management practices to
ensure healthy and fresh product delivery.

In some cases, important risk factors could not be
included in the assessment tool because they were
not measurable or because an appropriate proxy
could not be determined. These factors are noted

in the text. Data may become available in the future
allowing some of these risk factors to be included and
the definitions of risk levels for some existing factors
to be refined. Additionally, efforts were made to avoid
including multiple factors that measure the same risk.
Application of the tool over time will allow further
refinements in factors chosen.

Levels of Risk

For each risk factor, levels of risk ranging from no
defined risk to high risk were defined. These risk levels
capture and rank the specific attributes associated
with industry sectors for each risk factor. For example,
for the disease evolution risk factor on broodstock
source, the low-risk level is defined as the industry
using domesticated breeding to produce broodstock,
and the high-risk level is associated with the use

of wild-caught fish as broodstock (Table 2). For the
broodstock risk factor, the no-defined-risk level is not
applicable. Risk levels for the total import value of live
ornamental fish are defined in relation to the share of
total world imports for the country under assessment
(see Table 2). If no fish are imported, the risk factor

is assigned as no defined risk. In general, if a risk
factor is used in multiple elements, for example, in
both disease evolution and spread, the level of risk is
assessed in the same way across elements. A com-
plete description of risk levels for each factor is found
in appendix A.

Primary and Secondary Factors

Factors were categorized as either primary or secondary
based on specific criteria related to their likely contribu-
tion to disease emergence (Table 3). In general, for the
evolution and spread elements, factors related directly
to bringing together live fish and pathogens on-farm
were considered primary (e.g., movement of live fish,
use of untreated water) and factors related to increased
stress on the host and pathogen were considered
secondary. For the pathways element, primary factors
relate to the movement of live fish, which are most likely
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Table 2: Example of Levels of Risk for Each Element

Risk Factor High Medium Low No Defined Risk
Element: Disease Evolution
Broodstock source Wild-caught Mixed source Domesticated N/A
breeding
Element: Pathways
Total import value of Import value 20 percent Import value 1 percent Import value less than No imports
live ornamental fish or greater of world or more of world imports 1 percent of world
(all species) imports but less than 20 percent imports
Element: Spread
Disease manage- Lack of disease BMPs, biosecurity, Existence of BMPs, N/A

ment practices at the
industry level

management; lack of
BMPs; no biosecurity;
no certification for
production system

health programs with no
adherence or compli-
ance measures

biosecurity, health
certification with
compliance measures

Note: BMPs = best management practices; N/A = not applicable

to carry viable pathogens from one country to another,
whereas secondary factors relate to the movement of
items other than live fish. Secondary factors play an
important role in the potential for disease emergence;
however, without contact between a live host and a live
pathogen on-farm, an infection cannot occur.

Evolution Element

The evolution element examines the potential for new
pathogens, which are not related to direct transbound-
ary spread, to appear or for existing pathogens to
evolve in the aquaculture setting. Risk factors associ-
ated with disease emergence and evolution include
those related to altering the environment, stressing the
host or pathogen, and bringing the assessed species
in contact with microbes or other species. Table 4
summarizes the risk factors included in the assess-
ment tool for the disease evolution element, and figure
2 illustrates the percentage of factors by category.
Production practices such as broodstock source, feed
practices, polyculture, production systems, and water
source are included. Also included are agent, host,
and vector biological factors such as existing disease
burden (i.e., how much disease is currently present in
the industry) and fish life cycles. Climate, ecology, and
environment factors addressed include the introduc-
tion of nonindigenous species, the latitude at which
production takes place, the level of stocking in lakes

and streams, and occurrence of major weather disas-
ters. Factors assessing the use of drugs, chemicals,
and vaccines in the industry as well as the overall level
of health management are also included. For disease
evolution, trade-related risk factors are included to
capture the opportunity that trade presents to mix
non-pathogenic and pathogenic microbes and hosts in
new settings. A more detailed rationale explaining how
each of the risk factors was chosen and how they con-
tribute to disease evolution is provided in appendix A.

Each factor was determined to be a primary or
secondary risk factor. Within the evolution element,

at least one of two criteria had to be present for the
factor to be classified as primary. These two criteria
are as follows: (1) the risk factor provides evidence that
pathogens are present in the farmed host, and (2) the
factor results in definite interaction or mixing of patho-
gens or microbes and hosts on-farm. To be classified
as a secondary factor, one or more of four criteria

had to be met. These four criteria are as follows: (1)
the risk factor provides evidence of a change in the
environment that could result in increased favorability
of conditions for microbial evolution, (2) stressors on
the host result in increased susceptibility to pathogens,
(3) situations exist on-farm that might result in mixing
hosts with pathogens or microbes, and (4) mixing of
species and/or microbes in the wild (Table 3).
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Table 3: Criteria and Rationale for Primary and Secondary Risk Factors

Evolution Element

Category Criteria Rationale
Primary Provides direct evidence that pathogens  The presence of recently documented disease in the assessed spe-
are present cies indicates there has been circulation of a pathogen that could be
undergoing evolution pressure.
Results in definite interaction or mixing of  Microbial evolution selection pressures depend on the types of microbes
pathogens or microbes and hosts on-farm and hosts present. Mixing of multiple, diverse host species on-farm
offers greater opportunity for novel pathogens to evolve. This criterion
includes factors that definitely lead to physical proximity of host and
microbe on-farm, because proximity is required for contact, interaction,
mixing, evolution, and transmission to take place.
Secondary Change in the environment that could Environmental change puts selective pressure on microbes to adapt,

result in increased favorability of condi-
tions for microbial evolution

which can result in a harmless microbe becoming pathogenic.
Production practices can have significant impact on the local aquacul-
ture environment.

Stressors on the host resulting in
increased susceptibility to pathogens

Stress negatively affects the immune system, which is one of the
primary barriers to infection.

Situation in which bringing together
pathogens or microbes and host on-farm
is likely but not definite

Microbial evolution selection pressures depend on the types of microbes
and hosts present. This criterion includes factors that might lead to the
physical proximity of host and microbe on-farm, because proximity is
required for contact, interaction, mixing, evolution, and transmission

to take place. Time is also an important factor. A longer production life
cycle provides more time for a host to be at risk of exposure to patho-
gens or microbes that have evolved and results in greater likelihood for
disease emergence.

