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Plain Language Summary
Although the United States produced 5.4% of the global marine capture fisheries, it also led 
all other nations in seafood imports in 2020, creating a gap between domestic consumption 
and production. Aquaculture, which is the farming of water-based organisms such as 
shellfish, finfish, and seaweed, can help to close that gap. Marine aquaculture production 
in the United States is expected to increase in the near future, especially into federally 
managed waters (generally >3 miles from shore). Diseases of aquatic organisms are 
recognized as a major limitation for aquaculture, requiring effective health management 
and biosecurity. Biosecurity includes planning and actions to protect against disease, 
primarily by preventing the introduction and spread of disease agents.

This document contains an overview of the available science for health management and 
biosecurity throughout the marine aquaculture industry for finfish, invertebrates (e.g., 
bivalves), and seaweed/algae (e.g., kelp). It describes factors for aquaculture diseases, 
discusses anticipated effects of climate change on aquaculture diseases, and identifies 
federal agencies with responsibilities for aquatic organism health. At this time, NOAA 
Fisheries is conducting assessments to identify areas suitable for commercial marine 
aquaculture in the Gulf of Mexico and the Southern California Bight, known as Aquaculture 
Opportunity Areas (AOAs). Information relevant to these regions is included throughout 
this document, such as important wild organisms that may occur in the AOAs, and region-
specific climate change issues.

The intent of this document is to provide current scientific information on health 
management and biosecurity for marine aquaculture planning. However, it is not 
comprehensive, because knowledge about the subject is constantly evolving. It also does 
not contain detailed information about specific biosecurity procedures, which is presented 
in a complementary technical memorandum. Both documents are robust starting points 
for resources and planning, as well as timely sources of information as NOAA Fisheries 
considers the AOA options in the Gulf of Mexico and the Southern California Bight.

Links used in this section:
• Seafood imports in 2020: https://www.fao.org/documents/card/en/c/cc0461en
• Major limitation for aquaculture: https://onlinelibrary.wiley.com/doi/10.1111/jwas.12966
• Gulf of Mexico: https://coastalscience.noaa.gov/data_reports/an-aquaculture-opportunity-area-

atlas-for-the-u-s-gulf-of-mexico/
• Southern California Bight: https://coastalscience.noaa.gov/data_reports/an-aquaculture-

opportunity-area-atlas-for-the-southern-california-bight/
• Complementary technical memorandum: https://repository.library.noaa.gov/view/noaa/49079
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Executive Summary
Although the United States produced 5.4% of the global marine capture fisheries (~4 million 
tonnes), it also led all other nations in seafood imports in 2020 (1). Among marine aquaculture 
sectors (finfish, shellfish, seaweed/macroalgae), the United States is only a significant 
producer of mollusks, where it ranks seventh at ~180,000 tonnes annually (1). Increasing 
marine aquaculture production in the United States is an approach to reducing import 
demand. Concurrent with increased production is a need for scientific support on health 
management and biosecurity to ensure production sustainability, to inform environmental 
consultations and appropriate site selection for aquaculture operations, and to protect both 
aquatic stocks and surrounding marine resources. Fortunately, there is an existing wealth of 
knowledge about aquaculture-based health management and biosecurity in peer-reviewed 
scientific literature and in current production practices and regulations. This technical 
memorandum contains an overview of the available science regarding health management 
and biosecurity throughout the marine aquaculture industry for finfish, invertebrates, and 
seaweed/macroalgae value chains. This report intends to provide understandable and citable 
information for non-specialists in marine aquaculture diseases and biosecurity, within the 
context of NOAA Fisheries’ mission of responsible stewardship of U.S. ocean resources and 
habitats, and using sound science and an ecosystem-based management approach.1

1 https://www.fisheries.noaa.gov/about-us

At points throughout this document, there is information specific to two regions: the Gulf 
of Mexico and the Southern California Bight. Within each of these regions, NOAA Fisheries 
previously characterized areas of interest and study areas that included potential 
Aquaculture Opportunity Area (AOA) options. This information was published in two 
marine spatial planning atlases, collectively referred to as Aquaculture Atlases (2, 3). The 
information included here that is specific to those two regions seeks to inform NOAA’s 
ongoing assessment of the study areas.

This document introduces a basic conceptual model of factors affecting disease likelihood, 
namely host susceptibility, pathogen abundance or virulence, and environmental 
conditions that favor disease. Lists of pathogens and diseases of known concern for marine 
aquaculture, and brief descriptions of diseases with common prevention and management 
actions, are included in the appendices. To help understand how diseases are introduced 
and disseminated, pathogen transfer mechanisms are briefly described, including:

• Waterborne transmission.
• Physical contact between infected and susceptible individuals.
• Association with organisms (including feeds) that can carry pathogens, either as 

reservoirs or as intermediate hosts.
• Association with substrates and structures.
• Active movement by pathogens from infected to other susceptible individuals.

x
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The concepts of pathogen transfer from cultured to wild individuals and from wild to cultured 
individuals are also presented. Because proximity of endemic aquatic species to an aquaculture 
facility can increase the hazard of pathogen transfer, results of an analysis of geographic overlap 
of endemic species of concern (federally listed as endangered or threatened, commercially 
important) with the AOA study areas are presented, with data tables included in the appendices.

Although pathogen transmission routes are common for each aquaculture sector (i.e., 
finfish, shellfish, seaweed/macroalgae), requirements and practices for each sector are 
different. Health management and biosecurity topics specific to each sector are presented 
in separate sections. Because factors affect disease throughout the production cycle, these 
are presented sequentially (e.g., hatchery or nursery, transport, grow-out) for each sector.

Modern commercial finfish aquaculture formally began in the United States in 1853 with 
brook trout (Salvelinus fontinalis) in Ohio, and rearing salmonids for release to supplement 
commercial and recreational harvests became established in the 1870s (4). Information on 
marine finfish aquaculture in the United States is dominated by the culture of salmonids (5), 
and the wealth of information on biosecurity from that sector of the industry is often applied 
to other marine finfish species. However, there are significant differences between salmonid 
and non-salmonid aquaculture practices, such as differences in early-stage feeding strategies 
and differences in pathogen susceptibilities. Influent water security and reliability are essential 
during hatchery and nursery phases, and recirculating aquaculture systems are increasingly 
used for these life stages due to the feasibility and economics of managing the reduced 
volume of influent water. The hope of disease-resistant fish stocks remains mostly unrealized 
at this time. Transport and grow-out practices rely increasingly on better equipment (e.g., 
self-contained transport boats), operational planning for both routine and emergency events, 
and staff biosecurity training. Because marine finfish facilities attract and aggregate wildlife, 
which increases the potential for pathogen or disease transmission, a discussion about 
the causes, effects, and mitigations is included. Potential water chemistry changes from a 
finfish facility, such as dissolved nutrients and benthic deposition, are briefly described. An 
examination of the average depths for the AOA options in the Gulf of Mexico and Southern 
California indicate that most are deep enough to sustain low benthic impact from a farm.

The long history of molluskan aquaculture in the United States and current production 
scale implies that it may have more advanced procedures in place for disease management 
and biosecurity relative to finfish and seaweed/macroalgae. However, the open-
environment nature of molluskan aquaculture makes it vulnerable to pathogen exposure, 
and using healthy seed is one of the best biosecurity measures. The United States does have 
some advanced planning, such as the Regional Shellfish Seed Biosecurity Program (RSSBP), 
developed to streamline animal movement through evaluations and audits of shellfish 
nurseries (6). Nonetheless, pathogens such as OsHV-1 (virus) and Perkinsus spp. (protozoan 
parasites) pose persistent threats to the industry. Hatchery and nursery operations require 
a secure incoming water supply, similar to the needs in finfish culture. Potential exposure 
to pathogens can be reduced through filtration, UV treatment (alone or following filtration), 
and by timing plantings and grow-out transfers for favorable temperature regimes or a 
lower likelihood of pathogen presence in seawater. Because invertebrates lack the adaptive 
immunity found in vertebrates, traditional vaccination is not possible. Currently, much 
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of invertebrate health management relies on stress reduction through environmental 
optimization, including good seawater quality, density management, temperature 
management, and minimizing handling. Breeding for disease resistance is possible in 
shellfish, and genomic sequencing is likely to identify gene targets for selection.

Although commercial-scale seaweed/macroalgae aquaculture has been established in Asia 
since the 1950s, it is a relatively young industry in the United States and Europe, where 
the cultivated species are different from those reared in Asia. Knowledge of diseases for 
seaweed/macroalgae cultured in the United States and Europe is not as well developed 
as for finfish and invertebrates. Seaweed/macroalgae naturally carry other organisms, 
including other algal species, on their surfaces, and preventing introduction of non-native 
species is a biosecurity concern for broodstock and seedling selection and before 
outplanting. Unfavorable environmental conditions, such as temperature shocks, appear 
to be primary initiating factors for disease development. A genetic approach to identifying 
specific pathogens of seaweed/macroalgae is increasingly feasible with the expansion of 
molecular tools to characterize and identify beneficial and harmful microorganisms.

The effects of future climate change on aquaculture may be anticipated from observations of 
changes in natural settings and from controlled experiments. For the AOA areas of interest of 
the Gulf of Mexico and Southern California, International Panel on Climate Change Coupled 
Model Intercomparison Project 6 (IPCC CMIP6) models project that average sea surface 
temperatures will rise between 0.6°C and 0.8°C, that surface pH will decrease 0.1 units, 
and that dissolved oxygen and salinities will decline (7). Cultured species unable to move 
from unfavorable environmental conditions will experience higher physiological stress 
and changes in their associated beneficial microbial communities (their “microbiomes”), 
potentially increasing susceptibility to infection and disease. Temperature fluxes, such as 
marine heat waves, are expected to be a major driver to vulnerability to disease, because 
adjustment and adaptations can be more metabolically demanding. Changes in temperature 
and pH can independently and synergistically alter ocean chemistry, such as dissolved 
oxygen, dissolved nutrients, and bioavailable carbonate for calcification. Lower pH can reduce 
immune responsiveness in shellfish and finfish, and early life stages are especially vulnerable 
to negative effects. Climate changes are already altering the distribution of fisheries species, 
changing the endemic species composition and the potential for disease transmission near 
aquaculture facilities. There will also be impacts on indigenous pathogens, which can change 
their geographic distribution or ability to cause disease. For example, certain ectoparasites 
can tolerate a wider range of seawater pH than the hosts, possibly resulting in more severe 
infestations. In the two AOAs of interest, increased hypoxia (Gulf of Mexico) and ocean 
acidification (Southern California Bight) are already occurring and are expected to persist.

Animal health in aquaculture is managed by several federal agencies and, if located in state 
waters, by the state where a facility is located. The U.S. Department of Agriculture’s Animal 
and Plant Health Inspection Service (USDA-APHIS) is the lead federal agency for animal and 
plant health, and it collects data for reportable diseases nationwide for submission to the 
World Organisation for Animal Health (WOAH). Other federal agencies involved in aquatic 
animal health are the U.S. Food and Drug Administration (FDA) Center for Veterinary 
Medicine and the U.S. Fish and Wildlife Service. The U.S. states in which facilities are located 
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or to which organisms are transported also have health authority, defined by each state’s 
legislative codes, regulations, and policies. Depending on the state, the authority can 
include required health inspection and reporting to issuing transfer permits. Drugs and 
biologics used in foodfish aquaculture are federally reviewed and approved for use with 
defined species under defined conditions, and sometimes for specific diseases. Concern 
around antimicrobial resistance is stimulating exploration of probiotics and prebiotics for 
invertebrates and finfish, although no approved commercial product is available at this time.

Improved environmental intelligence and increased computational capability make modeling 
a powerful tool for characterizing past disease events and for anticipating future disease 
scenarios. Currently, many aquatic disease models rely on hydrodynamic information to 
model dispersion through particle tracking, but the emergence of coupled physical–biological 
models permits the addition of situation-specific information, such as stocking density or 
pathogen extinction rates. As more models are developed and validated, their utility in data-
poor scenarios becomes important for both prediction and for near real-time response.

This technical memorandum was generated in anticipation of expanded marine aquaculture 
in the United States, and it covers a range of topics related to marine aquaculture health 
management and biosecurity to provide a basis for understanding and planning. However, 
this document is not comprehensive, and our knowledge of the subject is constantly 
expanding and evolving. For clarity and conciseness, more detailed information about 
practical biosecurity procedures is not included in this document, but is contained in 
a complementary technical memorandum (8). In addition to the references cited here, 
there is a wealth of information and knowledge available from organizations such as the 
United Nations Food and Agriculture Organization and the World Organisation for Animal 
Health. The intent is that this document serves as a robust starting point for resources 
and planning, as well as a timely source of information as NOAA Fisheries considers AOA 
options in the Gulf of Mexico and the Southern California Bight.
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Glossary
Causative agent: A factor, such as a chemical or an organism, that is responsible for disease 

development.

Climate change: As defined by the United Nations, long-term shifts in temperatures and weather 
patterns.

Conspecific: Belonging to the same species, usually used in this context to describe cultured 
and wild animals that are taxonomically identical but will not necessarily be phenotypically 
identical.

Crustaceans: Organisms belonging to the subphylum Crustacea, which are commonly known as 
shrimp, crab, lobster, krill, copepods, and barnacles.

Decontamination: Reduction of a contaminant to a level assumed to be reasonably free of 
transmission risk. Disinfection and sterilization are forms of decontamination.

Disease: Clinical or non-clinical infection with one or more pathogenic agents (from WOAH Aquatic 
Code), characterized by specific signs or symptoms in which normal functions are disturbed or 
altered at a cellular, tissue, organ, or whole-organism level.

Disinfection: Elimination of most, but not necessarily all, infectious agents.

Drug: Any article intended for use in the diagnosis, cure, mitigation, treatment, or prevention of 
disease in man or other animals. Any article (other than food) intended to affect the structure 
or any function of the body of man or other animals (U.S. Code, Title 21, Chapter 9, Subchapter 
II, §321(g)(1).

Epibiont: An organism that lives on the surface of another organism.

Endemic species or population: Taxon or population that naturally occurs in a specified 
geographic area.

Etiologic agent: Substance known to or reasonably expected to contain a pathogen.

Facultative pathogen: An organism capable of causing disease but which can replicate 
independently from the host.

Finfish: Aquatic vertebrates breathing by gills throughout life and having limbs, if any, in the form 
of fins.

Fomite: Inanimate objects that can carry infectious agents and spread disease. Fomites can also be 
called passive vectors.

Global warming: As defined by the U.S. National Aeronautics and Space Administration, the long-
term heating of Earth’s surface observed since the pre-industrial period (1850–1900).

Holobiont: The collection of species that live in close and intimate contact with an organism.

Invertebrates: In the context of this document, refers to crustaceans and mollusks.

Landraces: Subspecies of an organism that are genetically identical to conspecifics in other areas, 
but have adapted to local conditions.

Mollusks: Organisms belonging to the phylum Mollusca, commonly known as clam, oyster, mussel, 
scallop, geoduck, chiton, abalone, snail, octopus, squid, and cuttlefish.

Obligate pathogen: A pathogen that requires a host to replicate and to complete its life cycle.
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Ocean acidification: Refers to the long-term decrease in ocean pH, caused primarily by the ocean’s 
uptake of carbon dioxide from the atmosphere.

Opportunistic pathogen: An organism that can be present normally without causing disease and 
can replicate independently from a host, but that causes disease following a change in the 
host’s resistance due to stress and/or environmental change.

Parasite: An organism that lives on or within a second organism by obtaining nutrients from the 
second organism.

Pathobiome: Host-associated organisms (prokaryotes, eukaryotes, and viruses) causing reduced 
(or potentially reduced) health of the host from interactions between member organisms and 
the host.

Pathogen: An organism that can cause disease. Most pathogens are infectious.

Pathogenicity: The ability to cause disease.

Phenology: The study of cyclic and seasonal natural phenomena, especially in relation to climate 
and plant and animal life.

Seaweed/macroalgae: Visible, multicellular marine algae, classified into three major groups—red 
algae (Rhodophyta), brown algae (Phaeophyta), and green algae (Chlorophyta).

States: Entities that include states, tribes, and territories of the United States of America.

Sterilization: Removal of all microorganisms.

Shellfish: Invertebrate organisms including crustaceans (shrimp, prawn, crab, lobster), bivalve 
mollusks (oyster, clam, mussel, scallop), gastropod mollusks (abalone, snail, whelk, conch), and 
echinoderms (sea urchin, sea cucumber, octopus, squid). Cephalopods (e.g., squid, octopus) are 
taxonomically in the same phylum as these organisms, but not colloquially called shellfish.

Virulence: Severity or degree of harm or injury that a disease or pathogen can cause.

Wild: Not domesticated or cultivated.
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Abbreviations
Abbreviations in this document are described with first use. Those used more than once are 
represented in this list.