Mixing of species or microbes in the wild

Mixing of species and microbes in the wild provides opportunities for
evolution, transmission, and species-crossing; however, the emerging
microbe would then have to come into contact with an aquacultured
species on-farm.

Pathways Element

Category Criteria Rationale
Primary Direct evidence of presence of pathogens The presence of pathogens in an exporting country makes the presence
in exporting country of pathogens in imported products more likely.
Movement of live fish from one country to  Live fish are more likely to harbor live pathogens capable of transmission
another for longer periods than are dead fish. Live fish are imported in water,
which may also be a vehicle for pathogen transmission. Existence of
regulations regarding importations of live fish mitigates this risk.
Secondary Movement of items likely to carry aquacul- Unprocessed fish and shellfish products may harbor pathogens capable

ture pathogens, other than live fish, from
one country to another

of transmission, but this is less likely than for live fish. In addition, other
products that could be contaminated with pathogens are feed and
equipment.

Spread Element

Category Criteria Rationale
Primary Movement of live fish Movement of diseased live fish to another location with susceptible
hosts is very likely to spread disease to the new location.
Results in definite interaction or mixing of  Definite contact between pathogens and hosts occurs on-farm, resulting
pathogens or microbes and hosts from the movement of vehicles of transmission such as feed and water.
Secondary On-farm practices with likely impact on The on-farm environment may promote the spread of disease, such as
disease transmission within the premises  poor disease management and biosecurity. A production environment
or off the premises focused on rapid increase in production may lead to situations that
are more risky for disease spread, such as crowding. The converse,
a decreasing production environment, may also lead to risky disease
spread situations, such as the releasing of stock or improper destruction
of fish.
Interaction between premises or with wild  The numbers and geographic locations of farms may make spread
fish occurs between farms more likely or less likely, depending on the situation.
Pathogens present in the wild may make their way onto the farm.
10 Assessing Infectious Disease Emergence Potential in the U.S. Aquaculture Industry



Figure 2: Evolution Element: Percent of 32 Factors by Category
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A number of potentially important factors for disease
evolution could not be assessed because of data limi-
tations. Factors related to ecology, environment, and
climate posed particular challenges, and the impact of
ecology, environment, and climate changes is likely not
fully captured in the current risk assessment tool. For
example, risk factors addressing pollution in water-
ways and water temperature were not included. In the
social and cultural category, a risk factor dealing with
smuggling or theft of fish was not included because
of lack of data. A risk factor for host genetics, which
could affect disease susceptibility and many other
factors, was also not included because of lack of a
suitable way to measure this risk.

Most of the factors included for the disease evolution
element are specific to the species being assessed.

A few factors are measured at the all-species level.
Measurement at the all-species level denotes the
shared risk faced by all aquacultured species associ-
ated with these particular risk factors. Additionally,
measurement may have taken place at the all-species
level because risk to individual sectors could not be
determined because of data limitations.
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Table 4: 32 Risk Factors in the Disease Evolution Element by Risk Factor Category

P Denotes Primary Factor

S Denotes Secondary Factor

Agent, Host, and Vector Biology

P  Reported aquaculture disease burden (assessed species)

S Reported total aquaculture disease burden (all species)

S Length of life cycle (assessed species)

Ecology, Environment, and Climate

Quality of source water (assessed species)

Geographic concentration of production (assessed species)

Latitude at which production takes place (assessed species)

Level of stocking in lakes and streams during most recent year (assessed species)

Introduction of nonindigenous species (region or states where assessed species is produced)

N n|To

Occurrence of major weather disasters (production location for assessed species)

Economics and Industry

Polyculture practiced (assessed species)

Broodstock source (assessed species)

Content and processing of feed fed (assessed species)

Waste fertilization (assessed species)

Change in production volume over most recent three years (assessed species)

Change in production volume of all aquaculture, over most recent three years (all species)

Level of stocking density (assessed species)

Introduction to new environment during life cycle (assessed species)

New technology or management practice used in production (assessed species)

Production in new area during last three years (assessed species)

Production system used (assessed species)

Industry changes to different production system (assessed species)

NIV |W|T|T|T|T

Phased production used (assessed species)

Health Management

S Acceptable use of drugs, chemicals, vaccines (assessed species)

S Level of health management (all species)

Politics and Regulations

S Treatment of discharge water

Social and Cultural

Commercial production of a new species (all species)

Total imports of live food finfish during most recent year (all species)

Total imports of fresh whole food fish, fish livers and roe, and shellfish during most recent year (all species)

Change in import value of live food finfish over most recent three years (all species)

nNninlnln|ln

Change in import volume of fresh whole fish, fish livers and roe, and shellfish over most recent three years (all species)
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Pathways Element

Risk factors included for the pathways element
address avenues by which a new or existing pathogen
can enter the United States (table 5). All of the factors
included in the risk assessment tool for the path-
ways element are measured at the all-species level.
Measurement at the all-species level denotes a level of
shared risk faced by all aquacultured species associ-
ated with these particular risk factors or denotes that
the risk to individual sectors could not be determined
because of the lack of species-specific data. For
example, trade data for live fish are often not available
at the level of detail needed to determine sector-spe-
cific information because data for many species are
lumped together.

International trade factors represent the majority of the
risk factors (figure 3). Risk factors for trade address
both volume and value items and rate of change. The
overall volume and value of trade indicates the size of
the “pipeline” of materials, while a rapid rate of change
in trade may indicate changes in consumer demand or
drops in supply and the potential for new buyers and
sellers to enter the marketplace, or that fish may be
sourced from new countries to meet demand changes.
Also included in the pathways element is a factor for
the disease status of countries with which the United
States trades, and one factor for the regulatory frame-
work surrounding that trade. Movements of migratory
and predatory birds are also included. The rationale
associated with the inclusion of each of these factors
is provided in appendix A.

Within the pathways element, at least one of two
criteria had to be present for the factor to be classi-
fied as primary. These two criteria are that (1) the risk
factor provides evidence that pathogens are present
in the exporting country and (2) live fish move from
one country to another. To be classified as a second-
ary factor, the factor had to involve the movement of
items, other than live fish, that might carry aquaculture
pathogens from one country to another.