AADAP Aquatic Animal Drug Approval Partnership

AFS FHS American Fisheries Society Fish Health Section

AMR antimicrobial resistance

AOA Aquaculture Opportunity Area

BOD biological oxygen demand

CWA Clean Water Act

DO dissolved oxygen

DPS distinct population segment

DSS decision support system

EFH essential fish habitat

EPA U.S. Environmental Protection Agency

ESA Endangered Species Act

FDA U.S. Food and Drug Administration

FMP Fishery Management Plan

FVCOM Finite-Volume Community Ocean Model 

HGT horizontal gene transfer

HUA high use area

HYCOM Hybrid Coordinate Ocean Model 

IMTA integrated multi-trophic aquaculture

ISAV infectious salmon anemia virus

ISSC Interstate Shellfish Sanitation Conference

MAB maximum allowable biomass

MARPOL International Convention for the Prevention of Pollution from Ships

MSX multinucleated sphere unknown

MUMS Minor Use and Minor Species

NADA new animal drug application

NAHPS National Aquaculture Health Plan and Standards
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NDZ no-discharge zone

NPDES National Pollutant Discharge Elimination System

OA ocean acidification

OIE Office International des Epizooties (now called World Organisation for 
Animal Health)

PAR photosynthetically active radiation

PEIS programmatic environmental impact statement

QPX quahog parasite unknown

RAS recirculating aquaculture system

RSSBP Regional Shellfish Seed Biosecurity Program

SIR susceptible–infected–recovered 

SPF specific pathogen-free

TMDL total maximum daily load

USDA-APHIS U.S. Department of Agriculture Animal and Plant Health Inspection Service

USFWS U.S. Fish and Wildlife Service

WOAH World Organisation for Animal Health

WS-RLO withering syndrome by Rickettsiales-like organism
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Introduction
The United States is a leader in wild capture fisheries, but it is also a leading importer 
of seafood, creating a gap between domestic consumption and production (9). Marine 
aquaculture production in the United States is anticipated to increase rapidly in the near 
future, which may help reduce the gap between demand and production. An expansion 
of marine aquaculture, especially into federally managed waters, supports a need for 
documented and updated scientific information on health management and biosecurity to 
inform safe, productive, and sustainable decisions and operations. Aquaculture diseases have 
long been recognized by the Food and Agriculture Organization of the United Nations (FAO) 
as a major limitation for global aquaculture (10), and the FAO is developing a framework and 
toolkit for a Progressive Management Pathway for Improving Aquaculture Biosecurity (11).

The goal of the current document is to identify health management and biosecurity 
considerations for marine aquaculture. This document addresses three types of organisms 
anticipated to be cultivated: finfish, invertebrates (mollusks and crustaceans), and 
seaweed/macroalgae. It synthesizes peer-reviewed literature; industry, government, and 
non-governmental organization reports; and subject matter expert opinions to provide 
relevant species, disease, and location information. This document is written to be readable 
by non-specialists in organism health and disease management who are engaged in 
planning for marine aquaculture. For clarity and conciseness, more detailed information 
about practical biosecurity procedures is not included in this document, but is instead 
presented in a complementary technical memorandum (8).

In addition to topics on marine aquaculture health management and biosecurity, specific 
information for the Gulf of Mexico and the Southern California Bight is included in this 
document. These two regions encompass locations where the National Oceanic and 
Atmospheric Administration (NOAA) is working to identify Aquaculture Opportunity Areas 
(AOAs) for marine aquaculture. Marine aquaculture planning atlases (hereafter called 
“Aquaculture Atlases”) specific to each region were produced by NOAA’s National Centers 
for Coastal Ocean Science (NCCOS; 2, 3). Within each region, areas of interest were identified 
using water depth and distance from shore requirements based on input from the marine 
industry and prior permit applications. For the Gulf of Mexico, stakeholders recommended a 
focus on water depths between 50 and 150 m, while distance from shore was not a constraint 
(2). For the Southern California Bight, stakeholders recommended a focus on water depths 
between 10 and 150 m, with a maximum distance from shore of 46 km (3). Using a rigorous 
marine spatial data inventory with more than 200 data layers, spatial suitability modeling, 
and extensive stakeholder knowledge, the Aquaculture Atlases identified 19 discrete locations, 
or AOA options, most suitable for aquaculture development in federal waters. Nine AOA 
options were identified in the Gulf of Mexico (depth range: 49.5–93.7 m), and ten AOA options 
were identified in the Southern California Bight (depth range: 23.1–154.6 m; 2, 3). The AOA 
options identified in the the Aquaculture Atlases are the geographic focus of this document.

Planning and implementing any aquaculture activity is a complex, multidisciplinary 
process. Protecting and managing the health of the cultured organisms is central to a 
successful operation, and can be challenging in systems that are open to ocean waters. This 
document presents topics of health management and biosecurity for marine aquaculture, 



specifically for diseases caused by infectious agents. There are a variety of health threats 
to cultured organisms from noninfectious sources that can require policies and actions for 
prevention and mitigation. These threats include: chemical pollution, such as oil spill toxics; 
harmful algal blooms, such as ichthyotoxic Pseudochattonella spp.; and increasing weather 
extremes related to climate change. Chemical pollution and harmful algal blooms are 
occasionally referenced in this document but are not a formal discussion topic. However, the 
likely impacts of climate change on infectious diseases are included in a separate section.

Infectious Disease Conceptual Model

Disease is a normal and integral part of life, and infectious diseases are a subset of ecological 
interactions involving two or more organisms. Infectious diseases require three elements: a 
susceptible host; a pathogen capable of infection; and an environment favorable to disease 
development (Figure 1). If any one of these elements is absent, disease will not occur. If one 
or more of the elements (circles) moves along the red arrow toward the center, the likelihood 
of disease increases. For example, when a host has a debilitating condition such as poor 
nutrition, susceptibility to infection rises, which increases disease likelihood. This conceptual 
model is beneficial for understanding the disease likelihood and for identifying preventative 
and mitigating actions. Disease and biosecurity management planning and actions are 
typically directed toward one of these elements to minimize or reduce disease risk.

This conceptual model is also useful for certain non-infectious diseases, where “pathogen” 
can be replaced by a causative agent, such as toxic chemicals.

Figure 1. Conceptual model of infectious disease development. The Venn diagram displays the 
three elements required for disease occurrence as circles. The red arrows represent vectors 
that drive the elements toward greater likelihood of disease occurrence. Adapted from 
Snieszko 1974 (12).
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Diseases and Pathogens of Concern for Marine Aquaculture

Pathogens are classified into three categories: viruses, bacteria, and parasites (e.g., protozoa, 
fungi, worms). Viruses are obligatory intracellular pathogens and are wholly dependent 
upon the host cell for persistence and replication. Viral genomes are typically devoted to 
sequences encoding only components of the virion itself, while the machinery required to 
replicate the viral particles is provided by the host cell. In contrast, bacteria can often survive 
and replicate independently of a host, and the overwhelming majority of bacteria that have 
been identified have no recognized pathogenic role. Furthermore, a significant number of 
pathogenic bacteria are considered opportunistic; that is, they do not depend upon a host 
for survival or replication, but are able to colonize a host that cannot limit or eliminate 
the bacteria, usually due to injury, stress, other illnesses, or a compromised immune 
system. Opportunistic bacterial infections are of particular concern in marine aquaculture 
because the etiological agents are often present in the natural environment, and exposure 
is difficult or impossible to limit or avoid. For example, Aeromonas bacterial species are 
commonly present in water columns and/or associated with invertebrates in the water 
column (13). Cultured sablefish develop severe skin ulcers and septicemia due to atypical 
A. salmonicida during periods of thermal stress, due in part to that strain’s ability to grow 
at higher temperatures (14). Parasites can range in size and complexity from unicellular 
microorganisms (e.g., Microsporidia) to metazoans (e.g., sea lice). Although viruses and 
pathogenic bacteria are semantically also parasites (i.e., they derive existence at the expense 
of the host), this document considers parasites as pathogens other than viruses and bacteria.

Experiences from marine aquaculture globally have identified pathogens and diseases 
of concern, including those considered reportable by the World Organisation for Animal 
Health (WOAH, formerly the Office International des Epizooties or OIE). Appendix A 
contains diseases and associated pathogens in three tables by type of pathogen (virus, 
bacteria, parasite), the host (shellfish, finfish, seaweed/macroalgae), and whether the 
pathogen is reportable by WOAH (as of 2022).

While detailed descriptions of known diseases of concern are beyond the scope of this report, 
it is useful to provide information about the nature of these diseases to readers who are not 
disease specialists. Appendix B contains short, general descriptions of diseases and current 
management tactics for them. These narratives are intended to provide general information, 
and are not comprehensive or meant to be thorough discussions of the listed diseases.
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Pathogen Transfer and Transmission
Awareness of the modes and mechanisms of pathogen transfer and transmission is 
fundamental to any discussion of the hazards of infection and likelihood of disease. Although 
some disease-causing agents have a high likelihood to infect a susceptible host if present, 
many others routinely occur on the host or in the environment without causing disease. This 
latter group, typically referred to as opportunistic pathogens, becomes pathogenic when host 
susceptibility increases or environmental conditions favor infection or pathogenicity. The 
following sections on transfer and transmission are applicable to infectious agents that are not 
opportunistic, and therefore, highly likely to infect or cause disease when present with a host.

Mechanisms for Pathogen Transfer and Transmission

Pathogen transfer and transmission can occur between susceptible hosts (known as 
horizontal transmission), or from broodstock to offspring through gametes (known as 
vertical transmission). Horizontal transmission includes direct and indirect transfer 
between susceptible hosts, and it is the principal pathway of pathogen spread. Common 
modes of horizontal transmission or transfer include:

• Waterborne transmission by release from an infected host into water and uptake 
directly from water by a susceptible host.

• Direct or physical contact between infected and susceptible individuals, including 
predation, ingestion of shed material such as feces or mucus, and feeds.

• Association with organisms that can carry pathogens, either as reservoirs or as 
intermediate hosts.

• Association with contaminated inanimate materials (fomites) such as substrates and 
structures (e.g., equipment, sediments) contaminated with a pathogen.

• Active pathogen movement from infected host to susceptible host (e.g., motile stages 
of parasitic copepods).

Vertical transmission is important during broodstock and seed procurement and during 
spawning. Pathogens can enter ova or eggs, infecting the developing zygote. Alternatively, 
pathogens can attach to the exterior of gametes or be associated with reproductive tissues, 
such as ovarian fluid in fish, to infect the emerging larva. Control of vertical transmission 
relies on quarantine and screening of broodstock and seed stock for specific pathogens, and 
surface decontamination (e.g., iodophor treatment of eggs). In the case of certain diseases, 
adults may be injected with therapeutic drugs, eggs from infected adults may be culled, 

4



or juvenile fish may be fed therapeutants at early feeding. Methods to control horizontal 
transmission of pathogens, including culling or segregation of diseased fish and therapeutant 
treatment, often are more flexible and diverse than methods for vertical transmission.

Waterborne transmission

Aquatic organisms can be infected by pathogens suspended in seawater through 
attachment and invasion of surfaces (e.g., gill, gastrointestinal tract, skin). This is the most 
common mode of natural aquatic virus transmission (e.g., 15), and immersion is a common 
mode of exposure in laboratory studies. Immersion trials can determine the infectious 
dose of a virus, i.e., the concentration of pathogen for a specific time duration required to 
result in a specified percentage of infected organisms. Laboratory-determined infectious 
doses can be applied to natural or aquaculture settings, although real-world conditions will 
differ from the laboratory exposure and may affect potential for infection. Variables such as 
temperature, water chemistry, and strain-dependent variations in pathogen virulence can 
alter infection severity and likelihood of disease (Figure 2). Furthermore, the health status 
of the host organisms will alter the degree of susceptibility to a given dose. As a result, an 
understanding of hydrodynamic transport of the pathogen, in combination with pathogen 
survival or decay, can be used to estimate the probabilities of disease transfer between 
farms. This is becoming an important tool for planning farm locations (16–18).

Figure 2. Summary of factors affecting water-borne transmission of fish viruses (from Oidtmann et 
al. 2018 [15], with permission).
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In addition to hydrodynamic transport, waterborne transmission can be mediated by 
human transfer of seawater, most typically by ballast water or tank water (19, 20).

Direct or physical contact between infected and susceptible individuals

Host species engage in a wide range of behaviors, including predation, that result in physical 
contact and provide opportunities for the direct transfer of pathogens. Trophic transfer of 
pathogens through predation is also an efficient unidirectional mode of transmission for 
some pathogens (e.g., Ichthyophonus, 21), and it is common among parasites with a complex 
life cycle that require more than one host (e.g., Toxoplasma gondii, 22). Organisms also shed 
biological materials such as gametes, mucus, and feces, which can contain pathogens; the 
potential for fecal–oral transmission is well documented in hatchery salmonids that have 
been observed ingesting fecal threads (23). Behaviors such as aggression or environmental 
factors (e.g., abrasives) that cause breaks in integument or surface epithelia create a direct 
entry route for pathogens (24). Loss of mucus, which contains antimicrobial peptides and 
enzymes, reduces protection against pathogens (25), and is the basis of concerns about finfish 
handling during hatchery manipulations and the impacts of catch-and-release programs.

Although all infected individuals are reservoirs for pathogens, not all may exhibit clinical signs 
of disease, support pathogen replication, or advance pathogen development. Asymptomatic 
reservoirs for aquatic pathogens can produce complex epidemiological patterns and 
confound disease management plans. Asymptomatic reservoir discovery can be accidental—
from surveys conducted for other purposes—or via active surveillance for a specific 
pathogen across a broad spectrum of prospective hosts. Transmission vectors such as prey 
or predators also function as reservoirs. For example, planktivorous fishes such as herring or 
shad infected with Ichthyophonus can transfer the parasite to salmon that feed on them (21). 
Piscivorous birds such as herons, cormorants, and egrets carry viable pathogenic bacteria 
such as Edwardsiella ictaluri in their gastrointestinal tracts (26), and gulls can transmit viable 
viral particles after feeding on infected shrimp (27). Reservoirs that are naturally occurring 
around aquaculture operations could have a role in pathogen transmission if the aggregating 
features of the site, such as lights or elevated nutrient levels, attract vectors into proximity.

Association with substrates and structures

Substrates that can harbor pathogens, including aquaculture equipment (e.g., netting) 
and sediments, are considered fomites or inanimate reservoirs because they can be a 
source of pathogens. Unless treated or constructed to prevent biological attachments, 
these substrates will invariably contain living communities, such as biofilms and algal 
growth, which provide a suitable environment for many pathogens. Bacterial pathogens 
that are incorporated into biofilms may obtain nutrients from the extracellular matrices 
and protection against chemicals or antibiotics (28). Pathogens can have longer survival 
in organic-rich sediments, which receive biological fallout such as phytoplankton bloom 
deposits or feces (28). Biofouling of aquaculture facilities is a well known and expensive 
problem, beginning with biofilms and microorganisms and progressing to macrofouling 
organisms (29). Biofouling also occurs on shell exteriors in shellfish culture (29), and 
epibionts rapidly colonize the surfaces of cultured seaweeds/macroalgae (30).
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Active pathogen movement from infected to susceptible host

Certain pathogens, particularly ectoparasites, actively move between hosts, resulting in direct 
transmission. Timing of release from one host for transfer to another is typically coupled to a 
life-history stage, such as appearance of a sexual maturation organ in Gyrodactylus gasterostei 
(31). Some species display active swimming behavior (32), while others appear to take 
advantage of water turbulence for passive transport (31). The prolific salmon ectoparasitic 
copepod, Lepeophtheirus salmonis, utilizes a range of sensory inputs for activating and 
targeting transfer, including visual, chemical, and mechanoreceptive information (e.g., 33, 
34). In addition to causing disease directly, ectoparasites can act as vectors for bacteria and 
viruses, providing a secondary route of transmission for these infectious agents (35).

Pathogen Transfer Between Wild and Aquaculture Organisms

There are multiple potential disease transfer scenarios between wild and aquaculture 
organisms depending on species, system design, culture setting, husbandry operations, and 
other factors. Most offshore aquaculture systems will have free seawater interchange with 
few barriers to pathogen flow between the culture system and the open ocean.

Tracing the direction of pathogen transmission is difficult, and many claims of disease 
transfer between wild and farmed populations are based on correlation or coincidence (36). 
A major barrier to assessing risk of transfer is the lack of data, especially for wild populations 
(37). Higher mutation rates in viruses present an opportunity to use strain evolution as a tool, 
allowing documentation of virus transfer from wild to domestic stocks and from domestic to 
wild stocks (38). Bacteria and parasites contain genetic markers such as plasmids, pathogenicity 
islands, and microsatellites, but these have had limited utility for tracing pathogen transmission.

Pathogens with broad host specificity (i.e., ability to infect hosts of different species) can 
increase the opportunity for pathogen transmission (38). The potential for direct contact 
or water-borne transmission may be enhanced when farms attract significant numbers 
of other fish, marine mammals, and/or seabirds that may act as vectors or reservoirs 
(39–41). Understanding transmission pathways requires knowledge of pathogen burden, 
effectiveness of farms in attracting fish and other aquatic animals, infectious particle 
transport, pathogen or parasite behavior, and oceanography specific to the location.

Expansion of aquaculture into new regions presents the opportunity for pathogen 
transmission between aquaculture and endemic species. Bouwmeester et al. (42) 
summarized five pathways for pathogen transfer between aquaculture populations and 
wild populations, which are summarized in Table 1.
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Table 1. Brief descriptions of pathways for pathogen transfers between aquaculture and wild 
populations. “Intraspecific” and “interspecific” refer to host organisms. (Adapted from 
Bouwmeester et al. [2020; 42].)

Pathway or Interaction Description Example(s)
Intraspecific or interspecific 
pathogen transfer from 
introduced to endemic 
populations (spillover).

Pathogen present in introduced species 
is transferred to the same host species 
(intraspecific) or to different host species 
(interspecific) in endemic populations.

Monogenean trematode (Gyrodactylus 
salaris) in Norway (43–45); parasitic 
copepod (Mytilicola orientalis; 46).

Intraspecific or interspecific 
pathogen transfer from 
endemic to introduced 
populations (spillback).

Pathogen present in endemic species 
is transferred to the same host species 
(intraspecific) or to different host species 
(interspecific) in introduced populations. 
If the introduced population is cultivated 
at densities higher than endemic densities, 
infection levels can increase.

Copepod ectoparasite (Caligus 
rogercresseyi) and nematode 
(Hysterothylacium aduncum) in Chile (47).

Pathogen transmission 
interference or  
pathogen dilution.

Presence of cultured species or nearby wild 
species affects the transmission of wild 
pathogens, such as a sink for pathogens.

Pathogen removal by filter feeders 
(48); parasitic worm (Acanthocephalus 
galaxii) in New Zealand (49).
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Endemic Species of Concern in Each Region
The transmission of disease or pathogens between wild and cultured organisms is an 
important concern for aquaculture in the Gulf of Mexico and the Southern California Bight. 
Because most of the mechanisms discussed in Pathogen Transfer and Transmission require 
spatial proximity of host organisms, spatial overlap between cultured species in AOA study 
areas and endemic species provides that opportunity. To begin an assessment of that overlap, 
endemic species of concern for each region were identified and are listed in the tables below. 
These tables include federally designated endangered or threatened species1,2 and species that 
are commercially important.3,4 Table 2 lists species for the Gulf of Mexico region, and Table 3 lists 
species for the Southern California Bight region. Although some species listed in these tables 
are more susceptible to pathogen transfer from aquaculture than others, we do not make that 
distinction here, as that would be part of the scoping process for individual aquaculture sites.

1 https://www.fisheries.noaa.gov/species-directory/threatened-endangered?oq=&field_species_categories_
vocab=All&field_species_details_status=All&field_region_vocab=1000001126&items_per_page=100
2 https://www.fisheries.noaa.gov/southeast/consultations/gulf-mexico
3 https://www.fisheries.noaa.gov/region/west-coast#fisheries
4 https://www.fisheries.noaa.gov/southeast/sustainable-fisheries-gulf-mexico

Spatial Overlap of Endemic and Farmed Species  
Within AOA Study Areas

The proximity of endemic species to aquaculture facilities presents a potential opportunity for 
pathogen transmission and transfer, and this type of information would be foundational for any 
risk assessment for specific proposed projects within the AOA study areas. The determination 
of essential fish habitat (EFH), High Use Areas (HUA), and Endangered Species Act (ESA) listed 
species habitat data by NOAA Fisheries permits spatial comparison with the AOA study areas 
to estimate the potential for proximity with endemic species. To document potential spatial 
overlap, the geospatial coordinates for the AOA study areas were compared to NOAA Fisheries’ 
spatial distribution information for endemic species. While this analysis is limited to the 
AOA study areas within the Gulf of Mexico and the Southern California Bight, this approach 
could be applied to other locations where marine aquaculture is anticipated or planned.
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Table 2. Marine species in the Gulf of Mexico region that are federally designated as endangered or threatened, or that were found to represent important 
fisheries. Endangered or threatened species are marked with an asterisk, and commercially important species are in bold.

Mammals Dwarf sperm whale* 
(Kogia sima)

False killer whale* 
(Pseudorca crassidens)

Fin whale*  
(Balaenoptera physalus)

Fraser’s dolphin* 
(Lagenodelphis hosei)

Harbor porpoise*  
(Phocoena phocoena)

Harbor seal* 
(Phoca vitulina)

Killer whale* 
(Orcinus orca)

Long-finned pilot whale* 
(Globicephala melas)

Melon-headed whale* 
(Peponocephala electra)

Minke whale*  
(Balaenoptera acutorostrata)

North Atlantic right whale* 
(Eubalaena glacialis)

Pygmy killer whale* 
(Feresa attenuata)

Rice’s whale*  
(Balaenoptera ricei)

Risso’s dolphin*  
(Grampus griseus)

Rough-toothed dolphin* 
(Steno bredanensis)

Sei whale* 
(Balaenoptera borealis)

Short-beaked common dolphin* 
(Delphinus delphis)

Short-finned pilot whale 
(Globicephala macrorhynchus)

Sperm whale*  
(Physeter macrocephalus)

Spinner dolphin*  
(Stenella longirostris)

Striped dolphin* 
(Stenella coeruleoalba)

True’s beaked whale* 
(Mesoplodon mirus)

Fishes Almaco jack  
(Seriola rivoliana)

Atlantic bigeye tuna 
(Thunnus obesus)

Atlantic common thresher shark 
(Alopias vulpinus)

Atlantic goliath grouper* 
(Epinephelus itajara)

Atlantic mackerel  
(Scomber scombrus)

Atlantic menhaden 
(Brevoortia tyrannus)

Atlantic sharpnose shark 
(Rhizoprionodon terraenovae)

Atlantic shortfin mako shark 
(Isurus oxyrinchus)

Atlantic skipjack tuna 
(Katsuwonus pelamis)

Atlantic spiny dogfish  
(Squalus acanthias)

Atlantic striped bass  
(Morone saxatilis)

Atlantic wahoo 
(Acanthocybium solandri)

Atlantic yellowfin tuna 
(Thunnus albacares)

Banded rudderfish  
(Seriola zonata)

Black grouper  
(Mycteroperca bonaci)

Black sea bass  
(Centropristis striata)

Blackfin snapper  
(Lutjanus buccanella)

Blue catfish  
(Ictalurus furcatus)

Blueline tilefish  
(Caulolatilus microps)

Butterfish  
(Peprilus triacanthus)

Cobia  
(Rachycentron canadum)

Cubera snapper  
(Lutjanus cyanopterus)

Dwarf seahorse* 
(Hippocampus zosterae)

Gag grouper  
(Mycteroperca microlepis)

Giant manta ray*  
(Mobula birostris)

Golden tilefish  
(Lopholatilus chamaeleonticeps)

Goldface tilefish  
(Caulolatilus chrysops)

Gray snapper  
(Lutjanus griseus)

Gray triggerfish  
(Balistes capriscus)

Greater amberjack  
(Seriola dumerili)

Gulf sturgeon*  
(Acipenser oxyrhynchus desotoi)

Hogfish  
(Lachnolaimus maximus)

King mackerel 
(Scomberomorus cavalla)

Lane snapper  
(Lutjanus synagris)

Lesser amberjack  
(Seriola fasciata)

Monkfish  
(Lophius americanus)

Mutton snapper  
(Lutjanus analis)

Nassau grouper*  
(Epinephelus striatu)

North Atlantic albacore tuna 
(Thunnus alalunga)

North Atlantic swordfish 
(Xiphias gladius)

Oceanic whitetip shark* 
(Carcharhinus longimanus)

Opah  
(Lampris guttatus)

Queen snapper  
(Etelis oculatus)

Red grouper  
(Epinephelus morio)

Red snapper  
(Lutjanus campechanus)

Scalloped hammerhead shark* 
(Sphyrna lewini)

Scamp  
(Mycteroperca phenax)

Scup  
(Stenotomus chrysops)

Shortfin mako shark*  
(Isurus oxyrinchus)

Silk snapper  
(Lutjanus vivanus)

Smalltooth sawfish*  
(Pristis pectinata)

Snowy grouper  
(Hyporthodus niveatus)

Spanish mackerel 
(Scomberomorus maculatus)

Speckled hind  
(Epinephelus drummondhayi)

Summer flounder 
(Paralichthys dentatus)

Vermillion snapper 
(Rhomboplites aurorubens)

Warsaw grouper  
(Hyporthodus nigritus)

Wenchman  
(Pristipomoides aquilonaris)

Western Atlantic bluefin tuna 
(Thunnus thynnus)

Winter flounder 
(Pseudopleuronectes americanus)

Winter skate  
(Leucoraja ocellata)

Wreckfish  
(Polyprion americanus)

Yellowedge grouper 
(Hyporthodus flavolimbatus)

Yellowmouth grouper 
(Mycteroperca interstitialis)

Yellowtail snapper  
(Ocyurus chrysurus)
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Table 2 (continued). Marine species in the Gulf of Mexico region that are federally designated as endangered or threatened, or that were found to 
represent important fisheries. Endangered or threatened species are marked with an asterisk, and commercially important species are in bold.

Invertebrates Atlantic surfclama  

(Spisula solidissima similis)
Blue crab  
(Callinectes sapidus)

Brown rock shrimp  
(Sicyonia brevirostris)

Caribbean spiny lobster 
(Panulirus argus)

Hard clam/northern quahog 
(Mercenaria mercenaria)

Ocean quahog  
(Arctica islandica)

Pink shrimp  
(Pandalus borealis)

Stone crab  
(Menippe mercenaria)

White shrimp  
(Litopenaeus setiferus)

Boulder star coral*  
(Orbicella franksi)

Lobed star coral*  
(Orbicella annularis)

Longfin squid  
(Doryteuthis pealeii)

Mountainous star coral* 
(Orbicella faveolata)

Pillar coral*  
(Dendrogyra cylindrus)

Queen conch*  
(Strombus gigas)

Rough cactus coral* 
(Mycetophyllia ferax)

Staghorn coral*  
(Acropora cervicornis)

Elkhorn coral*  
(Acropora palmate)

Reptiles Green sea turtle*  
(Chelonia mydas)

Hawksbill sea turtle* 
(Eretmochelys imbricate)

Kemp’s Ridley sea turtle* 
(Lepidochelys kempii)

Leatherback sea turtle* 
(Dermochelys coriacea)

Loggerhead sea turtle* 
(Caretta caretta)

Olive Ridley turtle* 
(Lepidochelys olivacea)

a Subspecies.
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Table 3. Marine species in the Southern California Bight region that are federally designated as endangered or threatened, or that were found to represent 
important fisheries. Endangered or threatened species are marked with an asterisk, and commercially important species are in bold.

Mammals Baird’s beaked whale* 
(Berardius bairdii)

Blainville’s beaked whale* 
(Mesoplodon densirostris)

Blue whale*  
(Balaenoptera musculus)

Bryde’s whale*  
(Balaenoptera brydei)

California sea lion*  
(Zalophus californianus)

Common bottlenose dolphin* 
(Tursiops truncatus)

Cuvier’s beaked whale* 
(Ziphius cavirostris)

Dall’s porpoise*  
(Phocoenoides dalli)

Dwarf sperm whale*  
(Kogia sima)

False killer whale*  
(Pseudorca crassidens)

Fin whale*  
(Balaenoptera physalus)

Gray whale*  
(Eschrichtius robustus)

Harbor porpoise*  
(Phocoena phocoena)

Harbor seal*  
(Phoca vitulina)

Humpback whale*  
(Megaptera novaeangliae)

Killer whale*  
(Orcinus orca)

Long-beaked common dolphin* 
(Delphinus capensis)

Melon-headed whale* 
(Peponocephala electra)

Minke whale*  
(Balaenoptera acutorostrata)

North Pacific right whale* 
(Eubalaena japonica)

Northern elephant seal* 
(Mirounga angustirostris)

Northern right whale dolphin*  
(Lissodelphis borealis)

Sei whale*  
(Balaenoptera borealis)

Sperm whale*  
(Physeter macrocephalus)

Fishes Gulf grouper*  
(Mycteroperca jordani)

Bocaccio  
(Sebastes paucispinis)

Oceanic whitetip shark* 
(Carcharhinus longimanus)

Scalloped hammerhead shark* 
(Sphyrna lewini)

Steelhead trout*
(Oncorhynchus mykiss)a

Arrowtooth flounder 
(Atheresthes stomias)

Canary rockfish  
(Sebastes pinniger)

Dover sole  
(Solea solea)

English sole  
(Parophrys vetulus)

Lingcod  
(Ophiodon elongatus)

North Pacific Swordfish 
(Xiphias gladius)

Northern anchovy  
(Engraulis mordax)

Opah  
(Lampris guttatus)

Invertebrates Black abalone  
(Haliotis cracherodii)

White abalone*  
(Haliotis sorenseni)

Blue mussel  
(Mytilus edulis)

California market squid 
(Loligo opalescens)

Geoduck  
(Panopea generosa)

Reptiles Leatherback turtle* 
(Dermochelys coriacea)

Loggerhead turtle*  
(Caretta caretta)

Olive Ridley turtle* 
(Lepidochelys olivacea)

a Southern California DPS.
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Review overlap analysis

Building on the work in the Aquaculture Atlases that documented ESA-designated species 
habitat, High Use Areas (HUA), and essential fish habitat (EFH) in the AOA study areas 
(2, 3), we conducted additional analyses of individual species overlap. The first analysis 
consisted of using the NOAA EFH mapper tool, fishery management plans, and EFH reports 
to determine whether an individual species occurred in the AOA study areas. The second 
analysis used spatial coordinates and weight-catch-per-unit-effort (wtCPUE, in kg/ha) data 
for individual species caught in fishery-independent bottom trawl surveys conducted in the 
Gulf of Mexico and on the West Coast (for the Southern California Bight). These data were 
obtained from the NOAA Fisheries Distribution Mapping and Analysis Portal (DisMAP). 
DisMAP data were analyzed to check for species overlap with the AOA high–high cluster 
areas. High–high clusters are GIS shape files that consist of multiple AOA option sites. 
Survey catch data were analyzed by plotting data points on a GIS map with the AOA study 
area and high-high cluster polygons to observe overlap with wild species (50). This catch 
distribution analysis is part of a larger spatial analysis manuscript in progress.

Methods for the overlap analyses are described in the appendices. Final EFH, HUA, or 
ESA overlap determinations are shown in Appendix C1 and Appendix C2. Additionally, 
Appendix D1 and Appendix D2 show final determinations of potential overlap based on the 
fishery-independent survey data (for clarity, data from the DisMAP tool are based on catches 
from trawl surveys and do not include data from commercial or recreational fisheries). 
Some species appear in both the C and D appendices. Some species in the appendices were 
mentioned in the Aquaculture Atlases but were found to have no likely overlap with study 
areas. Depending on the species, EFH and survey data may include one or multiple life stages. 
Further analysis is needed to determine the specific life stage in which a species is most likely 
to overlap with the AOA. Seaweed and macroalgae species are excluded from this analysis.

Gulf of Mexico

We identified EFH, HUA, and/or ESA protected areas for 25 species that overlapped with the 
AOA study area in the Gulf of Mexico. These data include finfish, sharks, and crustaceans. 
A full list of species evaluated via EFH, HUA, and ESA data is provided in Appendix C1. 
Catch-per-unit-effort data from the SEAMAP groundfish survey5 for 35 species in the Gulf of 
Mexico were evaluated for overlap with AOA high–high cluster areas. Twenty species were 
shown to have points of overlap since 2008. Of these 20 species found to occur in high–
high cluster areas, 19 were observed in clusters that contained AOA options. These data 
include finfish, shellfish, and crustaceans. A full list of the species evaluated via survey catch 
distribution data is provided in Appendix D1. 

5 Raw survey data can be downloaded at https://seamap.gsmfc.org/. However, the processed data used for this 
analysis were obtained from the NOAA Fisheries Distribution Mapping Analysis Portal (DisMAP), v. 20220516.
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The Aquaculture Atlas for the Gulf of Mexico mentions that the study areas have potential 
overlap with green sea turtles, multiple shark species, rays, shrimp, and multiple pelagic 
and reef fish species (2, 51).

Southern California Bight

We identified EFH, HUA, and/or ESA protected areas for 20 species that overlapped 
with the AOA study areas in the Southern California Bight, including three species for 
which potential overlap was unsure. These species include finfish, sharks, crustaceans, 
and mollusks. A full list of species evaluated via EFH, HUA, and ESA data is provided in 
Appendix C2. Catch-per-unit-effort data from the annual U.S. West Coast Groundfish Bottom 
Trawl Survey6 for 17 species in the Southern California Bight were evaluated for overlap 
with AOA high–high cluster areas. Eleven species showed points of overlap since 2003. Of 
these 11 species found to occur in high–high cluster areas, all were observed in clusters that 
contained AOA options. These data include finfish, shellfish, and crustaceans. A full list of 
the species evaluated via catch distribution data is provided in Appendix D2.

6 Raw survey data can be downloaded at https://www.webapps.nwfsc.noaa.gov/data/map. However, the 
processed data used for this analysis were obtained from the NOAA Fisheries Distribution Mapping Analysis 
Portal (DisMAP), v. 20220516.

The Aquaculture Atlas for the Southern California Bight mentions that the study areas have 
potential overlap with multiple sea turtle species, manta rays, multiple shark species, some 
highly migratory pelagic species, and multiple cetaceans. However, many of these species 
are seasonally and sporadically present (3, 52, 53).

Review of spatial analysis

Of the species reviewed, many appear to have some overlap with the AOA study areas 
and the more spatially limited high–high clusters. The extent to which these overlapping 
species present a risk for disease transfer to or from farmed organisms is beyond the 
scope of this document. Of the candidate species for aquaculture (Table 2), survey CPUE 
data were available for five in DisMAP:7 sablefish, California halibut, southern flounder, 
greater amberjack, and black sea bass. Sablefish (Anoplopoma fimbria) were documented 
nearby and may require additional study given their status as a species with aquaculture 
potential.8 California halibut (Paralichthys californicus) were not observed to be in the 
high–high clusters, with a population that appears to be distributed north of the Southern 
California Bight study area. Southern flounder (Paralichthys lethostigma) was not observed 
as overlapping with the high–high clusters, but qualitative observations did place some 
points near the 10-km radius established to check nearby occurrences. Greater amberjack 
(Seriola dumerili) was not observed in the high–high clusters in the Gulf of Mexico. Finally, 
black sea bass (Centropristis striata) was not documented in the high–high clusters, with 
observations that appeared to concentrate nearer to shore along the western coast of Florida.