Several challenges arose when using trade data in

this element. For important products such as live fish
imports, only value, not volume, data were available

in the trade statistics. The absence of volume data
results from live fish being imported in water, with the
fish themselves often being small and difficult to count.
From a risk perspective, volume is more important
than value, because value increases can be related to
price changes rather than true increases in the amount
of product. It was not possible to distinguish the rea-
son for importation, such as for human food, fish feed,
farming, or household pets. The reason for importation
may be relevant to the level of disease risk.

Assessment of the overall country risk for the ballast-
water factor presented a challenge because the risk
varies by species, based on proximity of production
to bodies of water that receive ballast water released
from ships. Aquaculture production in marine environ-
ments and in other large bodies of water that accom-
modate oceangoing shipping vessels are most at risk.
It was decided to base risk rank on the proportion of
a country’s total aquaculture production of marine
species. The ballast water-related risk for individual
aquaculture sectors was not evaluated and may not be
the same as the integrated all-species level of risk.

A number of other risk factors that are potentially
important to assess pathways risk could not be
included because of data limitations. These factors
include consumer demand for exotic fish (which
might provide an early indicator of new species being
imported), imports of fish waste, and smuggling or
other illegal movements of fish. Imports of eyed fish
eggs (gametes) for aquaculture production are an
important pathway for disease spread; however, this
factor could not be included because the available
data on these imports were incomplete, and because
most importation of eyed eggs into the United States
is unregulated (personal communication with Peter
Merrill, 2006).

Phases 2 and 3: Infectious Disease Emergence Qualitative Risk Assessment Tool Development, Application and Results
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Table 5: 17 Risk Factors in the Pathways Element by Category (applies to all species)

P Denotes Primary Factor

S Denotes Secondary Factor

Agent, Host, and Vector Biology

P Presence of OIE-listed diseases in country from which the largest share of imports (by volume) of live food finfish originate

S Presence of OlE-listed diseases in country from which the largest share of imports (by volume) of whole food finfish and
shellfish originate (fresh or frozen)

Ecology, Environment, and Climate

P Ballast-water dumping

S Migratory and predatory birds

Economics and Industry

S Imports of fish feed containing fish products during most recent year

Politics and Regulations

P Regulatory infrastructure regarding importations

S Imports of used aquaculture production equipment

Social and Cultural

Total import value of all live food finfish during most recent year

Total import value of all live ornamental fish during most recent year

Change in imports of all live food finfish over most recent three years

Change in imports of all live ornamental fish over most recent three years

Geographic diversity of imports of live food finfish and live ornamental fish

Total imports of all fresh whole food finfish, fish livers and roe, and shellfish during most recent year

Change in imports of all fresh whole food finfish, fish livers and roe, and shellfish over most recent three years

N wW|lw|T|TV|T|T|TO

Geographic diversity of all imports of whole food finfish and shellfish (fresh and frozen)

Note: OIE = Office International des Epizooties.
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Figure 3: Pathways Element: Percent of 17 Factors by Category
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Spread Element Within the spread element, at least one of two criteria

The spread element examines the potential for newly
emerged, evolved, or introduced pathogens to spread
from the point of emergence, evolution, or introduc-
tion between farms within a country. Risk factors
associated with spread are those that specifically
relate to the movement of fish or microbes on the
farm and around the country being assessed (table 6).
Most of the risk factors included (figure 4) are related
to production practices, including: movement of fish
during the production cycle; production system used;
content and processing of feed fed; quality of source
water; treatment of discharge water; handling of
mortalities, slaughter and processing waste; and level
and consistency of biosecurity practices. The ratio-
nale for inclusion of each of these factors is provided
in appendix A.

had to be present for the factor to be classified as
primary. These two criteria are that (1) the risk factor
provides evidence of movement of live fish and (2)
definite interaction or mixing of pathogens or microbes
and hosts. To be classified as a secondary factor, the
factor had to involve on-farm practices that might
affect disease transmission within the premises or off
the premises or the occurrence of interaction between
premises or with wild fish.

Almost all of the factors included in the risk assess-
ment tool to assess spread are specific to the species
being assessed. Only one item, rate of change in
production volume for all aquacultured species, is
measured using all species. This signifies the shared
risk faced by all aquacultured species associated with
this particular risk factor.
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Table 6: 17 Risk Factors in the Spread Element by Category

P Denotes Primary Factor

S Denotes Secondary Factor

Ecology, Environment, and Climate

P Movement of fish because of predation and major weather events (assessed species)

P Quality of source water (assessed species)

S Geographic concentration of production (assessed species)

S Level of stocking in lakes and streams during most recent year (assessed species)

Economics and Industry

Intentional movement of fish associated with production practices (assessed species)

Content and processing of feed fed (assessed species)

Total number of farms (assessed species)

W|lw|T|T

Change in production volume of assessed species and any other species that is susceptible to the same pathogens as
the assessed species, over most recent three years (assessed species)

(¢)]

Change in production volume of all aquacultured species, over most recent three years (all species)

S Production system used (assessed species)

Health Management

S Disease management practices at the industry level (assessed species)

S Handling of mortalities (assessed species)

Politics and Regulations

P State regulations regarding live-hauling (assessed species)

S Treatment of discharge water (assessed species)

Social and Cultural

P Types of sales of products from farms (assessed species)

Figure 4: Spread Element: Percent of 17 Factors by Category
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Interpreting the Results

To complete the risk assessment tool, a scheme

was established to interpret the results for each
aquaculture sector by element, which would consider
the results for both primary and secondary factors.

A risk factor rank of either high or medium indicates
increased risk associated with the risk factor and
indicates the factors for which potential opportunities
for mitigating risk should be explored. The scheme

is based on the percentage of risk factors ranked as
high or medium by primary and secondary risk factor
categories. To determine the risk rank for a sector by
element, percentages of primary factors ranked high or
medium greater than 66 percent were considered high
risk, those from 34 percent to 66 percent were con-
sidered medium risk, and those lower than 34 percent
were considered low risk (table 7). This assessment
based on the primary factors was then modified by
the percentage of secondary factors ranked high or
medium. If the percentage of secondary factors ranked
high or medium was greater than 66 percent, the
assessment based on the primary factors increased
one level.