7 https://apps-st.fisheries.noaa.gov/dismap/DisMAP.html
8 https://www.fisheries.noaa.gov/west-coast/aquaculture/sablefish-aquaculture-pacific-northwest
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In the most recent (2023) update to the DisMAP tool, multiple species were removed because 
their occurrences in the trawl surveys were deemed too infrequent to provide robust 
estimations of abundance.9 Although California halibut, greater amberjack, and black sea bass 
were not included in the latest DisMAP version, they were retained in this overlap analysis using 
data from a 2022 DisMAP version (20220516) because they do occur in the AOA study areas.

9 Species were kept for display in the portal if they were caught in at least 5% of tows in a given year for at least 
75% of the survey years in a given region. Therefore, many species were removed in the update. Data from the 
earlier trawl surveys that include these organisms are available upon request from dismap.contact@noaa.gov.

While this analysis can provide a baseline for potential species overlap, there are limits to 
what the current data can tell us about the distribution of wild species near AOAs, high–
high clusters, and AOA options. The absence of a species in an area does not necessarily 
mean it does not, or could not, occur in that area. The DisMAP data were collected via 
bottom trawling, potentially excluding pelagic species in favor of demersal species. 
Additional commercial and recreational fishery coordinate data acquired via different 
methods would significantly aid further analysis and refine our understanding of the 
distribution of relevant commercial species. Finally, additional statistical processing of 
these data can help estimate species abundance beyond the data points used for this 
analysis; as stated, this research is part of another ongoing manuscript in which the authors 
expect to build on the data presented in this document.

This spatial analysis of endemic species in the AOA study areas helps to determine potential 
interactions between wild and cultured animals by identifying species that are more 
likely to occur near marine aquaculture facilities. Because interactions between wild and 
cultured species present an opportunity for pathogen transfer, this kind of information can 
inform future disease risk assessments for specific aquaculture projects that are proposed 
for marine waters. It can also serve as a basis for monitoring wild species for impact 
assessment or as potential pathogen sources to aquaculture activities. Because a spatial 
analysis can focus assessment efforts on relevant endemic species, it can be considered a 
fundamental activity for future specific projects.

Application to other geographic regions

Because NOAA collects fisheries data from the entire U.S. coastline, including Alaska and the 
Pacific Islands, this analysis can be performed regionally and at different scales. Any region 
under consideration for marine aquaculture can develop a catalog of endemic organisms 
that may cohabitate with proposed aquaculture projects. Existing distribution data can serve 
as a baseline for subsequent analysis of a marine aquaculture facility’s potential impact on 
behavior and distribution of wild populations as one of the variables (e.g., climate change, 
food distribution, fishing pressure) that impact species distribution. Aquaculture facilities, 
and the tendency of wild species to aggregate around them, may also affect local species 
distributions. NOAA Fisheries’ development of multispecies, regional tools such as DisMAP 
provides a replicable, data-based framework for analysis across different geographies.
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Finfish Aquaculture Disease Factors
Although culture of marine finfish might be considered a recent enterprise, fishponds in Hawai’i 
have existed for at least 800 years (54, 55), and there are contemporary efforts to re-establish 
them there.10,11 Fishponds have elements of integrated multitrophic aquaculture, including 
cohabiting predatory fish that can remove weak, diseased, or invasive fish (56). Because 
modern finfish aquaculture is principally monospecific, active health and disease management 
must be exerted by the culturists. The following discussion on vertebrate aquaculture centers 
on marine finfish species reared in net pens. Health and biosecurity concerns occur at many 
points between spawning and harvest. Most species reared in net pens undergo a hatchery 
phase at a land-based facility before stocking on marine-sited farms. Principal pathogen 
introduction pathways include: introduction and health status of broodstock, influent water 
source, cross-contamination within a hatchery or nursery, biosecurity failure during transfer 
of animals to and from net pens (e.g., fish escapes, discharge of contaminated materials), and 
the free exchange of water through net pens (see 8, their Figure 2). The following sections 
address concerns throughout the marine finfish production cycle.

10 https://paepaeoheeia.org/
11 https://www.seagardens.net/

Factors Associated with Hatchery or Nursery Activities

Many aquaculture organisms are likely to begin life in a hatchery or nursery operation on 
land or in the nearshore zone. Land-based hatcheries help manage the demands of early 
life-history stages where transitions in feeding strategies (often coupled with prey size) and 
nutrient demands (for organismal development) require significant human interactions. 
For example, several larval marine fish species require live feeds such as rotifers and 
Artemia spp. that require daily attention (57–60). This phase of the culturing cycle may be a 
point of entry for pathogens into the reared population.

To produce animals for the nursery phase, wild broodstock may, depending on the species, 
be captured for breeding or sourced from an established breeding program (60–63). Gametes 
and eggs (fertilized or unfertilized) may introduce pathogens into the culture facility if 
brought in from the wild or from external sources (e.g., out-of-area producers). Quarantine 
with pathogen screening, or obtaining from verified pathogen-free sources (e.g., specific 
pathogen free (SPF) stocks), are effective measures for minimizing this risk (64). However, SPF 
finfish have been confirmed only for laboratory fish such as zebrafish (65), not for commercial 
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finfish. Screening broodstock for the presence of specific pathogens—especially for those 
that are vertically transmitted, such as infectious hematopoietic necrosis virus—is an 
important biosecurity measure employed by Washington state and tribal salmon hatcheries 
for egg selection (66). The National Aquaculture Health Plan and Standards (67) states 
that rearing facilities should be stocked only with organisms of known health status, and 
requires hatcheries to participate in health inspection standards. The U.S. Fish and Wildlife 
Service has clear and explicit procedures for inspecting, testing, and managing incoming 
broodstock, including a substantial section on isolation and quarantine in their Handbook of 
Aquatic Animal Health Procedures and Protocols (68). The American Fisheries Society’s Fish 
Health Section (AFS FHS) publishes a fish health manual known as the “Blue Book” outlining 
health inspection and diagnostic methods for fish health.12 Because Blue Book protocols are 
curated by the largest organization of fish health professionals in the United States, they are 
widely adopted by government and industry entities for fish health management.

12 https://units.fisheries.org/fhs/fish-health-section-blue-book-2020/

Hatchery or nursery water is another potential route of pathogen introduction into the 
culture cycle. Hatcheries for anadromous species such as salmonids are often located 
on rivers and streams in proximity to spawning grounds, where infected adult fish can 
contaminate incoming water. Use of well water for rearing eggs and larvae has been a 
favored alternative, although fish are often transferred to surface water at the parr stage, 
due to water volume requirements. For flow-through hatcheries and nurseries, managing 
water biosecurity is a major task. Untreated or inadequately treated intake water poses the 
obvious risk of introducing pathogens already present in the water source, especially if that 
source contains wild or free-ranging populations of the cultured or other species. Treating 
water (e.g., filtration, ultraviolet irradiation) can be expensive, and if the flow-through 
volume is large (e.g., >3,000 gpm), maintenance associated with filter clogging or adequate 
ultraviolet exposure (typically 30–40 mJ/cm2) may not be feasible. For recirculating 
aquaculture system (RAS) hatcheries, influent water volume is 5–10% of a flow-through 
system (69), with a reduced pathogen burden from replacement water and reduced disease 
issues for RAS hatcheries (59). This level of water quality control is making RAS production 
an emerging best practice for marine aquaculture hatcheries.

A genetic approach to reducing pathogen impact is the development and use of disease-
resistant strains of animals (70). The obvious advantage is that protection can be conferred 
not only at the early stages, but throughout the lifespan of the organism. Selective breeding 
is well established in agriculture and aquaculture, and it is feasible for species with shorter 
reproductive cycles (64). However, resistance for one pathogen may not necessarily provide 
resistance to another pathogen (64).

Factors Associated with Transport

Marine aquaculture involves the transport of organisms, personnel, equipment, and 
supplies between land and the marine sites, as well as between sites. This anthropogenic 
activity poses the potential for release of pathogens along the route and transmission of 
pathogens between locations. The likelihood of pathogen transfer is higher when moving 
fish or harvested product, rather than other types of aquaculture activities (20).
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One of the greatest concerns around animal transport is the use of well boats and boats with 
significant storage to transport fish and equipment. These boats are often too costly to dedicate 
to each farm site, and they may visit multiple farms in a day (71). During transfer between 
farms, from nursery to farm, or from farm to processing plant, there are several points at 
which disease-inducing agents might transfer between animals or into the environment. Older 
versions of the boats are difficult to disinfect between trips to farms due to vessel design, but 
newer versions are easier and less cumbersome to disinfect as a regular part of operations; 
newer boats have designs specifically for marine aquaculture purposes, with closed holding 
areas and equipment for disinfection (71). Ballast water in watercraft servicing aquaculture 
facilities is also a concern, and Norwegian salmon operations recommend that ballast water 
not be taken in or discharged by watercraft within 5 km of any marine aquaculture facility (71).

In response to epidemic events of infectious salmon anemia (ISA) among Atlantic salmon 
production in the United States, the U.S. Department of Agriculture’s Animal and Plant Health 
Inspection Service (USDA-APHIS) developed the Maine Infectious Salmon Anemia Virus (ISAV) 
Control Program Standards (72) for minimizing and mitigating spread of the virus, including 
detailed procedures for transport biosecurity. Farms are classified by infection status (ranging 
from negative to diseased; 72, Part IV.A and their Table 2), and the level of cleaning and 
disinfection of personnel gear, equipment, vessels, and wharves is determined by infection 
status classification and travel destination (see 72, their Appendix A). These procedures, 
in combination with other elements of the Maine ISAV Control Program Standards such as 
surveillance, biosecurity audits, quarantine, and depopulation, successfully suppressed ISA 
outbreaks by February 2006, and no further disease events have occurred since.

Factors Associated with Finfish Grow-Out

Finfish grow-out practices to maintain healthy stocks are well developed, such as 
maintaining fish densities that minimize stress, single year-class stocking, regular health 
inspections, and synchronized fallowing (8, 72). Finfish farms do deposit nutrients into the 
surrounding environment in the form of uneaten feed and fish excretions. However, the 
quantity and impact are subject to geographic location, seasonal changes, stocking density, 
husbandry practices, currents, and other oceanographic factors (73, 74). Primary production, 
stimulated by animal waste and uneaten feed, can contribute to aggregation of wild species 
near aquaculture facilities (75), with trophic progression to planktivorous species and larger 
predators including finfish, marine mammals, and sea birds. However, research thus far has 
not made strong connections between fish farms and major shifts in primary production 
that cause substantial impacts to other trophic levels (73). Facilities are also wild animal 
aggregation sites due to their structural presence, and may even be preferred given their 
combination of protective structure and both direct and indirect food availability (75).

The size of the aquaculture facility usually reflects the biomass of the cultured animal 
population. Research and observation from the Norwegian salmon industry indicates that 
surveillance of cultured populations may be more difficult in larger operations and may 
increase time to detection of a disease situation (71). Daily health checks are best for rapidly 
detecting disease events, although it may increase operational costs, and a cost–benefit 
analysis for biosecurity preparedness can help establish effective surveillance (11).
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Secure management of fish carcasses due to mortalities is critical for limiting release of any 
possible pathogen and for reducing attraction of predators such as marine mammals and 
piscivorous fish. Carcasses resulting from grow-out mortality are important for diagnosing 
cause of death and for disease surveillance (76), and should be handled as presumptive infected 
material. Biosecurity measures include non-leaking carcass containers for transport to shore, 
disinfection of gear in contact with carcasses, and avoiding transport of carcasses between 
farm sites (77). Disposal of carcasses and offal directly into seawater is not permissible under 
National Pollutant Discharge Elimination System (NPDES) discharge permits (e.g., 78–80).

Aggregation of wild organisms at farms and disease transfer

Causes of aggregation attraction

Aggregations of predatory marine mammals, seabirds, and finfish are observed near marine 
aquaculture farms worldwide (39, 81), presumably representing only a subset of interactions 
between cultured and wild species. Long-term observations (99 months) show that there can 
be many populations of wild species near or interacting with the aquaculture species (39). This 
proximity between cultured and wild organisms poses a hazard of pathogen transfer; facilities 
that attract and aggregate wild species can increase that hazard. Aggregating cues include 
predation opportunities, physical protection by floating structures, and conditioned responses 
to sounds, lights, and farm operations. Fish farms offer predators alternative food sources 
that could become a more attractive option than hunting wild prey over wide spatial ranges.

Marine mammal and bird aggregation

Observational research suggests that marine mammals and birds exhibit changes in behavior 
in the presence of marine fish farms (39, 41). Over multiple years, bottlenose dolphins were 
often observed foraging directly next to farms (41). Any impacts on bottlenose dolphin 
health as related to fish farms have yet to be substantially researched and documented.

Seabirds near aquaculture farms can be a biosecurity hazard. Meta-analysis of bird abundances 
shows elevated bird species richness at aquaculture facilities (75). Observational studies suggest 
that wholly piscivorous marine birds, notably cormorants or shags, are prolific in preying on 
both cultured species and aggregated species near farms (39). Similar to marine mammals, 
seabirds likely habituate toward regular visits to ocean farms (75). Some birds, such as gulls, can 
interfere with fish feeding operations and cause sufficiently stressed fish to stop feeding (39).

Birds also carry bacterial pathogens in their gut and on their feet (26), and are intermediate 
or definitive hosts to numerous cestodes, nematodes, trematodes, and other parasites 
(82). For example, greater amberjack (Seriola dumerili) is a species with demonstrated 
susceptibility to infection by trematodes and cestodes (83). In addition to serving as vectors 
and hosts, the presence of and active hunting by avian and mammalian predators can worsen 
a disease outbreak in fish species by increasing the stress levels of cultured animals (84).
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Finfish aggregation

There is strong evidence from Europe, South America, North America, and Asia that 
wild fish attraction to finfish farms is a global issue, regardless of species cultivated (81). 
However, wild fish aggregate at various depths near farms and exhibit variable behaviors, 
indicating that their purposes for aggregation may differ among species. Fish farms also 
appear to influence the abundance of species at greater distances from the farms than 
previously thought. Research from fish farms in the Aegean Sea suggests that increases in 
wild fish abundance related to farms may be evident up to 3 miles from farm sites (81).

Excess or uneaten food is a primary driver for the large aggregations of wild fish at net pen 
farms (39). During day-to-day observations, aggregations most frequently coincided with 
feeding times for cultured animals, and research on Norwegian salmon farms concluded that 
the main attractant for wild species was uneaten feed from the farms (75). Furthermore, 
there is a statistical relationship between wild fish abundance and feed supply (81). 
Biofouling communities that form on farm infrastructure, such as algae, barnacles, anemones, 
and mussels, can act as an additional source of food for aggregating wild fish species (81).

There may be secondary effects via trophic subsidy from uneaten feed and fish feces that 
augment aggregation near farms (39). In one study, wild fish collected near aquaculture 
sites averaged 1.2 times larger and 1.7 times heavier than the same species in reference 
locations. Analysis revealed dietary shifts in wild fish species near farms as well; feed 
pellets from farms were found in fish stomachs in addition to elevated fat content in their 
tissue, suggesting a source of lipids via pelleted feed (75).

The physical features of an aquaculture facility can provide protection from predation and 
structural complexity preferred by many wild fish species, stimulating an “artificial reef” 
effect (81, 85). Biofouling can enhance that effect by providing food subsidies for lower 
trophic levels and invertebrates, attracting successive trophic levels to the facility (81, 85).

Aggregations and disease transfer

Proximity between cultured and wild organisms is hard to control due to the open nature 
of offshore marine aquaculture. When a facility serves as an aggregating site, the potential 
for pathogen transfer is exacerbated (39, 41). Much of the research on pathogen transfer 
between wild and cultured finfish comes from salmonid production systems, which 
constitute ~60% of marine finfish aquaculture (86). The direction of transfer (wild-to-
wild, farmed-to-wild, or wild-to-farmed) is usually difficult to determine or confirm (42). 
Molecular assessments of viral genetics in wild Atlantic salmon indicated transmission 
between stocks derived from Europe and North America at shared feeding grounds in the 
northwestern Atlantic Ocean (87). A rare demonstration of directional transmission of 
infectious hematopoietic necrosis virus from wild to hatchery salmon required extensive 
molecular genotyping over multiple years in both wild and cultured populations (88). This 
level of monitoring and pathogen-specific knowledge is unlikely to be initially available 
for marine aquaculture due to cost and complexity of detection methods. Ectoparasites, 
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particularly sea lice (Lepeophtheirus salmonis and Caligus spp.), continue to be a leading 
concern in salmonid aquaculture. Substantial correlative data between infection burdens 
in net pen salmon and proximal wild fish infestations have supported the likelihood 
that spillover occurs (89–93), although it is not clear that aquaculture farms are the 
sole contributor to infestations in wild fish (94). Nonetheless, sea lice management is 
stringent in salmonid aquaculture, with a wide range of preventative and mitigating 
tactics (summarized in 95), and incorporation of relevant environmental data (e.g., water 
temperature, salinity) into coupled hydrodynamic–biological dispersion models can offer 
better risk management and understanding of the ectoparasite interactions (37).

In addition to pathogen transfer, persistent presence of predators can elevate stress levels 
in cultured animals. Stress can contribute to immunosuppression and greater susceptibility 
to disease (39, 96) and increase the dynamics of pathogen transfer (42). Therefore, chronic 
stress-inducing events, such as a routine presence of predators, are health management 
considerations for producers. For producers, a conservative approach to reduce disease 
potential can be achieved through rearing robust, healthy stocks, maintaining appropriate 
rearing densities, and minimizing handling or physiological stress.

Reducing and mitigating aggregation

Actions and technologies to reduce and mitigate the attractiveness of farms to wild species 
are under continual development. Predator exclusion plans and devices consist primarily of 
barriers or excluders, deterrence, and removal (97). Barriers are typically mesh or netting, 
either above or below water. Depending on the barrier characteristics, they have a costly 
requirement of frequent monitoring for release of entangled wild animals. Deterrence can 
include visuals (e.g., flashing lights, threatening shapes or silhouettes), sounds, physical 
actions (e.g., water sprays), and movement. However, aggregating animals will habituate 
to deterrence actions (81) unless they are irregular or random in occurrence. Furthermore, 
certain deterrence options, such as underwater explosions and predator removal, have 
unfavorable collateral effects (81), and are prohibited in some areas such as Scotland.13

13 https://scottishseafarms.com/sustainability/co-existing-with-marine-life/

Uneaten feed is a major attraction of fish farms, and the development and use of properly 
designed feeds for the cultured species (e.g., floating, sinking, slower-dissolving) can help 
reduce feed waste. Adjustment of feeding schedules is improving with the application of 
artificial intelligence to control feed schedules and delivery (98, 99), as well as the development 
of appropriately designed feeds (e.g., sinking or floating feeds) that cater to species feeding 
habits (100). These systems can use photogrammetry for estimating fish growth for more 
accurate feed calculations, and monitor fish behavior during feeding for terminating delivery.14 
Furthermore, improvements in fish feed formulations have improved feed-conversion ratios, 
resulting in more efficient assimilation of nutrients and reduced waste (5). These types of 
advances carry economic benefits for the producer while reducing aggregation attractiveness.

14 https://www.innovasea.com/open-ocean-aquaculture/open-ocean-aquaculture-feeding-systems/
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Water quality, farm discharges, and disease

Offshore waters might be considered less impacted by anthropogenic factors, but they are still 
subjected to river outflows, terrestrial runoff, and discharges from shipping. While offshore 
waters could be a higher-quality environment for rearing finfish, they may be more vulnerable 
to farm discharges, depending upon farm site characteristics (101). Pollution from ships may 
have a direct impact on offshore water quality, including oil, harmful or noxious substances, 
sewage, and garbage. The International Maritime Organization (IMO) is a specialized 
agency of the United Nations which is responsible for measures to improve the safety and 
security of international shipping and to prevent pollution from ships.15 The IMO develops 
treaties for adoption into law by participating nations, allowing harmonization of national 
and international policies. The International Convention on Prevention of Pollution from 
Ships, or MARPOL, is the main international convention covering prevention of pollution 
of the marine environment by ships from operational or accidental causes.16 The MARPOL 
convention was adopted at IMO. In the United States, the convention is implemented 
through the Act to Prevent Pollution from Ships (APPS).17 It applies to all vessels, whether 
seagoing or not, regardless of flag, operating in U.S. navigable waters and the Exclusive 
Economic Zone (EEZ). It is administered by the Coast Guard. The regulatory mechanism 
established in APPS to implement MARPOL is separate and distinct from the Clean Water 
Act (CWA)18 and other federal environmental laws (102). Generally, CWA jurisdiction for 
discharges from vessels extends only to 3 nautical miles from shore (103). In the United 
States, several federal agencies have some jurisdiction over ships in U.S. waters, but no 
single agency is responsible for or coordinates all of the relevant government functions. The 
U.S. Coast Guard and the Environmental Protection Agency (EPA) have principal regulatory 
and standard-setting responsibilities (102). In addition to point sources of pollution such as 
shipping, the two AOAs of interest have different features relevant to finfish aquaculture.

15 https://www.imo.org/en/About/Pages/FAQs.aspx
16 https://www.imo.org/en/KnowledgeCentre/ConferencesMeetings/pages/Marpol.aspx
17 APPS (Act to Prevent Pollution from Ships). 1980. U.S. Code, title 33, sections 1905–1915.
18 CWA (Clean Water Act). 1972. Federal Water Pollution Control Act of 1972. Clean Water Act of 1977. U.S. Code, 
title 33, sections 1251–1387.

Region-specific water quality features

The Gulf of Mexico receives runoff from approximately two-thirds of the continental United 
States, and the northern coastal areas have poor status for nutrients, dissolved oxygen, 
and sediment contaminants (see 104, their Figure 2.10). Development of hypoxia and “dead 
zones,” often due to eutrophication, is routinely monitored and reported by NOAA,19,20 and 
these zones can extend to the northwestern and central continental shelf (see 104, their 
Figure 2.77). Additionally, petroleum contaminants resulting from natural seeps, extraction 
(e.g., oil drilling), product transportation, and consumption (e.g., combustion) are 
significant water-quality topics for offshore areas of the Gulf of Mexico (104, 105).

19 https://www.ncei.noaa.gov/maps/hypoxia/
20 https://gulfhypoxia.net/

Southern California Bight waters tend to become strongly stratified in summer and fall, which 
is weakened or disrupted by upwelling events in winter and spring, and there is a nearshore 
poleward (south-to-north) undercurrent and countercurrent flow most of the year (106, 107). 
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The under- and countercurrents can transport water from heavily urbanized and industrialized 
waters of Los Angeles and Orange Counties into the AOA study areas, although this tends to 
be a greater hazard to humans than finfish (e.g., 108). The Southern California Bight Regional 
Monitoring Program is focused on benthic, rather than pelagic, conditions (109),21 while shelf 
and offshore monitoring is conducted primarily by large wastewater treatment plants as a 
component of National Pollutant Discharge Elimination System (NPDES) compliance (e.g., 110). 
Unlike in the Gulf of Mexico, prominent hypoxic events do not occur, but significant and complex 
eddies in both Santa Monica Basin and Santa Barbara Channel can entrain and trap waters 
carrying contaminants, such as oil from natural seeps or anthropogenic sources (111, 112).

21 https://www.sccwrp.org/about/research-areas/regional-monitoring/southern-california-bight-regional-
monitoring-program/

Particulate discharges

Marine finfish aquaculture farms release particulates and nutrients to both the pelagic and 
benthic environments. Dispersion of particles and propagules in marine environments is 
estimated to be approximately twice that of terrestrial environments (113, 114). Nutrient 
enrichment may influence primary production (74, 115) and species aggregation. These 
processes are factors in pathogen spread through their ability to increase the overall biomass 
near farms, and thus elevate the probability of contact and pathogen transfer (26, 39, 41, 
42, 81, 84). Dissolved organic nutrients from feed pellets and feces from farms can increase 
heterotrophic microbial activity, although mechanisms of impact on the food web are not 
well described (40, 73). One study near fish farms in the Mediterranean Sea suggested a rapid 
transfer of fixed carbon from farm byproducts to higher trophic levels (115).

Pathogen persistence in the marine environment is significantly affected by temperature, 
salinity, and exposure to ultraviolet radiation (i.e., sunlight); conditions vary for each organism 
(reviewed in 116, 117). Organic material in the seawater can serve as a supportive environment 
for pathogens associated with particulate and organic matter, allowing longer persistence (23, 
118, 119) and increased opportunity to infect a new host. Microorganisms attached to organic 
matter and particulates are better shielded from the damaging effects of sunlight, resulting 
in longer survival. Organic matter may also serve as microscopic niches providing a nutrient 
source in oligotrophic seawater (reviewed in 116, 117), and, in conjunction with dissolved 
nutrients, can promote biofilm formation on equipment surfaces that increases survival of 
associated microorganisms (reviewed in 28). Adsorption to organic particulate material 
also alters transport dynamics for pathogens, potentially resulting in pathogen deposition 
in the benthos closer to the farm due to the larger size of the particle–bacteria complex.

The pelagic and benthic impacts of nutrient release will be site-specific and, although 
pelagic effects in well flushed locations are not detected beyond 100 m, the far-afield effects 
are poorly understood and difficult to characterize (74, 120). However, research suggests 
negligible impacts from farm discharge and nutrient enrichment in far-afield locations due 
to dilution by current and depth (121). Farm sites at greater depths can alleviate the impacts 
on benthic sediments because of greater potential for horizontal dispersal through the 
water column that is dependent on the capacity of local currents to carry particles (120).
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Overall, the current practices in siting, feed efficiency, and extensive monitoring of sites in 
Europe, Canada, and the United States are considered sufficient to limit nitrogen increases 
to modest levels without significantly impacting the chemical and biological processes of 
surrounding marine environments (74). A 2022 NOAA biological opinion on the subject 
states that existing marine aquaculture sites in Washington State, and their nutrient 
discharge, are not likely to jeopardize the welfare of wild species and habitats under the 
Endangered Species Act (ESA; 122).22,23

22 ESA (Endangered Species Act of 1973). 1973. U.S. Code, title 16, sections 1531–1544.
23 https://repository.library.noaa.gov/view/noaa/41678

Nitrogen and phosphorous

Nitrogen is a primary nutrient discharged from aquaculture facilities, usually as feces or 
uneaten feed. Exact discharge estimates vary depending on the cultured population, type of 
feed, and other factors (74). Research on the effects of nitrogen discharge on surrounding 
seawater quality and primary production provide mixed results. A study in Taiwan suggested 
water-quality impairment when a finfish farm was located in a semi-enclosed lagoon farm site 
(74). It is worth noting that the AOA options from the Aquaculture Atlases are not characterized 
as semi-enclosed sites (2, 3) and presumably are not subject to water flow restrictions.

In the marine environment, phosphorus is not usually a limiting nutrient compared to 
nitrogen, but phosphorous can be responsible for changes in biological and chemical 
processes. Research suggests limited negative effects on seawater quality from 
phosphorous discharge by fish farms in Newfoundland and Puerto Rico, although local 
phosphorous loading may be more significant where seawater exchange is restricted (74).

Dissolved oxygen

Adequate dissolved oxygen (DO) in aquaculture is a critical component for fish husbandry 
and welfare to maintain feed conversion efficiency while preventing respiratory stress and 
illness. Depletion of DO can be due to the biological oxygen demand (BOD) from dissolving 
waste particles, fish respiration, elevated water temperatures, or a combination of these 
factors (123). In marine aquaculture, exogenous sources of BOD are larger in impact than 
discharge from farms. Existing research has yet to discover any farm-induced DO depletion 
in seawater bodies that warranted significant or prolonged concern (74).

Benthic deposition and recovery

Benthic recovery periods from aquaculture depositions can vary among farm situations. 
An intensive salmon net pen culture in shallower depths (31–40 m) near an exposed rocky 
coastal island cluster in Norway produced significant benthic deposition during grow-out, 
and the benthic fauna and biogeochemical processes beneath the farm returned to the pre-
stocking state after a seven-month post-harvest fallowing (120). A study in Scotland found that 
benthic communities up to 49 m in depth remain impacted 15 months after the cessation of 
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farm operation, which was located in a fjordic sea loch (124). These and similar assessments 
highlight that benthic recovery can vary between locations and depends greatly on depth, 
currents, benthic substrate composition, and geomorphology (e.g., fjord vs. open bay). The 
Norwegian study recommended 2 km of spacing between farm sites to mitigate organic loading 
impacts. However, local hydrodynamics need consideration when determining standards for 
the depth of sites and the distance between farms. Additionally, routine monitoring of benthic 
communities during fallowing is recommended to analyze trends between farming cycles (120).

The minimum, maximum, and average depths reported in the Aquaculture Atlases for 
the AOA options (2, 3) show that minimum depths exceed 49 m except for the N2 options 
in Southern California (Tables 4 and 5). Among the five N2 options, three have maximum 
depths exceeding 49 m and average depths exceeding 40 m (Table 5). None of the AOA 
options are located in fjords or enclosed embayments, and all have exposure to larger 
marine circulation patterns (2, 3). These features suggest that potential farm sites in 
the AOA options are not likely to present negative impacts on benthic sediment quality. 
However, specific assessments incorporating farm discharge rates and hydrodynamic 
features need to be conducted for specific proposals for accurate evaluation.

Table 4. Minimum, maximum, and average 
depths, in meters, for the AOA options in 
the Gulf of Mexico. Extracted from the NOAA 
Aquaculture Atlas for the Gulf of Mexico (2).

AOA Option Min Depth Max Depth Avg Depth
W-1 84.4 93.7 90.8
W-4 80.6 88.4 84.6
W-8 78.9 82.3 80.6
C-3 59.8 61.4 60.5

C-11 76.4 87.8 82.3
C-13 56.4 69.2 62.2
E-4 49.5 52.9 51.1
E-3 49.6 51.9 51.0
E-1 50.1 51.0 50.6

Table 5. Minimum, maximum, and average 
depths, in meters, for the AOA options in 
the Southern California Bight. Extracted 
from the NOAA Aquaculture Atlas for the 
Southern California Bight (3).

AOA Option Min Depth Max Depth Avg Depth
N1-A 88.60 108.5 95.0
N1-B 78.00 92.6 84.7
N1-C 77.30 101.3 90.0
N2-A 41.90 60.5 51.2
N2-B 38.90 56.0 47.3
N2-C 34.80 63.7 48.1
N2-D 25.50 39.0 31.5
N2-E 23.10 29.8 25.4

CN1-A 58.99 154.6 98.9
CN1-B 55.40 101.3 66.6
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Invertebrate Aquaculture Disease Factors
Invertebrate aquaculture can include a wide variety of organisms, ranging from 
echinoderms (e.g., sea urchin, sea cucumber) and crustaceans (e.g., shrimp, lobster) 
to bivalves (e.g., oysters, mussels) and cephalopods (e.g., squid, octopus). In the Pacific 
Northwest, indigenous cultivation of bivalve mollusks through enhancements colloquially 
called “clam gardens” dates to over 3,000 years ago (125), and the clam garden approach is 
enjoying a contemporary revival.24 Commercial production of certain bivalves and shrimp 
in the United States has a long history, with well developed captive broodstock programs. 
Shrimp are the only commercially produced crustacean for which SPF broodstocks have 
been developed. Disease concerns commonly arise from culture exposure to hazards in 
the natural environment, such as culture density, lapses at critical biosecurity points (e.g., 
water filtration failure), and, in the case of oysters, seasonal elevation of oyster herpesvirus 
in warmer months (126, 127). Early-life-stage feeding often includes algae and protozoa 
specifically cultured as forage. Many aquacultured invertebrates (with the exclusion of 
shrimp) do not receive formulated exogenous feed during grow-out phases, relying instead 
on extracting nutrients from the ambient environment. The production cycle usually 
includes a nearshore or estuarine phase. Systems range in design from estuarine ponds to 
bottom culture to diverse methods of suspending animals during grow-out.

24 https://nativenewsonline.net/sovereignty/indigenous-knowledge-revives-ancient-clam-garden-practices

Factors Associated with Hatchery or Nursery Activities

Because of reliance on wild sources for broodstock for some species, there is a likelihood 
of pathogen introduction into a hatchery or nursery if the broodstock are infected. To 
minimize this risk, there are efforts toward generating pathogen-free broodstock to reduce 
that hazard. Development of SPF broodstock has improved biosecurity significantly for 
some sectors of U.S. shrimp production by reducing reliance on wild collections that caused 
repeated introduction of the white spot syndrome virus into the industry over many years 
(128). However, requirements for moving broodstock vary by state (e.g., see the Pacific 
Coast Shellfish Growers Association document on state requirements25), which can cause 
confusion for growers. The creation of a Regional Shellfish Seed Biosecurity Program 
(RSSBP) offers a voluntary opportunity to streamline intra- and interregional shipments 
(including East Coast-wide transfers) by following specific health evaluations and audits for 
the pathogen status of a given shellfish nursery (6).26

25 https://pcsga.org/wprs/wp-content/uploads/2013/04/State-Shellfish-Health-Info-and-Contacts.pdf
26 https://rssbp.org/hatchery-certification-program/
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Larval bivalves are susceptible to viruses (e.g, for oysters, OsHV-1 and oyster velar virus) 
and bacteria (vibriosis) that have variable effects on adult bivalves (129, 130). Viruses with 
a broad host range that are able to produce asymptomatic infected adults, such as OsHV-1, 
are a constant threat to larval rearing operations exposed to untreated seawater and to 
other age classes of bivalves (130). Viral hazards can be reduced by avoiding locations with 
existing bivalve operations or wild stocks that may act as potential reservoirs of pathogens 
(130). Pretreatment of incoming seawater can also protect against pathogen introduction, if 
feasible and cost effective. Filtration to 5 µm (or to 1 µm, as recommended by the RSSBP) is 
effective for removing parasites and pathogens attached to larger particles. Aging seawater 
for 48 hours before use can reduce viral exposure through sedimentation of particles 
or natural decay (131), while pretreatment by ozonation or ultraviolet radiation can also 
reduce pathogen loads, especially viral ones (130, 132).

Factors Associated with Invertebrate Grow-out

Disease factors and pathogens of concern during invertebrate grow-out vary depending 
on culture method and life-history biology. Water biosecurity cannot be controlled in open 
culture structures such as cages, and this free exchange of seawater provides the main disease 
transmission route. Transfer into open systems and aligning husbandry and harvest practices 
require planning for periods of time when there is low pathogen prevalence at virus-infected 
locations, which can lower disease-caused mortality for juveniles and adults in nearshore 
environments (8). Other successful methods for reducing infection include reducing open 
system immersion time or delayed exposure to untreated seawater, and movement between 
low and high salinity environments (131, 133). The need for developing and applying avoidance 
actions will depend on the concentrations of pathogens at offshore sites.

Culling and frequent removal of mortalities is very effective in finfish aquaculture for 
reducing disease spread, but may be less useful for molluskan aquaculture, as it depends 
on disease signs (including death) and accessibility of organisms for inspection (134). If a 
disease is density-dependent and the transmission threshold is known, culling to a density 
below that threshold could control or even eliminate the disease (134).