The focus of this risk assessment tool is to assess

the current risk of disease emergence and evolution,
pathways, and spread within specific aquaculture sec-
tors in a country. For the evolution element, a sector
assessment of high risk suggests a high likelihood of
disease emergence and evolution, medium risk sug-
gests a significant likelihood, and low risk suggests
that it is unlikely that disease evolution will occur. High
risk for pathways suggests a high likelihood of disease
entering the country, medium risk suggests a signifi-
cant likelihood, and low risk suggests that entry of
disease is unlikely. High risk for spread suggests that
disease is likely to spread widely if it emerges or enters
the country, medium risk suggests moderate spread,
and low risk suggests limited to no spread.

Table 7: Determination of Sector Risk Rank by Element

High Medium Low
Total primary factors ranked high or medium >66% 34-66% <34%
Total secondary factors ranked high or medium* >66% 34-66% <34%

Note: *If the percentage of secondary factors ranked high or medium is greater than 66 percent, then the assessment based on the primary

factors increases by one level.

Phases 2 and 3: Infectious Disease Emergence Qualitative Risk Assessment Tool Development, Application and Results 17



Phase 3: Infectious Disease Emergence Qualitative
Risk Assessment Tool Application and Results

The disease emergence risk assessment tool was
applied to four food fish aquaculture sectors in the
United States: catfish, salmon, saltwater shrimp
(marine species), and tilapia. Risk rankings were
determined for each of the three elements: disease
evolution, pathways, and spread. Differences in rank-
ings given to each sector on each element suggest
differences in risk levels. Results for each element are
discussed below. The data used to determine the level
of risk for each risk factor for each sector are docu-
mented in appendixes B through F.

Disease Evolution Element

Risk factor rankings for each aquaculture sector for the
evolution element are presented in Table 8, and a sum-
mary of sector risk classification is presented in table
11. In addition to the 24 risk factors in this element,
which are ranked by each assessed species, six sec-
ondary risk factors are ranked at the all-species level,
and four of these factors were ranked as high risk.
These four factors are: (1) reported total aquaculture
disease burden; (2) change in production volume of all
aquaculture over the most recent three years; (3) total
imports of fresh whole food fish, fish livers and roe,
and shellfish during most recent year; and (4) change
in import volume of fresh whole fish, fish livers and roe,
and shellfish over the most recent three years.

Expert opinion was relied on to determine the rank-
ings for some factors for which information related

to specific industry practices (e.g., content of feed
fed, stocking density, level of health management)
was not documented in the literature. In some cases,
proxy data sources were used because of lack of data
availability. For example, the Office International des
Epizooties (World Organization for Animal Health, OIE)
was used as the source of information for the factor
on disease burden; however, OIE does not record the
occurrence of all diseases, but only specific OIE-listed

diseases. Data detailing the amount of drugs, chemi-
cals, and vaccines used in the aquaculture industry,
as well as trends in use, are not available. Therefore,
evidence of a trade ban imposed because of findings
of drug or chemical residues was used as a proxy to
measure this factor. For some factors, data were not
available at the level of detail needed. For example,
imports of live shellfish are not reported separately
from dead shellfish in the trade statistics.

Catfish

The catfish sector had only 2 (33%) primary risk factor
that ranked high or medium, but it had 16 (67 %)
secondary risk factors that ranked high or medium.
Although the primary risk factor ranking falls in the low
sector risk category (<34%), the secondary risk factor
ranking of 67 percent moves the sector risk classifica-
tion for disease evolution for the catfish sector up one
level to medium (see page 17, Interpreting the Results).
Medium sector risk suggests a significant likelihood of
the new appearance and evolution of pathogens that
are not related directly to transboundary movement of
pathogens.

Many of the risk factors that ranked high are related

to production methods and practices such as the use
of an open-pond production system, polyculture, lack
of use of phased production, lack of discharge water
BMPs, and a low level of use of certified aquaculture
health professionals. These factors would be ame-
nable to changes that would lower risk; for example,
discharge water BMPs could be developed and
implemented and the industry’s use of phased produc-
tion could be increased. Phased production is in use
on some large farms, but it is still not a widespread
practice. Polyculture in the catfish industry is a method
largely used to control the pond ecosystem and it is not
a direct source of cash flow. Other methods of weed
and algal control could be substituted to reduce risk
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from this factor. Other factors that ranked high, such as
the length of the catfish life cycle and the geographic
concentration of farms, may not be feasible to change.

Salmon

The salmon sector had 3 (50%) primary risk factors
that ranked high or medium, and it had 14 (59%)
secondary factors that ranked high or medium. These
rankings place the sector risk classification for dis-
ease evolution for the salmon sector in the medium
category, suggesting a significant likelihood for the
new appearance and evolution of pathogens that are
not related directly to transboundary movement of
pathogens.

The primary risk factors that ranked high were reported
aquaculture disease burden for the salmon sector
and quality of source water. Because salmon are
farmed in the open ocean, biosecurity measures to
prevent disease and control source water are difficult
to implement. Some recent progress has been made
in understanding the hydrographic distribution of
pathogens and parasites and ocean tidal exchange
zones to improve source water issues. The assessed
species-level secondary risk factors that ranked high
also include many production-related factors that are
not feasible to change, such as length of life cycle,
introduction to new environment during life cycle,
open-pond production systems, and treatment of
discharge water.

Saltwater Shrimp

The saltwater shrimp sector had only 1 (17%) primary
risk factor that ranked high or medium (reported aqua-
culture disease burden), and it had 13 (54%) second-
ary risk factors that ranked high or medium. The sector
risk classification for disease evolution for the saltwa-
ter shrimp sector is low, because the percentage of
primary risk factors ranked high or medium falls in the
low category (<34%), and the percentage of secondary
factors ranked high or medium does not fall in the high
category (>66%). The sector classification of low risk
suggests that the new appearance and evolution of
pathogens not related directly to transboundary move-
ment of pathogens is unlikely.

The primary risk factor that ranked high was reported
aquaculture disease burden for the saltwater shrimp
sector. The assessed species-level secondary risk
factors that ranked high included occurrence of major
weather disasters, change in production volume, pro-
duction occurring in a new geographic area, produc-
tion system used, and treatment of discharge water.
If the current experimentation in the saltwater shrimp
sector with a closed recirculating production system
is successful, an industry-wide change to this type

of closed system would lower the risk from weather
disasters and other risks that are associated with an
open-pond production system.