Reducing the number of susceptible hosts could be extended to adjacent wild sympatric 
species (e.g., Mercenaria spp.) that are reservoirs for pathogens (135). Selective culling 
based on pathogen detection is a proposed strategy for conserving valuable red abalone 
populations threatened by withering disease (136). A similar approach could be used 
to reduce intermediate hosts for invertebrate parasites, such as whelks in scallop 
apicomplexan mortality (137). Obviously, this type of approach would require extensive 
interaction and permitting with natural resource authorities, and is likely to generate 
objections to culling non-aquaculture species.

Biofouling can contribute to animal stress and disease occurrence by reducing water flow, 
growth, and survival while increasing crowding and potentially harboring pathogens (138, 
139). Other factors such as sedimentation, loss from predation, wave action, and hypoxic 
conditions can either contribute to disease issues or act as primary causes of mortality.
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Waterborne pathogen transmission can depend on other factors that may enhance the spread of 
disease, including seawater temperature and salinity extremes, culture density, and stress due 
to handling, movement of animals (129), or inclement weather conditions. Water temperatures 
and salinities have predictable effects for some diseases (e.g., Dermo disease in oysters; 140). 
Mitigation for unfavorable temperatures would require shifts in production cycle (127), choosing 
temperature-resilient species, and/or selective breeding for temperature hardiness (141). 
Other common practices to reduce disease spread include maintaining low-stress culture 
densities (which need to be determined empirically for the species), avoiding mingling 
different age classes or groups from different sources, and minimizing handling (142–145).

Although bivalves have simple immune systems compared to vertebrates, immune 
responses can be measured—such as hemocyte phagocytic activity, abundance of humoral 
lectins, and humoral antimicrobial peptides (129). Although evidence for ontogenetic 
immune maturation is found in the differential anti-viral responses of larval and adult 
oysters (146), there is no evidence of an acquired or adaptive immunity comparable to that 
of vertebrates. This makes conventional vaccination approaches useless for invertebrates. 
The innate ability of mollusks to recognize and react to foreign antigens, including an 
interferon-like system (129, 147, 148), has been exploited in the application of immunogens 
to stimulate an immune response (e.g., 149). Deeper understanding of cellular pathways 
exploited by pathogens, such as parasite inhibition of a protective programmed cell death 
by immune cells (150), is providing new opportunities to develop interventions.

Although disease-resistant mollusks can develop naturally through strong selective 
pressure (151), breeding for disease resistance is a popular concept with a long history 
in aquaculture, with most efforts on bivalves (152–154). These programs have focused on 
major oyster pathogens with severe consequences (OsHV-1, Bonamia ostreae, B. roughleyi, 
Marteilia syndeyi, Roseovarius crassostreae, Haplosporidium nelsoni, Perkinsus marinus), 
and were able to show positive advantages after only several generations (153, 154). In 
contrast, triploidy (for accelerated growth) has exhibited neither an advantage nor a 
disadvantage for disease resistance (153). Genome sequencing revealed that mollusks have 
good genetic potential for disease resistance selection: there are high single-nucleotide 
and indel polymorphism rates and significant expansion of genes related to immunity and 
stress responses, providing an abundance of markers for linkage and quantitative trait 
locus mapping (e.g., see 154, their Table 3). A caveat about selecting for disease resistance: 
the protection conferred against a particular pathogen does not necessarily extend to other 
pathogens (e.g., 155), and resistance against one pathogen could increase susceptibility to a 
different pathogen, although this latter possibility has not been formally studied.

Although seafood safety is not a focus of this document, water quality issues for 
invertebrate pathogens and public health pathogens are related. Most cultured 
invertebrates are suspension or detritus feeders, capable of accumulating pathogens or 
contaminants that are public health hazards (e.g., norovirus, Vibrio spp. bacteria, and 
biotoxins). For shellfish, the National Shellfish Sanitation Program (NSSP)27

27 https://www.fda.gov/food/federalstate-food-programs/national-shellfish-sanitation-program-nssp

 manages 
seafood safety of shellfish through partnerships among the shellfish industry, state 
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agencies, and federal agencies, such as the Interstate Shellfish Sanitation Conference 
(ISSC).28 The NSSP provides guidance on classification of growing areas based on product 
and water quality testing through regular updates of the Guide for the Control of Molluscan 
Shellfish (156). The latest version contains provisions for aquaculture harvest in federal 
waters (3–200 miles from shore), particularly for marine biotoxins. Section 312 of the Clean 
Water Act29 prohibits vessel discharge of pollutants, including sewage, in areas designated 
as “no discharge zones” (NDZ),30 although a state may impose stricter vessel rules for 
waters within its jurisdiction. These policies and regulations are jointly enforced by the 
U.S. Environmental Protection Agency and the U.S. Coast Guard. If an offshore aquaculture 
facility is located more than 3 miles from shore and is not positioned in an NDZ, it could be 
exposed to pollutant discharges from vessels.

28 https://www.issc.org/
29 https://www.epa.gov/vessels-marinas-and-ports/vessel-sewage-discharges-statutes-regulations-and-
related-laws-and
30 https://www.epa.gov/vessels-marinas-and-ports/vessel-sewage-no-discharge-zones
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Seaweed/Macroalgae Aquaculture Disease Factors
Seaweeds/macroalgae have been harvested for human use in Asia for approximately 
1,500 years, and commercial-scale cultivation became established in the 1950s in Korea, Japan, 
and China (157). Temperate-zone seaweed/macroalgae aquaculture emerged after 2000, 
primarily in European waters, with large brown kelp as the major cultivated species (158). 
Worldwide seaweed/macroalgae production tripled between 2000 and 2018 (159), making up 
approximately half of the global marine and estuarine aquaculture production by volume (160).

Seaweed/macroalgal culture is an increasing priority for marine aquaculture in the United 
States (161). Farmed algae are susceptible to bacteria, protists, viruses, and other algae, 
as well as grazing pests such as limpets, copepods, and herbivorous fishes (162)—often 
concurrently. Additionally, some macroalgae species native to the United States share 
susceptibility to the same pathogens and diseases as their cultured counterparts in Asia, 
often being from a similar genus. As an example, Pyropia spp. are commonly cultured in 
Asia, but several members of the genus are also native to the U.S. West Coast (162–164). 
Several simple biosecurity measures have proven effective in Asian aquaculture, including 
use of uninfected propagules, cleaning biofouling from organisms and farm ropes, and early 
identification of infected stock (160). However, disease transmission between cultured and 
wild macroalgae is poorly understood and requires significant additional research on the 
potential impacts of marine algae culture on wild populations.

Factors Associated with Introducing Non-Native Species

Introduction of non-native species, either intentionally or unintentionally, is a concern 
for expanding aquaculture, particularly for seaweed/macroalgae, where over half of the 
invasive introductions have been due to aquaculture (165). Some of these introductions 
have had dire consequences, including overwhelming valuable coral reef habitat (165). The 
best prevention strategy is to avoid cultivating species outside of their native range, and 
there is a potential adaptive advantage in using locally sourced cultivars (166). The most 
commonly cultured seaweeds/macroalgae have varying degrees of domestication through 
vegetative propagation or selection, and even if cultivation is within a native range, there is 
potential for gene flow with indigenous strains or landraces (167) .

Importing organisms from non-local areas can also introduce non-native species associated 
with the seaweed/macroalgae—known as its holobiont. While the best prevention is to use 
broodstock, propagules, or seedlings from sources that do not harbor undesired or invasive 
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epiphytes, endo-epiphytes, or plankton, this knowledge may not be available. A biosecurity 
program that includes quarantine prior to out-planting is considered a standard practice to 
allow for observation and control when mitigating the introduction of non-native species (168). 
Multiple jurisdictions have versions and templates of biosecurity plans for marine aquaculture, 
although there are no standardized versions yet for operations in the United States (8, 145, 169).

Factors Associated with Seaweed/Macroalgae Grow-Out

Wild macroalgae growing near farms, whether conspecific with cultured varieties or not, 
represent an important component of wild ecosystems in the areas under evaluation 
for marine aquaculture. Kelp forests and other macroalgae-dense environments provide 
habitats for feeding, breeding, and safety for other organisms (170, 171).

Because seaweed/macroalgae depend upon photosynthetically active radiation (PAR), 
their cultivation is typically located in near-surface waters over a broad area to permit light 
exposure. Temperatures or light intensities that are too high or too low for the species can 
induce heat shock or oxidative stress, respectively (172). Suspended cultures also rely on 
dissolved inorganic nutrients that require replenishment through water flow as nutrients 
are drawn from the water column during growth. Nutrient depletion under high density 
stocking can occur (158), and depletion can be exacerbated if the suspended culture slows 
the water flow (173). Site selection controls most of these environmental parameters, and 
good knowledge of farm site hydrodynamics, including seasonal and tidal variations, is 
important for siting a seaweed/macroalgae farm.

Environmental conditions are the dominant factors for cultured seaweed/macroalgae 
health, including sufficient nutrients, adequate light for photosynthesis, appropriate 
temperatures, and good salinities—emphasizing the importance of routine water quality 
monitoring. If one or more of these conditions is not optimal, disease can occur. An example 
is ice-ice disease in eucheumoid seaweeds, which has been studied for many years. An 
etiology has not yet been conclusively established (162), although the environmental factors 
known to contribute to the disease are well characterized (174–176). Studies suggest there 
are interactions of multiple microorganisms contributing to ice-ice disease involving the 
seaweed/macroalgae epibiont community. Because pathobiomes are the suite of organisms 
associated with a diseased host and the interactions among the associated organisms and 
with the host (177), a pathobiome approach may be better for understanding, preventing, 
and mitigating diseases of these organisms (162, 177).
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Climate Change and Aquaculture

Host, Pathogen, and Environment

For an organism to succumb to a particular disease, a combination of host, pathogen, and 
environmental conditions favorable to disease is required (12, 178, 179). Planning for the 
disease impacts of climate change on aquatic organisms requires consideration of effects 
on the host–pathogen–environment combination that is altered by climate change (180, 
181). An assessment of 375 infectious diseases of humans revealed that 58% of them were 
aggravated by climate conditions driven by greenhouse gas emissions (182). Changes in 
water flow due to drought, snowpack accumulation and release, and wildfire have already 
affected inland aquaculture and survival of hatchery salmon (e.g., (178). As the U.S. marine 
aquaculture sector develops, research is needed to understand the disease dynamics of 
climate change for individual species selected for culture. This will require information on 
environmental, economic, and biological suitability of selected culture species; disease and 
biosecurity hazards for those species; and their interactions with climate change effects.

Climate Change Projections for the Gulf of Mexico  
and the Southern California Bight

Relative to the other drivers, long-term climate trends are largely driven by greenhouse gas 
emissions (7, 183). Greenhouse gasses include water vapor, carbon dioxide, methane, nitrous 
oxide, and ozone; these gasses trap heat within the earth’s atmosphere, causing global 
warming. Additionally, carbon dioxide absorbed by the ocean in increasing amounts lowers 
the pH of seawater over time, causing ocean acidification (OA). The combined effects of global 
warming and ocean acidification drive changes in other physical characteristics, such as sea 
level, salinity, dissolved oxygen, wind speed and direction, precipitation, nutrient and sediment 
loads, and ocean currents. These physical changes, in turn, can have biological impacts such 
as changes in species distribution and abundance; organism development and growth (e.g., 
shell formation in certain invertebrates); disease prevalence; and occurrence of harmful algal 
blooms. Table 6 presents an example of a framework for understanding the climate change-
induced hazards for wild species that are also relevant to the aquaculture sector.

According to the United Nations Intergovernmental Panel on Climate Change’s (IPCC) CMIP6 
climate models, it is “very likely” that the Earth’s atmosphere will warm an additional 1.5°C 

between 2021 and 2040 (7). The 1.5°C increase is consistent across emission projections, with 
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the exception of one scenario that predicts a 1.6oC increase. The current projections are for 
a 0.6°C increase in mean sea surface temperature in the Southern California Bight, and an 
increase of 0.7°C to 0.8°C in the Gulf of Mexico, over the next two decades (Table 6). Sea level 
is estimated to rise by 0.1 m and 0.2 m for the Southern California Bight and Gulf of Mexico 
respectively; ocean surface pH is expected to decrease by 0.1 units in both sites. While 
coastal precipitation is predicted to increase between 2.4% and 3.1% for the Gulf of Mexico, 
the data present a more uncertain picture for the Southern California Bight, where estimates 
range from a 2% decrease to a 0.8% increase in precipitation (184, 185). Weather events, 
such as extreme heat, heavy precipitation, drought, and tropical cyclones are also predicted 
to become more frequent and intense for the two study areas. Dissolved oxygen and salinity 
are predicted to decrease in many areas/depths within the two geographic sites.

A warming atmosphere’s effect on physical environmental conditions at an aquaculture site 
can influence the vulnerability of both cultured and wild species to aquatic pathogens (5, 
186–189). Changes in environmental conditions can influence pathogen transfer indirectly 
by altering the distribution and behavior of animal vectors and alternate or definitive hosts, 
including invertebrates, fishes, birds, and marine mammals (190).

Table 6. IPCC CMIP6 Climate Projections for AOA study areas. IPCC CMIP6 projected change in 
climate driven attributes reported as change in annual mean between the periods 1995–2014 
and 2021–40, by geographic region. Emissions Scenario is the projected outcome based on the 
Shared Socioeconomic Pathway (SSP), which is a description of socioeconomic policies and 
actions that affect greenhouse gas emissions. Lower SSP values are expected to greatly reduce 
emissions, while higher SSP values are expected to have less emission reduction (184, 185). Low 
has an SSP value of 1.26, and Intermediate has an SSP range of 2 to 4.5.

Attributes
Emissions 
scenarios

Projected changes in annual means  
between 1995–2014 and 2021–40, by region

Southern California Bight Gulf of Mexico 
Sea surface 
temperature (°C)

Low +0.6 (0.3–0.9) +0.7 (0.2–1.2)
Intermediate +0.6 (0.3–0.9) +0.8 (0.3–1.3)

Surface pH Low –0.1 (–0.1 to –0.0) –0.1 (–0.1 to –0.1)
Intermediate –0.1 (–0.1 to –0.1) –0.1 (–0.1 to –0.1)

Sea level rise (m) Low +0.1 (0.1–0.2) +0.2 (0.1–0.3)
Intermediate +0.1 (0.1–0.2) +0.2 (0.1–0.3)

Coastal  
precipitation (%)

Low +0.8 (–6.2 to –6.6) +3.1 (0.6–5.2)
Intermediate –2.0 (–5.5 to –4.8) +2.4 (1.0–5.8)

Cooling days (mean 
daily temperature 
above 65℉) (n)

Low +111.2 (73.9–199.6) +114.4 (47.3–168.6)

Intermediate +121.1 (82.8–215.1) +116.9 (51.6–182.2)
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Aquaculture and Disease Under Climate Change

Cultured and sessile species do not have the ability to seek better conditions as their 
environment changes, while wild, mobile species can move to more favorable environments 
or remain in a particular location for specific resources (e.g., prey, structural protection). Poor 
environmental conditions can cause chronic stresses that contribute to lowered immune 
function and disease development (178, 188, 191). Under these conditions, the host’s physical 
barriers to infection can be compromised. For finfish, this could manifest as a disruption in 
the skin mucosal layer or in a biological disruption of protective microflora associated with 
this layer (192, 193). For marine shellfish (particularly marine bivalves), decreasing pH can 
interfere with an organism’s ability to produce and maintain a protective shell (194–196).

Disease in a warmer environment

Temperature is a prime modulator of metabolism in ectotherms, and climate-driven 
temperature change is expected to alter future disease distribution and prevalence. Aerobic 
performance is maximized in and around temperature optima, and as the temperature shifts 
out of optimal range, metabolism also shifts toward anaerobic metabolism, which is more 
energy-expensive (e.g., 197). Increases in sea surface temperature are generally associated 
with increased disease prevalence (198–200). Disease outbreaks induced by temperature 
stress are already a common seasonal occurrence for many species (201–203). Compounding 
this issue are data suggesting that high-temperature events, such as the marine heatwave 
that originated in the Gulf of Alaska in 2013, will become more frequent and intense as 
warming continues (204, 205). Outcomes from warming, such as changes in salinity, pH, 
and nutrient cycling, can significantly affect immune response, and can render both wild 
and farmed animals more susceptible to disease (44, 188, 201, 204, 206–214). Low dissolved 
oxygen (hypoxia) combined with temperature stress are cited as major contributors to 
stress-induced disease outbreaks (206, 209). Conversely, temperature-driven changes in 
phenology could reduce disease severity; shifts to earlier molting by lobsters can physically 
segregate the host from infections (197). Consistent and reliable environmental monitoring 
is important to inform both husbandry decisions by producers and regulatory decisions to 
protect wild and farmed species from temperature and acidification-induced health events.

As poikilotherms, finfish and invertebrates are vulnerable to environmental temperature 
shifts, and seaweed/macroalgae have no known thermoadaptive mechanisms. Aquaculture 
strategies to prepare for future temperature changes include using the most robust stocks 
available, using stocks with demonstrated thermal tolerances, and developing breeding 
programs for temperature-resilient stocks (215). Strategies such as phenotypic selection, 
quantitative trait loci mapping, and genome-wide association studies demonstrate the 
feasibility of developing temperature-resilient finfish and shellfish (216–218).
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Disease under changing ocean chemistry

Secondary effects of climate change can also affect the health of cultured and wild species. 
For example, an increase in nearshore nutrient supply and/or pollution from increased 
rainfall and coastal erosion can damage the gills of finfish (203) and shellfish, making them 
more vulnerable to secondary infections. An outbreak in Ireland of amoebic gill disease 
in cultured Atlantic salmon smolts was positively associated with environmental factors 
including high ammonia, nitrate, and chlorophyll (219). Eutrophication and increased 
turbidity from increased rainfall and runoff along the coasts have also been associated with 
nearshore increases in parasite, fungi, and disease abundance (190).

Warmer ocean temperatures and increased dissolved nutrients are associated with an 
increase in the frequency and intensity of harmful algal blooms that have direct toxic effects 
on cultured and wild species (220). Increased coastal nutrient supplies may also modify 
algal species composition, favoring invasive species, depending on the region (221).

Some of the best known and characterized climate change impacts are on biological calcification 
under conditions of ocean acidification, particularly for mollusks (222). Negative effects of low 
pH and low aragonite saturation observed in larval bivalve hatcheries on the Oregon coast (223) 
stimulated research in the United States on the effects of carbonate chemistry changes in both 
cultured and wild species (e.g., 224–226). OA results in lower bioavailable carbonate (aragonite, 
calcite) required by marine calcifiers during early developmental stages and as adults (224), 
which can cause developmental delays and morphological abnormalities (225, 226). Molecular 
analysis indicates that gene expression for biomineralization is not affected by OA conditions, 
suggesting effects on adult shells are primarily through dissolution (227). Beyond impacts 
on calcification and shell dissolution, acidification directly impacts immune capabilities in 
mollusks and crustaceans. Lobster exhibit limited ability to modulate hemolymph pH, and when 
subjected to hypercapnic seawater, immune responses such as hemocyte count and phagocytic 
capability are reduced by ~50% (228). OA suppresses immune response gene expression and 
induces both oxidative stress and antioxidant activities in the Pacific oyster (229). In Eastern 
oyster and hard clams, hypercapnic seawater enhances the immunosuppressive effects of heavy 
metal exposure (230). In synergy with temperature stress, OA can affect shellfish metabolism, 
resulting in greater susceptibility to Vibrio infection and negative immune alterations associated 
with greater disease vulnerability (e.g., 231, 232).

Under OA conditions, finfish can regulate their blood acid–base balance at the gills and 
kidney with relatively low metabolic cost (e.g., red drum; 233, 234), and this ability helps 
protect adult fish from acute OA stress. Acidification can even offset deleterious effects of 
elevated temperatures such as oxidative stress and heavy metal contaminant uptake in adult 
fish (235). Unlike mollusks, finfish exhibit increased mineralization of otoliths and skeletons 
under acidifying conditions (236–238), suggesting indirect mechanisms of impact. In 
contrast, OA has severe negative effects on temperate larval finfish (Atlantic cod, Pacific cod, 
Atlantic herring, silversides), resulting in reduced survival, stunted growth and development, 
poor body condition, and/or tissue damage (239–242). Acidification induces oxidative 
stress and alters the antioxidant defense response to a heavy metal (cadmium) in flounder 
larvae (243). Elevated CO2 can elicit behavioral changes by potentially modifying fish 
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neuroreceptors (244). Disorientation and altered olfaction have been reported for several 
coral reef fishes (e.g., 245, 246), although these observations cannot be replicated with other 
reef fish species (247), suggesting species-specific effects. OA can change the structure 
and binding affinity of peptides that mediate behavior in aquatic organisms, providing a 
mechanism for altered, and potentially harmful, behaviors resulting from acidification (248).

In addition to climate change conditions altering the host–pathogen relationship, a 
pathogen can alter the host–pathogen–environment relationship. For example, oysters 
naturally resistant to the effects of OA exhibit diminished resistance when challenged with 
the shellfish pathogen Vibrio tubiashii (249).

Not all impacts from aquaculture diseases due to climate change-driven alterations are 
negative. In some regions, increased precipitation may reduce infestations of sea lice 
and infections by protozoans, such as the oyster pathogen Haplosporidium nelsoni, due 
to reduced parasite survival at lower salinities (250, 251). Levels of acceptable CO2 in 
current rearing facilities (e.g., RAS) show that aquaculture has already been operating 
at concentrations 10-fold or greater than natural acidification (252). Agriculture and 
aquaculture are inherently selective for rearing stock, and producers are continually 
choosing the most robust and resilient species or characteristics for their purposes. The 
large difference in effects between early life-history stages and adults (see previous 
paragraphs) indicates that organisms in grow-out operations may be less affected by 
OA. Although climate change stressors can induce greater physiological susceptibility to 
infection, aquaculture organisms are housed in conditions of high nutrient availability 
and low predation threat, which could offset or partly compensate for those negative 
environmental effects (252).

Climate change impact on species distribution and disease

Long-term temperature changes can change wild species distributions as animals seek 
favorable conditions for their respective physiologies. In sub-Arctic Icelandic waters, a 
northwesterly shift in habitat range for 59 of 82 species (72%) occurred over a two-decade 
period (253). This shift coincided with a 1°C increase in sea surface temperature (SST) for 
this same period, and many of the shifted species lived near the surface or were living 
near the upper end of their thermal range (253). A similar shift in groundfish distribution 
was noticed from 2014–16 in the Gulf of Alaska that coincided with anomalously warm 
temperatures (a.k.a. The Blob; 254, 255). In this instance, differences in behavior were 
observed between species and between foraging guilds. There was also a general trend for 
most species that coincided with increasing sea surface temperature for all life stages to 
move to deeper and cooler waters. Distribution shifts can alter trophic interactions, adding 
potential nutritional stress and higher disease susceptibility.

Although physiological requirements and limitations are likely motivators, climate-related 
distribution changes can be well explained by local spatial and temporal rate changes in 
temperature (256). High-resolution, subregional projections of species distribution shifts 
under multiple climate models exhibit good agreement for 78–79% of ~550 marine species 
along the U.S. continental shelf (257), suggesting that it is feasible to make predictions about 
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endemic species shifts. Species that shift in spatial distribution may be naive to indigenous 
pathogens in the new location or may introduce novel pathogens into the new location (190, 
191). For the AOA options, species distribution shifts could alter the overlap between wild and 
cultured populations, creating different sets of disease interaction opportunities over time.

Climate change impact on pathogens

Climate change-induced effects on temperature and ocean chemistry are expected to affect 
pathogen distribution, abundance, and ability to cause disease (258, 259). Similar to their 
hosts, each pathogen—whether bacterial, viral, fungal, or parasitic in nature—will have a 
suite of environmental conditions under which it thrives and persists. Optimal conditions 
may be life stage-specific, particularly for parasites that alternate between free-swimming 
infectious, attached and feeding, and sessile reproductive forms (260).

Changes in pathogens that can be affected by climate change and its consequences include:

• The ability to infect through changes in pathogen gene expression, altered host 
microbiomes, and altered host immune responses.

• The degree of virulence or disease-causing abilities through changes in pathogen 
gene expression and host susceptibility.

• Altering development or the life cycle by activating replication or through faster 
replication, timing of life-cycle phases, availability of suitable intermediate and 
definitive hosts, and availability of transmission vectors.

• Passive movement by environmental events such as hurricanes, tsunamis, and 
airborne transport.

Thermal performance curves are frequently used to understand and predict the theoretical 
interaction between host and pathogen over a range of temperatures. A simple example 
for cool-adapted and warm-adapted hosts and pathogens is shown in Figure 3 (see 261 for 
details about the underlying thermal mismatch hypothesis). Temperatures with differentials 
between the host and pathogen performance curves (double-headed arrows in Figure 3, 
panels a and b) are where the pathogen has an advantage over the host (Figure 3, panels 
c and d). Pathogens with temperature optima higher than their hosts are likely to expand 
in prevalence or distribution under higher temperature conditions, such as occurred 
with Hematodinium parasites in crab (see 197, their Figure 2). There are many elements 
influencing this approach (e.g., curves are often generated under isolated lab conditions 
rather than real-world conditions), and empirical curves will likely have different shapes 
than shown in Figure 3. Nonetheless, it provides a practical framework for assessing and 
predicting specific host–pathogen outcomes with changing temperatures (261).

If local temperatures and water-quality parameters push the boundaries of tolerance 
for host species, pathogens may gain an edge over host resistance. Pathogens, especially 
viruses and bacteria, have much shorter replication times, allowing them to adapt to new 
conditions much more quickly than host species. In general, growth and reproduction of 
pathogenic bacteria (200, 262) and parasites are expected to increase within projected 
temperature changes (221), thus increasing the opportunity for encounters with vulnerable 
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host species. Furthermore, some pathogens may not be as impacted by environmental 
changes as their hosts. An example would be Cryptocaryon irritans, the parasitic cause 
of marine white spot disease or “marine ich,” which can successfully infect, grow, and 
reproduce in seawater pH ranging from 6 to 9. Therefore, changes in marine white spot 
disease are more likely due to negative OA effects on the hosts (263).

Figure 3. Simple thermal performance curve examples for a host and a pathogen (panels a and b), 
and resulting predictions of the likelihood of pathogen effect (e.g., prevalence) based on the 
differential between the curves (panels c and d). From Rohr and Cohen (2020; 261).

Increased mean temperatures can also alter the window in which conditions are ideal for 
pathogens to replicate. For parasites, this might mean that they no longer experience a 
dormant period during winter (221). The extended window can result in more generations 
of organisms, speeding up the process to adapt and overcome the host’s natural protections 
or therapeutics given to farmed species. Changing temperatures may shift the ranges 
of pathogens, which may include mechanisms of how the pathogen moves through the 
environment (e.g., changes in currents or stratification), differences in movements of 
vectors, or changes in host migration (221).
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Ultimately, disease expression is the combination of pathogen viability and robustness 
against the host’s ability to respond to infection/infestation, which can be modulated by 
a set of environmental conditions. For example, the responsible agent for Dermo disease, 
Perkinsus marinus, is a warm-water parasite that was historically not present or viable 
in the northeastern Atlantic (264). After the early 1990s, the range of Dermo disease 
expanded northward of Chesapeake Bay (see 180, their Figure 3). Although this organism 
was likely introduced by humans through infected oysters (rather than a natural range 
expansion of the parasite), long-term increases in winter water temperatures provided the 
change in physical conditions that likely enabled the expression of disease (264). Similarly, 
Multinucleated Sphere Unknown disease (MSX) in Eastern oyster populations, which is 
caused by the parasite Haplosporidium nelsoni, expanded north of the mid-Atlantic coast 
with increased winter water temperatures and increased salinity (see 180, their Figure 3). 
Disease expression retreated significantly upon the onset of cooler temperatures and 
wetter conditions that lowered salinity (251), providing a natural demonstration of the 
effect of those environmental conditions on disease distribution.

Region-Specific Climate Change and Disease Concerns

For the Gulf of Mexico and Southern California Bight study areas, multiple changes in 
environmental conditions are likely to occur, each with potential to affect organism health. 
Warming temperatures are expected to foment sea level rise, exacerbate erosion and coastal 
flooding, increase storm frequency and intensity, impact frequency and seasonality of harmful 
algal blooms, facilitate increased hypoxic conditions, increase precipitation (frequency 
and/or intensity), and impact the normal phytoplankton biomass (7). Additionally, the 
Southern California Bight is particularly vulnerable to ocean acidification due to seasonal 
coastal upwelling of deep ocean water that already has a lower pH than surface water (266).

Gulf of Mexico

The northern Gulf of Mexico is particularly vulnerable to hypoxia. In addition to warm 
temperatures during the summer, this area has significant freshwater and nutrient influx 
from the Midwest via the Mississippi River. Warm surface temperatures and freshwater 
influx contribute to stratification that inhibits mixing and prevents re-oxygenation of 
hypoxic bottom waters. Additionally, nutrient-rich organic loading from the Mississippi River 
can aid the growth of algal blooms that consume oxygen when they die and inhibit sunlight 
penetration. As a result, part of the Gulf near the river outlet is characterized as having the 
greatest seasonal hypoxia (dissolved oxygen ≤2 mg/L) in the western hemisphere (265).

Predicted increases in the frequency and severity of storms increase the risk of 
disease spread in the event of finfish escape from damaged net pens, or if shellfish and 
seaweed/macroalgae structures break loose from their moorings and drift (259).

Although ENSO is generated in the Pacific Ocean, the Gulf of Mexico is affected by it. Typical El 
Niño conditions produce cooler and wetter winter conditions, with stronger storms and more 
flooding through the Gulf coast.31 El Niño weather conditions can induce significant changes 
in temperature and salinity, with potential to affect disease distribution and outbreaks (180).

31 https://www.weather.gov/tae/enso
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Southern California Bight

Along the eastern Pacific Ocean, the U.S. West Coast is particularly vulnerable to ocean 
acidification, with projections of low biologically available carbonate over the next three 
decades. Seasonal upwelling of acidic waters from the ocean depths is expected to be 
more frequent and intense, bringing carbonate-depleted water to the surface at nearshore 
environments (266). Although deep water tends to be nutrient-rich, it is also lower in 
oxygen and higher in CO2 than surface water, exacerbating acidification. Oyster growers 
in the Pacific Northwest have been observing the effects of ocean acidification on larval 
shellfish, resulting in lower growth and higher mortality, since about 2007 (223).

Longer-term weather variability is strongly driven by the El Niño/Southern Oscillation 
(ENSO), a naturally occurring phenomenon of sea surface temperature and atmospheric 
pressure fluctuations over the southern Pacific Ocean, that has a cycle of approximately 
2–7 years.32 These fluctuations generate general weather trends for the Southern California 
coast (El Niño = more rainfall; La Niña = less rainfall),33 and monitoring ENSO provides an 
important tool for predicting and interpreting weather patterns.

32 https://www.noaa.gov/jetstream/tropical/enso
33 https://www.weather.gov/lox/elnino
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Federal Agencies with Responsibilites for Aquatic Animal 
Health, Medicine, and Water Quality

In the United States, animal health professionals are asked to report detections of 
pathogens on the National List of Reportable Animal Diseases (NLRAD)34,35 to USDA-APHIS 
Veterinary Services. The NLRAD contains pathogens listed by WOAH as well as pathogens 
deemed to be of specific concern in the United States. The NLRAD is reviewed and updated 
annually, and USDA is responsible for reporting detections to WOAH.

34 https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/monitoring-and-surveillance/nlrad/ct_
national_list_reportable_animal_diseases
35 https://www.aphis.usda.gov/animal_health/nahrs/downloads/nlrad-nahrs-disease-list.pdf

Freedom from a Disease

Freedom from a disease is a designation describing confidence that a particular pathogen 
is absent from a particular geographic area or farm, assuming a given prevalence 
detection threshold and diagnostic test sensitivity. In the international community, 
freedom from aquatic diseases is self-declared by WOAH member countries, and WOAH 
provides guidance for making those declarations.36 Achievement of pathogen-free status is 
possible if: a) susceptible species are absent, b) the disease has not historically occurred, 
or c) structured surveillance shows no disease if disease status is unknown or disease 
occurred within the past ten years (267). An active disease situation requires eradication of 
the disease, adequate biosecurity measures, and no disease presence based on structured 
surveillance (267). Countries may use zones (based on geographic areas), compartments 
(based on management and biosecurity practices), or a combination of zones and 
compartments to declare part of a country free of disease (134). To sustain disease-free 
status, WOAH stipulates three conditions:

1. Detection, or even suspicion, of the disease must be reported to a competent authority.
2. A surveillance program for the disease is in place to provide early detection capability.
3. There are import requirements in place to prevent transfer into the disease-free area.

36 https://www.woah.org/en/what-we-offer/self-declared-disease-status/

Establishing and maintaining disease-free status is a complex decision process that often 
employs a cost–benefit assessment and typically involves behavioral economics (267). 
Because producers are likely to carry most of the burden and benefit of pathogen-free 
status, their involvement in the decision process is crucial.
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U.S. Department of Agriculture,  
Animal and Plant Health Inspection Service (USDA-APHIS)

USDA-APHIS serves as the lead agency for preventing, controlling, and eliminating diseases 
of commercially farmed aquatic animals, as well as leading the oversight of animal health 
programs nationwide. USDA-APHIS regulates national import and export of aquatic 
organisms in relation to organism health (268). However, U.S. Fish and Wildlife Service 
(USFWS) regulates the importation of salmonids under Title 50. The agency regulates the 
use of veterinary biologics, including commercially marketed vaccines, diagnostic kits, and 
other products of biological origin (269). The Chief Veterinary Medical Officer of USDA is 
responsible for reporting when WOAH-listed pathogens are detected (268).