Tilapia

The tilapia sector had no primary risk factors that
ranked high or medium, and it had 13 (54%) secondary
risk factors that ranked high or medium. The sector
risk classification for disease evolution for tilapia is low,
because the percentage of primary risk factors ranked
high or medium falls in the low category (<34%), and
the percentage of secondary factors ranked high or
medium does not fall in the high category (>66%). The
sector classification of low risk suggests that the new
appearance and evolution of pathogens not related
directly to transboundary movement of pathogens is
unlikely.

The assessed species-level secondary risk factors
that ranked high were occurrence of major weather
disasters, change in production volume over the most
recent three years, and introduction of nonindigenous
species. The assessed species-level secondary risk
factors that ranked medium were length of life cycle,
latitude at which production takes place, level of
stocking density, production system, and level of
health management. Few of these factors are feasible
to change; however, increased use in the tilapia indus-
try of fully closed recirculating aquaculture systems
(RAS) and adoption of certified aquaculture profession-
als would help mitigate some of these risks.

Pathways Element
Risk factor rankings for the pathways element are
presented in table 9 and a summary of sector risk
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Table 8: Disease Evolution Element Results by Sector

Type Risk Factor Catfish Salmon Shrimp Tilapia
Primary Factors
Agent, host, Reported aquaculture disease burden Low High High Low
and vector (assessed species)
biology
Ecology, Quality of source water (assessed Low High Low Low
environment, species)
and climate
Economics Polyculture practiced (assessed High Low Low Low
and industry species)
Economics Broodstock source (assessed species) Low Medium Low Low
and industry
Economics Content and processing of feed fed High Low Low Low
and industry (assessed species)
Economics Waste fertilization (assessed species) No defined No defined No defined No defined
and industry risk risk risk risk
Total High Primary 2 (33%) 2 (33%) 1 (17%) 0
Total Medium Primary 0 1(17%) 0 0
Total Low Primary 3 (50%) 2 (33%) 4 (67%) 5 (83%)
Total No Defined Risk Primary 1(17%) 1(17%) 1(17%) 1(17%)
Secondary Factors
Agent, host, Reported total aquaculture disease bur- High High High High
and vector den, conditional on species produced
biology (all species)
Agent, host, Length of life cycle (assessed species) High High Low Medium
and vector
biology
Agent, host, Geographic concentration of production High No defined Medium Low
and vector (assessed species) risk
biology
Ecology, Latitude at which production takes Medium Medium Medium Medium
environment, place (assessed species)
and climate
Ecology, Level of stocking in lakes and streams Low High No defined Low
environment, during most recent year (assessed risk
and climate species)
Ecology, Introduction of nonindigenous species High Medium Low High
environment, (region or states where assessed spe-
and climate cies is produced)
Ecology, Occurrence of major weather disasters High Low High High
environment, (top-producing states for assessed
and climate species)
Economics Change in production volume, over High High High High
and industry most recent three years (assessed

species)
Economics Change in production volume of all High High High High
and industry aquaculture, over most recent three

years (all species)

Note: RAS = recirculating aquaculture systems.
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Type Risk Factor Catfish Salmon Shrimp Tilapia
Economics Level of stocking density (assessed Medium Medium Medium Medium
and industry species)
Economics Introduction to new environment during Low High Low Low
and industry life cycle, moving to a different type of

production system (e.g., RAS to open

ponds) (assessed species)
Economics New technology or management Low No defined No defined Low
and industry practice used in production (assessed risk risk

species)
Economics Production in new area during last three No defined No defined High No defined
and industry years (assessed species) risk risk risk
Economics Production system used (assessed High High High Medium
and industry species)
Economics Industry changes to different production No defined No defined Low No defined
and industry system (assessed species) risk risk risk
Economics Phased production used (assessed High Low No defined No defined
and industry species) risk risk
Health Acceptable use of drugs, chemicals, Low Low Low Low
management and vaccines (assessed species)
Health Level of health management High Low Low Medium
management (species-specific)
Politics and Treatment of discharge water (assessed High High High Low
regulations species)
Social and Commercial production of a new Medium Medium Medium Medium
cultural species (all species)
Social and Total imports of live food finfish during Low Low Low Low
cultural most recent year (all species)
Social and Total imports of fresh whole food finfish, High High High High
cultural fish livers and roe, and shellfish during

most recent year (all species)
Social and Change in import value of live food Low Low Low Low
cultural finfish over most recent three years (all

species)
Social and Change in import volume of fresh whole High High High High
cultural food finfish, fish livers and roe, and

shellfish over most recent three years

(all species)
Total High Secondary 13 (54%) 10 (42%) 9 (38%) 7 (29%)
Total Medium Secondary 3 (13%) 4 (17%) 4 (17%) 6 (25%)
Total Low Secondary 6 (25%) 6 (25%) 8 (33%) 8 (33%)
Total No Defined Risk Secondary 2 (8%) 4 (17%) 3 (13%) 3 (13%)

Note: RAS = recirculating aquaculture systems.
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classification is presented in table 11. All factors in

the pathways element were measured at the all-spe-
cies level; therefore, the results apply across all four
aquaculture sectors. The numbers of primary and
secondary risk factors that ranked high or medium
were five (63%) and six (86%), respectively. The sec-
tor risk classification for pathways is high, because
although the percentage of primary risk factors ranking
high or medium falls in the medium-risk category (34%
to 66%), the number of secondary risk factors ranking
high or medium falls in the high-risk category (>66%).
Therefore, sector risk moves up one level to high. The
sector classification for pathways of high risk sug-
gests a high likelihood of disease entering the country
through transboundary spread.

The primary risk factor that ranked high was the pres-
ence of OlE-listed diseases in the country from which
the largest share of imports (by value) of live food finfish
originate. U.S. imports accounted for 14.4 percent of
world imports of ornamental fish, and U.S. ornamental
fish imports increased by 10.4 percent from 2002 to
2004, resulting in a risk rank of medium for these two
factors. The United States imported live finfish from

38 percent of the countries in the world leading to a
medium-risk rank for this factor. Recently implemented
U.S. import restrictions on live fish, fertilized eggs, and
gametes of fish species that are susceptible to spring
viremia of carp resulted in a medium-risk rank for the
regulatory infrastructure factor. The development and
implementation of national health requirements for other
species, such as testing, health certificates, and quar-
antines for importation of live fish and fish products,
would mitigate the risk of disease entering the country.

Measurement of the overall all-species country risk

for the ballast-water factor presented a challenge
because the risk varies by species, based on proximity
of production to bodies of water that receive ballast
water released from ships. Aquaculture production in
marine environments and in other large bodies of water
that accommodate oceangoing shipping vessels, such
as the Great Lakes, are most at risk. U.S. aquaculture
production is dominated by the catfish sector, with
marine species only constituting 8.6 percent of U.S.

production. Therefore, the ballast water risk factor was
ranked as low for the United States as a whole. The
risk for individual aquaculture sectors was not evalu-
ated and may not be low.

The majority of the secondary risk factors that ranked
high are related to the importation of products such as
fish feed and fresh whole food finfish (includes both
ungutted and gutted), fish livers and roe, and shellfish.
The quantity and change in these imports over time are
related to economic and social or cultural factors that
are not controllable. Risk from migratory and predatory
birds is related to the large percentage of aquaculture
production in the United States associated with open-
pond production systems.

Spread Element

Rankings for each sector for the spread element are
presented in table 10 and a summary of sector risk
classification is presented in table 11. The spread ele-
ment includes one secondary risk factor that is ranked
at the all-species level. This factor is the change in
production volume of all aquacultured species over the
most recent three years, and it received a rank of high.

Expert opinion was relied on to determine the rankings
for some factors where information related to specific
industry practices (e.g., content of feed fed, mortality
management) was not documented in the literature. In
some cases, proxy data sources were used because
of the lack of data availability. For example, there were
no data available on the extent of use of predation-
avoidance practices for each sector; therefore, type of
production system (open versus closed) was used as
the proxy measure for this factor.

Catfish

For the catfish sector, the number of primary risk
factors that ranked high or medium was four (67 %),
and it falls in the high sector-risk category (>66%).
The number of secondary risk factors ranking high or
medium was eight (89%), which also falls in the high
sector-risk category (>66%). High sector risk suggests
that in the catfish sector disease is likely to spread
widely if it emerges or enters the country.
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Table 9: Pathways Element Results

Type Risk Factor All Species
Primary Factors
Agent, host, Presence of OlE-listed diseases in country from which the High
and vector largest share of imports (by value) of live food finfish originate

biology

Ecology, Ballast-water dumping in U.S. waters Low
environment,

and climate

Politics and Regulatory infrastructure regarding importations (all species) Med
regulations

Social and Total imports of all live food finfish during most recent year Low
cultural

Social and Total import value of live ornamental fish during most recent Medium
cultural year (all ornamental species)

Social and Change in imports of all live food finfish over most recent Low
cultural three years

Social and Change in imports of live ornamental fish over most recent Medium
cultural three years (all ornamental species)

Social and Geographic diversity of imports of live food finfish and live Medium
cultural ornamental fish

Total High Primary 1(12%)
Total Medium Primary 4 (50%)
Total Low Primary 3 (38%)
Total No Defined Risk Primary 0
Secondary Factors

Agent, host, Presence of OlE-listed diseases in country from which the High
and vector largest share of imports (by volume) of whole food finfish and

biology shellfish originate (fresh or frozen)

Ecology, Migratory and predatory birds High
environment,

and climate

Economics Imports of fish feed containing fish products during most High
and industry recent year

Politics and Imports of used aquaculture production equipment Low
regulations

Social and Total imports of fresh whole food finfish, fish livers and roe, High
cultural and shellfish during most recent year (all species)

Social and Change in imports of fresh whole food finfish, fish livers and High
cultural roe, and shellfish over most recent three years (all species)

Social and Geographic diversity of imports of whole food finfish and High
cultural shellfish (fresh and frozen)

Total High Secondary 6 (86%)
Total Medium Secondary 0
Total Low Secondary 1 (14%)
Total No Defined Risk Secondary 0

Note: RAS = recircu

lating aquaculture systems.
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Primary risk factors ranking high were movement of
fish because of predation and major weather events,
intentional movement of fish associated with produc-
tion practices, content or processing of feed fed,

and State regulations regarding live-hauling. The first
three factors are related to production practices, and
they would require changes in production practice to
mitigate risk, such as covering ponds, producing fin-
gerlings on the same operation where growout occurs,
and not using live fish as a food source. States could
take action to mitigate risk by creating regulations and
compliance measures regarding live-hauling.

Eight (89%) secondary risk factors were ranked high or
medium. Of these eight factors, four relate to produc-
tion practices such as handling of mortalities, disease
management practices, and treatment of discharge
water. Risk related to these factors could be mitigated
by industry-wide changes in production practices.
The remaining four factors that ranked high, includ-
ing geographic concentration, number of farms, and
change in production volume, are less controllable;
however, these factors can be monitored periodically
for changes that may increase or decrease risk.

Salmon

For the salmon sector, the number of primary factors
that ranked high or medium was four (67%). This falls
in the high sector-risk category (>66%). Six secondary
factors ranked high or medium (67 %), which also is in
the high-risk category, and does not change the sector
risk based on the primary factors. The sector risk
classification for the salmon sector is high for spread,
suggesting that in the salmon sector disease is likely
to spread widely if it emerges or enters the country.

Primary risk factors ranking high were movement of
fish because of predation and major weather events,
quality of source water, and state regulations regard-
ing live-hauling. Because salmon are farmed in the
open ocean, it is difficult for the industry to address
predation, weather, and source water issues to lower
these risks. Some recent progress has been made in
understanding the hydrographic distribution of patho-
gens and parasites and ocean tidal exchange zones

to improve source water issues. It would be feasible,
however, to take action on regulations regarding
hauling of live fish, which would decrease the risk of
disease spread.

Five secondary risk factors were ranked high or
medium (55%). Most of these high or medium ranking
factors would be difficult to change to decrease risk,
primarily because of the nature of the open-ocean
production system. Increasing the proportion of the
industry that practices proper handling and disposal of
mortalities would be a feasible change that could lower
the risk from this factor.

Saltwater Shrimp

For the saltwater shrimp sector, three primary risk
factors ranked high or medium (50%). This falls in the
medium sector-risk category (34% to 66%). Because
the number of secondary risk factors ranking high or
medium was six (67 %) and falls in the high sector-risk
category (>66%), this moves the sector risk classifica-
tion based on the primary risk factors up one level to
high for spread. High sector risk suggests that in the
saltwater shrimp sector disease is likely to spread
widely if it emerges or enters the country.

The three primary risk factors ranking high for shrimp
were the same as those for catfish: movement of fish
because of predation and major weather events, inten-
tional movement of fish associated with production
practices, and state regulations regarding live-hauling.
If the current experimentation with closed recirculating
production systems is successful, an industry-wide
change to this type of closed system would address
risk involved with predation and weather. Shrimp
farms specialize in broodstock production, postlarvae
production, or growout, so the need to move shrimp
between operations is unlikely to change. It would be
feasible, however, for states to take action on regula-
tions regarding hauling of live shrimp.

Six (67 %) secondary risk factors were ranked high or
medium. Of these six factors, three relate to produc-
tion practices, such as handling of mortalities, treat-
ment of discharge water, and production system used.

24 Assessing Infectious Disease Emergence Potential in the U.S. Aquaculture Industry



Table 10: Spread Element Results by Sector

Type Risk Factor Catfish Shrimp
Primary Factors
Ecology, Movement of fish caused by predation High High
environment, and major weather events (assessed
and climate species)
Ecology, Quality of source water (assessed Low Low
environment, species)
and climate
Economics Intentional movement of fish associated High High
and industry with production practices (assessed
species)
Economics Content or processing of feed fed High Low Low Low
and industry (assessed species)
Politics and State regulations regarding live-hauling High High High Medium
regulations (assessed species if possible)
Social and Types of sales of products from farms Low Low Low High
cultural (assessed species)
Total High Primary 4 (67 %) 3 (50%) 3 (50%) 1(17%)
Total Medium Primary 0 1(17%) 0 2 (33%)
Total Low Primary 2 (33%) 2 (33%) 3 (50%) 3 (650%)
Total No Defined Risk Primary 0 0 0 0
Secondary Factors
Ecology, Geographic concentration of production High No defined Medium Low
environment, (assessed species) risk
and climate
Ecology, Level of stocking in lakes and streams Low High No defined Low
environment, during most recent year (assessed risk
and climate species)
Economics Total number of farms (assessed High Low Low Medium
and industry species)
Economics Change in production volume of High High High High
and industry assessed species and any other species
that is susceptible to the same patho-
gens as the assessed species, over most
recent three years (assessed species)
Economics Change in production volume of all High High High High
and industry aquacultured species, over most recent
three years (all species)
Economics Production system used (assessed High High High Medium
and industry species)
Health Disease management practices at the Medium Low Low Medium
management industry level (assessed species)
Health Handling of mortalities High High
management (assessed species)
Politics and Treatment of discharge water (assessed High High
regulations species)
Total High Secondary 7 (78%) 5 (56%) 5 (56%) 2 (22%)
Total Medium Secondary 1 (11%) 1 (11%) 1 (11%) 3 (33%)
Total Low Secondary 1 (11%) 2 (22%) 2 (22%) 4 (44%)
Total No Defined Risk Secondary 0 1 (11%) 1 (11%) 0

Note: RAS = recirculating aquaculture systems.
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Risk related to these factors could be mitigated by
industry-wide changes in production practices. The
remaining three factors that ranked high or medium,
including geographic concentration and change in pro-
duction volume, are less controllable; however, these
factors can be monitored periodically for changes that
may increase or decrease risk.

Tilapia

For the tilapia sector, three primary factors ranked high
or medium (50%). This falls in the medium sector-risk
category (833% to 66%). Five secondary risk factors
ranked high or medium (55%), which also falls in the
medium risk category. Therefore, the sector risk clas-
sification is medium. Medium risk suggests moderate
spread if an infectious disease were to emerge or enter
the country.

The only primary risk factor ranking high was the type
of sales of products from farms. Two primary factors
ranked medium: (1) movement of fish because of pre-
dation and major weather events, and (2) state regula-
tions regarding live-hauling. Tilapia produced in the
United States are sold almost exclusively to live-haul-
ers for live markets and restaurants. It is not feasible
to change this market; however, better enforcement
of live-hauling regulations would help to mitigate the
risk associated with the movement of live fish. About
40 percent of tilapia farms in the United States use a
modified or open RAS. Movement of these producers
to the fully closed production system would decrease
risk of disease spread.

Five (55%) secondary risk factors were ranked high or
medium. Of these five factors, two relate to produc-
tion practices such as production system used and
disease management practices. Risk related to these
factors could be mitigated by industry-wide changes
in production practices. The remaining three factors
that ranked high or medium, including the number of
farms and change in production volume both for tilapia
and all species, are less controllable; however, these
factors can be monitored periodically for changes that
may increase or decrease risk.

Summary of Results

The sector risk classifications for each aquaculture
sector for each element are summarized in table

11. The numbers of factors ranked high or medium
were added together, because these risk factors (as
opposed to the factors ranked low or no defined risk)
should be considered significant contributors to each
sector’s current risk situation.

For the evolution element, the salmon sector had

the highest number of primary risk factors that are
ranked high or medium. Current salmon production
takes place in the open ocean and uses wild-caught
broodstock. These practices expose farmed salmon to
both wild fish and untreated water, which increase the
risk for disease emergence and evolution. In addition,
the U.S. salmon sector has experienced significant
disease outbreaks in the past five years. The catfish
industry had the highest number of factors ranked
high or medium among the secondary risk factors for
disease evolution. Relative to the other sectors, the
catfish sector has a higher geographic concentration
of production, is located in states with a high number
of nonindigenous species introductions, does not

use phased production, and has a low level of use of
certified aquaculture health professionals in health
management. The sector risk rank was medium for the
catfish and salmon industries, meaning that disease
evolution is likely to occur in these sectors. The sector
risk rank was low for saltwater shrimp and tilapia,
meaning that disease evolution is unlikely in these
sectors.

The pathways element is not species-specific; there-
fore, the results apply across all of the assessed
species. The pathways element is dominated by trade-
related risk factors. Large quantities of live fish and
fish product imports, as well as an increasing trend in
these imports over time, the large geographic diversity
in origin of imports, and lack of health requirements
for imports, led to the majority of both primary and
secondary factors ranking as high or medium. The risk
rank for the pathways element is high, meaning that the
likelihood of pathogens entering the country is high.
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Table 11: Summary of Results by Sector

Element Catfish Salmon Shrimp Tilapia
Evolution
Total primary factors ranked high or medium 2 (33%) 3 (50%) 1(17%) 0
Total secondary factors ranked high or medium 16 (67 %) 14 (59%) 13 (54%) 13 (54%)
Sector Risk Rank Medium Medium Low Low
Pathways (all species)
Total primary factors ranked high or medium 5 (63%)
Total secondary factors ranked high or medium 6 (86%)
Sector Risk Rank High
Spread
Total primary factors ranked high or medium 4 (67%) 4 (67 %) 3 (50%) 3 (50%)
Total secondary factors ranked high or medium 8 (89%) 6 (67%) 6 (67%) 5 (65%)
Sector Risk Rank High High High Medium

Note: RAS = recirculating aquaculture systems.

For the spread element, there was little difference
among the sectors regarding the number of primary
risk factors ranking high or medium. For the second-
ary factors, however, the catfish sector had the most
risk factors ranking high or medium. Relative to the
other sectors, the catfish industry has a larger number
of farms that are more geographically concentrated.

In addition, the catfish industry as a whole does not
practice proper handling of mortalities. The sector risk
rank for the spread element was high for the catfish,
salmon, and shrimp sectors, meaning that disease is
likely to spread widely in these sectors if it emerges or
enters the country. The sector risk rank for tilapia was
medium for spread, meaning that spread would be
moderate if a disease of tilapia emerged or entered the
country.

Utilization of Results

The results gained from application of the disease
emergence risk assessment tool can be used in a
number of ways. The tool can be used to monitor risk
for each emergence element for each industry sector
over time through periodically repeating the assess-
ment. In this way, changes in the disease emergence
elements can be monitored to determine whether the
level of risk is increasing or decreasing. Alternatively, a
subset of risk factors could be selected for monitoring.

For example, only those risk factors that contribute
the greatest to sector risk (i.e., primary risk factors)
could be monitored. Monitoring systems could be
established for those primary risk factors that currently
received a low-risk ranking, thus watching for changes
that would result in greater risk of disease emergence.
These types of monitoring activities could be part of
an emerging disease early warning system that would
alert industry and government officials of rising risk
for disease emergence. Upon such alerts, actions
could be taken to decrease that rising level of risk. For
example, an education campaign could be targeted

to producers about identified risky behavior, such as
improper handling of mortalities, lack of use of veteri-
nary care, or improper movement of animals.

Another use of the results of this qualitative assess-
ment tool could be to determine potential targets for
risk mitigation efforts. By examining those risk fac-
tors that contribute significantly to risk, industry and
government officials can explore potential mitigations
that would have the greatest impact. Those risk factors
that are primary factors and that received a high-risk
ranking could be evaluated for appropriateness to
implement mitigation efforts. As an example, lack of
regulations regarding live-hauling of fish is a risk factor
for which action is feasible and such action would
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decrease risk. In comparison, length of life cycle is a

risk factor for which little can be done to mitigate the
risk it brings to the industry. In considering potential

mitigations, economics and logistical feasibility need
to be considered. By applying the tool in this way, an
industry can target mitigation efforts to maximize risk
reduction potential in a practical and realistic manner.

A final use of the results gained from applying the
disease emergence tool is to identify information and
data gaps within an industry. Understanding where
these gaps lie, and the impact they have on risk, can
be used to direct research funding and data collec-
tion efforts. For example, one such information gap
identified during this project was lack of data regarding
consumer demand for specific species of fish. Such
information would be valuable because it indicates
demand drivers that affect production behaviors and
thus risk of disease emergence. Information and data
gaps regarding risk factors that have significant impact
on the industry should receive the highest priority.

Application to Other Industries

The food fish portion of the aquaculture industry in the
United States was chosen to be used in the develop-
ment of this risk assessment tool. In applying the tool
to several aquaculture species, it became evident that
although many of the identified risk factors are non-
species- specific and would be relevant when assess-
ing the potential for disease emergence in any animal
industry, some of the identified risk factors are specific
to the aquaculture industry. Therefore, although this
assessment tool provides the basic framework and is
a good starting place to develop a similar tool for other
animal industries, the individual risk factors would
have to be significantly altered to make it applicable.

It is believed, however, that the overall process
developed, from the beginning research of forces for
disease emergence for the species being assessed to
the final ranking and classification of risk factors, is a
sound one and one that is not specific to aquaculture
species.

Conclusion

The disease emergence risk assessment tool devel-
oped in this project was able to rank risk across three
disease emergence elements for multiple aquaculture
sectors. The usefulness of the results to industry and
government officials for understanding the level of

risk associated with different aquaculture sectors and
potential risk mitigations needs to be evaluated. The
tool’s predictive capabilities need to be assessed over
time, as well as the tool’s ability to identify changes in
risk based on changes in industry dynamics. As this is
done, and as the tool is used to a greater extent, it is
expected that additions, deletions, and clarifications to
the risk factors will be made over time, as is the natural
maturation of any new methodology.

In developing this disease emergence assessment
tool, several challenges to defining and assessing

risk factors were encountered. Data availability was
the primary such challenge and expert opinion was
relied on heavily, especially for the smaller aquaculture
industry sectors for which published statistics were
difficult to obtain. Another challenge was in the devel-
opment of the risk factors themselves, their risk levels,
and their categorization into primary and secondary
factors. Were all the relevant risk factors identified and
included? Were the cut-off points between risk levels
appropriate? Further review by industry experts and
the application of the tool over time will answer these
questions and allow further refinements in the identi-
fied risk factors.

Understanding the risks associated with industry sec-
tors can allow mitigation measures to be considered
and enacted, reducing risk for disease emergence.
Further refinement and evaluation are needed, but this
qualitative risk assessment method shows promise of
being a helpful tool for government and industry use to
monitor potential for disease emergence and to target
mitigation efforts in an efficient and effective manner,
thus decreasing risk of disease emergence.
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Appendix G: List of Acronyms for Phase Il and lll

bacterial kidney disease BKD
best management practices BMPs
Collaborating Centre for Information on Aquatic Animal Diseases (OIE) CCIAAD
Food and Agriculture Organization (United Nations) FAO
infectious hematopoietic necrosis IHN
infectious pancreatic necrosis IPN
infectious salmon anemia ISA
koi herpesvirus KHV
World Organisation for Animal Health OIE
recirculating aquaculture systems RAS
ribonucleic acid RNA
United States Department of Agriculture USDA
variant Creutzfeldt-Jakob disease vCJD
white spot shrimp virus WSSV
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