Individual states have authority over intrastate and interstate movement of aquatic species, 
typically collaborating to manage regional movements. A state may require state-level 
reportable pathogens in addition to those on the WOAH list.37 States are empowered to set 
their own standards for aquaculture regulations, usually through legislative action, and 
administration is housed within a competent public authority. For example, as a result of 
the Florida Aquaculture Policy Act, the Florida Department of Agriculture and Consumer 
Services is charged with permitting and regulation for the state’s aquaculture sector.38 In 
contrast, the California legislature makes the California Department of Fish and Wildlife 
(CDFW) the competent authority for aquaculture regulation in the state, and requires 
periodic reports to be submitted to the state senate from CDFW.39 State authority allows for 
more specific rules that govern aquaculture. California, for example, disallows movement 
from southern to northern waters to protect the naïve northern California waters against 
pathogens reported from the state’s southern coast,40 and bivalves may not be transferred 
from San Diego Bay or Tomales Bay to prevent spread of OsHV-1 (C. Burge, CDFW, personal 
communication). Florida prohibits the culture of oyster stocks from Atlantic Coast waters 
in Florida’s Gulf Coast waters to minimize introduction of MSX (multinucleated sphere 
unknown) disease.41 Although policies differ among states, states can participate with 
USDA-APHIS monitoring and surveillance through agency programs. For example, under 
the USDA-APHIS National Animal Health Reporting System (NAHRS), state animal health 
officials provide monthly reports on reportable diseases and diseases of interest (e.g., 
emerging diseases) detected in agriculture and aquaculture species.42

37 https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/nvap/NVAP-Reference-Guide/Animal-Health-
Emergency-Management/OIE-and-International-Standards
38 http://www.leg.state.fl.us/statutes/index.cfm?App_mode=Display_Statute&URL=0500-0599/0597/0597.html 
39 https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=203343&inline
40 https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=24619
41 https://www.fdacs.gov/content/download/64045/file/aquaculture-bmp-manual.pdf
42 https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/monitoring-and-surveillance/sa_disease_
reporting/ct_usda_aphis_animal_health

The 2020 Executive Order 13921, Promoting American Seafood Competitiveness and Economic 
Growth, designated USDA as the lead federal agency for oversight of the health and promotion 
of farm-raised aquatic livestock (67, 161). USDA’s efforts are described in the National 
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Aquaculture Health Plan and Standards 2021–23 (NAHPS).43

43 https://www.aphis.usda.gov/animal_health/animal_dis_spec/aquaculture/downloads/national-aquacult-
health-plan-standards-2021-2023.pdf

 The document establishes guidance 
to enable activities that protect the health of aquatic livestock, including disease reporting; 
standardization of testing laboratories and methods; biosecurity, training, and education; 
disease surveillance and response; data management; and health certification programs 
(67). This plan assists in the development of site-based health plans for aquatic animal 
health, and includes four options for aquaculture health inspection. Once an entity has opted 
in, the standards become mandatory for compliance. An example of one pathway is the 
Comprehensive Aquaculture Health Program Standards (CAHPS), based on five management 
pillars that come together for integral animal health management:

1. An aquatic animal health team (AAHT) consisting of professionals committed to a 
given site who determine pathogens of concern, risk mitigation strategies, disease 
surveillance, and reporting strategies.

2. Risk evaluation for the species being cultured, the pathogens of concern, the 
production method being used, and the end use of the livestock.

3. An early detection system and surveillance plan for pathogens of concern.
4. A disease investigation plan when morbidity and mortality events exceed thresholds.
5. A response, reporting, and recovery plan.

With specific reference to marine aquaculture, NAHPS requires that only animals with a 
known and approved health status may be stocked in federal marine waters, including 
negative testing for pathogens of concern relative to the relevant jurisdiction or by the 
susceptibility of species in the environment around the farm. Pathogen-free feed is also an 
important component of the standards for marine aquaculture (67).

U.S. Department of Agriculture,  
Center for Veterinary Biologics (USDA-CVB)

Veterinary care often requires biologically derived therapeutants, such as vaccines, 
bacterins, and disease diagnostic kits. USDA-CVB implements the provisions of the 
Virus–Serum–Toxin Act (VSTA)44 to ensure that pure, safe, potent, and effective veterinary 
biologics are available for diagnosing, preventing, and treating animal diseases.

44 VSTA (Virus–Serum–Toxin Act). 1913. U.S. Code, title 21, sections 151–158.

Vaccines

Vaccines are a highly useful and effective prophylactic measure against diseases in finfish. 
Because they are typically derived from a biological source, such as bacterial or viral 
protein, approval for marketing is obtained through USDA-CVB. At this time, there are seven 
approved vaccines for finfish:45,46,47

• Live Arthrobacter vaccine against bacterial kidney disease for salmonids.
• Killed Yersinia vaccine against enteric red mouth disease for salmonids.

45 https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/veterinary-biologics/CT_Vb_licensed_products
46 https://www.aphis.usda.gov/animal_health/vet_biologics/publications/aquaproducts.pdf
47 https://www.aphis.usda.gov/animal_health/vet_biologics/publications/currentprodcodebook.pdf
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• Killed vaccine against multiple bacterial pathogens (Aeromonas salmonicida, Vibrio 
anguillarum, V. ordalii, and V. salmonicida) for salmonids.

• Killed vaccine against viral and bacterial pathogens (infectious salmon anemia virus, 
Aeromonas salmonicida, Vibrio anguillarum, V. ordalii, and V. salmonicida) for salmonids.

• DNA vaccine against infectious salmon anemia virus for salmonids.
• Live Edwardsiella ictaluri vaccine for catfish.
• Live Flavobacterium columnare vaccine for catfish.

In addition to USDA-approved vaccines, autogenous vaccines may be prepared from 
inactivated, nontoxic cultured microorganisms, either in a USDA-licensed facility for use 
by a health professional (licensed use) or under the license of a veterinarian (veterinarian 
exemption use). Typically, microorganisms isolated from diseased animals are cultured 
to produce a quantity sufficient for an effective dose, then inactivated to prevent growth 
after inoculation. Inactivation is often through physical or chemical methods, such as heat 
or formalin treatment. There are specifications for preparation and administration in the 
Code of Federal Regulations (9 CFR §113.113),48 but the full process of review and approval 
is not required. The use of autogenous vaccines allows customized prevention of diseases, 
can be very cost-effective, and offers a route to avoid antimicrobial resistance (270). The 
Norwegian salmon industry was able to reduce utilization of antibiotics from >48,000 kg of 
antibiotics in 1987 to ~1,000 kg in 1996 though the use of autogenous vaccines (270). In fact, 
the three approved vaccines are a result of that success in the reduced use of antibiotics.

48 https://www.govinfo.gov/app/details/CFR-2016-title9-vol1/CFR-2016-title9-vol1-sec113-113

U.S. Food and Drug Administration,  
Center for Veterinary Medicine (FDA-CVM)

In the United States, the Food and Drug Administration’s (FDA) Center for Veterinary 
Medicine (CVM) regulates the manufacture and distribution of food additives and drugs 
that will be given to aquatic animals. Several offices within the Center for Veterinary 
Medicine (CVM) play a role with a regard to aquaculture:

• The Office of New Animal Drug Evaluation (ONADE)49 reviews information submitted 
by drug sponsors who want approval to manufacture and market drugs for use in 
the aquaculture industry. As mandated by the Federal Food, Drug, and Cosmetic Act 
(FD&C Act),50 a new animal drug may not be sold in interstate commerce unless it is 
the subject of an approved new animal drug application (NADA), abbreviated NADA 
(ANADA), or a conditional approval (CNADA). All three types of NADAs are reviewed 
by ONADE. During the investigational stages of drug development, ONADE may also 
authorize investigational new animal drug (INAD) exemptions to allow for the use 
of the drug to generate data to support an approval. Part 21 of the Code of Federal 
Regulations51 describes the regulations associated with NADAs and INADs.

49 https://www.fda.gov/about-fda/cvm-offices/office-new-animal-drug-evaluation
50 FFDCA (Federal Food, Drug, and Cosmetic Act). 1938. U.S. Code, title 21, sections 301–399; https://www.fda.
gov/regulatory-information/laws-enforced-fda/federal-food-drug-and-cosmetic-act-fdc-act
51 https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm?CFRPart=514

44

https://www.govinfo.gov/app/details/CFR-2016-title9-vol1/CFR-2016-title9-vol1-sec113-113
https://www.fda.gov/about-fda/cvm-offices/office-new-animal-drug-evaluation
https://www.fda.gov/regulatory-information/laws-enforced-fda/federal-food-drug-and-cosmetic-act-fdc-act
https://www.fda.gov/regulatory-information/laws-enforced-fda/federal-food-drug-and-cosmetic-act-fdc-act
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm?CFRPart=514


• With the passage of the Minor Use and Minor Species Animal Health Act (MUMS Act),52 
the Office of Minor Use and Minor Species Animal Drug Development (OMUMS)53 
was developed to assist in making more drugs legally available to treat minor animal 
species such as those raised in aquaculture. OMUMS administers the Index of Legally 
Marketed Unapproved New Animal Drugs for Minor Species (“the Index”). The Index 
is a list of new animal drugs intended for use in non-food-producing minor species 
(e.g., ornamental fish) that have had their safety and effectiveness affirmed through 
an alternate review process involving expert panels external to FDA.54 OMUMS also 
manages the MUMS Designation program which provides incentives for sponsors to 
seek approval of new animal drugs for MUMS indications.

52 MUMS Act (Minor Use and Minor Species Animal Health Act). 2004. U.S. Code, title 21, section 360.
53 http://www.fda.gov/AnimalVeterinary/DevelopmentApprovalProcess/MinorUseMinorSpecies/default.htm
54 https://www.fda.gov/animal-veterinary/minor-useminor-species/index-legally-marketed-unapproved-
new-animal-drugs-minor-species

• The Office of Research (OR) conducts aquaculture research and assists in ensuring 
that fish derived from aquaculture production environments are safe for human 
consumption.55 The Office of Surveillance and Compliance (OSC)56 is responsible 
for compliance-related actions, post-approval monitoring (e.g., adverse drug event 
reporting), and animal feed safety. OSC reviews notices that a substance (including 
an aquaculture feed substance) is generally recognized as safe (GRAS)57 for a specific 
use within an animal food, approves food additive petitions (FAP)58, and regulates 
medicated animal feeds (i.e., feeds that contain a new animal drug). A medicated 
feed mill license is required to manufacture some medicated feeds;59 these licenses 
are also approved by OSC.

55 https://www.fda.gov/about-fda/cvm-offices/office-research
56 https://www.fda.gov/about-fda/cvm-offices/office-surveillance-and-compliance
57 https://www.fda.gov/animal-veterinary/animal-food-feeds/generally-recognized-safe-gras-notification-program
58 https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm?CFRPart=571&showFR=1 
&subpartNode=21:6.0.1.1.21.1
59 https://www.fda.gov/animal-veterinary/animal-food-feeds/medicated-feeds

FDA-CVM maintains a list of approved drugs for aquaculture,60 categorized by the method 
of administration (immersion, injectable, medicated feed; 271). The Animal Medicinal Drug 
Use Clarification Act61 and FDA’s Compliance Guide62 allow veterinarians to administer 
approved therapeutic drugs beyond approved uses (known as “extra-label use”) under 
strict conditions. However, administration of antimicrobials and prescription/veterinary 
feed directive drugs in the United States does require a valid veterinarian–client–patient 
relationship.63 Although there have been successful efforts to gain approval of drugs for 
aquaculture, these have been primarily focused on freshwater aquaculture species, leaving 
a need for similar efforts for marine aquaculture species.

60 https://www.fda.gov/animal-veterinary/aquaculture/approved-aquaculture-drugs
61 AMDUCA (Animal Medicinal Drug Use Clarification Act). 1994. U.S. Code, title 21, section 530; https://www.
fda.gov/animal-veterinary/guidance-regulations/animal-medicinal-drug-use-clarification-act-1994-amduca
62 Section 615.115, Extralabel Use of Medicated Feeds for Minor Species; https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/cpg-sec-615115-extralabel-use-medicated-feeds-minor-species
63 https://www.avma.org/resources-tools/pet-owners/petcare/veterinarian-client-patient-relationship-vcpr
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U.S. Fish and Wildlife Service,  
Aquatic Animal Drug Approval Partnership (USFWS-AADAP)

Because the market for drugs for aquatic organisms is much smaller than for terrestrial 
agriculture, the U.S. Fish and Wildlife Service supports a program to test and obtain 
approval for aquatic drugs. The Aquatic Animal Drug Approval Partnership (AADAP)64 is 
dedicated to developing and coordinating safety and effectiveness studies for approval by 
FDA, and oversees the Investigational New Animal Drug (INAD) Program. The National 
INAD Program allows for the legal use of specific investigational drugs by participants. 
Participants in the INAD Program are required to collect and submit data to AADAP and 
pay a small fee. AADAP interfaces with drug sponsors to help ensure a drug manufacturer 
is available, and conducts drug-related research. As marine aquaculture and its health care 
needs expand and as NOAA increases its focus on developing the information necessary 
to make drugs available for use in marine species, AADAP can serve as a partner in 
addressing those needs. NOAA has initiated a marine aquaculture medicine cooperative 
aimed at partnering with external stakeholders such as AADAP to generate the information 
necessary to achieve FDA approval of the veterinary drugs needed in marine aquaculture.

64 https://www.fws.gov/program/aquatic-animal-health/aquatic-animal-drug-approval-partnership

As an agency with oversight of aquatic wildlife in the United States, USFWS invests in substantial 
aquatic animal health services, including regional fish health centers65 with inspection and 
diagnostics capabilities, a recently updated Aquatic Animal Health Policy,66 and an informative 
handbook detailing procedures and protocols used by USFWS to implement the policy (68).67

65 https://www.fws.gov/program/aquatic-animal-health/fish-health-centers
66 https://www.fws.gov/policy-library/713fw1
67 https://www.fws.gov/sites/default/files/policy/files/AquaticAnimalHealthProceduresandProtocols.pdf

Antibiotics/antiparasitics

The route of administration for antibiotics depends on the rearing system and approved 
use. Antibiotic baths have shown potential to fight infection and reduce mortality 
in abalone (272), and certain antibiotics on salmon farms are added to feed to treat 
disease (273), but these measures are not approved in the United States. Development 
of antibiotic resistance in aquatic bacterial pathogens is a concern for aquaculture use 
because antibiotics in unconsumed feed, or passed via feces, can later be accumulated by 
microorganisms in the surrounding environment, leading to antibiotic or even antiparasitic 
resistance (274). Resistance occurs when exposure to an antibiotic creates selective 
pressure that results in microorganisms or parasites that are no longer susceptible to the 
product (275). Research from Chilean salmon farms shows resistance to oxytetracycline, 
oxolinic acid, and florfenicol in benthic bacteria following antibiotic use (276). The study 
detected elevated levels of resistant bacteria up to 1 km away from the farm site. Additional 
research suggests that antibiotic resistance in marine sediments near salmon farms 
positively correlates with a higher use of on-farm antibiotics (277).
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Many countries have strong regulations surrounding antibiotic use in animals, and some 
have banned disease-prevention uses. For example, concerns about human health impacts of 
resistance development in food animals led to the ban of antibiotics as growth promoters by 
the European Union in 2006 (278, 279), and the United States has successfully phased out use 
of medically important antibiotics as growth promoters (280). In the United States, all FDA-
approved antibiotics for use in animals require a veterinary feed directive (VFD) administered 
in feed or a veterinary prescription if administered by other routes (e.g., immersion or injection; 
281). Increased regulation of antibiotics in Europe has not resulted in economic losses, and 
European aquaculture management practices stress the need for producer education and more 
investment for research on the use of prophylactics (probiotics, prebiotics, and vaccines; 279).

Prophylactics

In light of concerns surrounding antibiotic resistance in cultured and wild species, 
supplementation of invertebrate and finfish diets with pro- and prebiotics is receiving 
increased attention (282). While some research has been promising for the use of these 
products to enhance production and improve disease resistance (283), there are still 
significant research gaps (282–285).

Probiotics

Probiotics are cultures of live microorganisms that claim to confer a health benefit for the 
organism consuming them. One potential mechanism supporting the health claims is the 
ability of beneficial microorganisms in the probiotic culture to successfully compete against 
pathogenic bacteria (286). Research has shown that use of probiotics in aquaculture species 
can result in improved feed-conversion ratios, in addition to elevated immune response to 
pathogens. For example, rainbow trout fed a probiotic containing Clostridium butyricum 
showed improved resistance against vibriosis by increasing the phagocytic activity of 
leucocytes (284). Supplementation with probiotics during the larval stage for invertebrates 
under culture aided in overall growth performance and feed efficiency (287).

Research on shellfish probiotics in the United States has established a series of principles 
for probiotic use (288):

• The probiotic should not be harmful, pathogenic, or toxigenic.
• The probiotic should be administered to the host through ingestion for potential 

colonization and replication within the host digestive system.
• The probiotic should produce the desired effect, whether localized or systemic.
• The probiotic should work in vivo, instead of only in vitro.
• The probiotic should not contain virulence genes or antibiotic resistance genes.

While significant research supports probiotics as useful alternatives to antibiotics in aquaculture, 
there has been little progress on approval of their use for U.S. aquaculture. The process for 
approval of viable sources of microorganisms in the United States is regulated by FDA-CVM.
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A live microbial product for animals that is intended for use in the cure, mitigation, 
treatment, or prevention of disease is regulated as a new animal drug. In some instances, 
the microorganisms in live microbial products may have been selected or genetically 
modified for production of a novel substance(s) that acts in this manner, and these products 
are also new animal drugs. Regulatory considerations to approve or accept a viable 
source of microorganism as an animal food are described in CPG 689.100, Animal Products 
Containing Live Microorganisms. Currently, the best recommendation for seeking approval 
for a viable source of microorganism product is to contact the FDA at askcvm@fda.hhs.gov 
to find out what regulatory pathway applies for a particular market formulation (289).

While research suggests probiotics can be a net positive for a growing aquaculture sector (284, 
287), there are potential risks. Recently, concerns were raised about the accuracy of traceability 
with the labeling of certain commercial probiotics used in aquaculture. Laboratory analysis 
of several marketed probiotics revealed that some contained antibiotic-resistant genes, some 
contained wholly different bacteria than what was labeled, and some contained incorrect 
amounts of the probiotic advertised, in addition to other bacterial species. Accuracy in labeling 
of probiotics is crucial given the potential for different species of bacteria to behave differently 
when ingested by a culture species; mislabeling has the potential to harm operations and 
endanger wild species via the transfer of pathogens and resistance from cultured animals (290).

Prebiotics

In contrast to probiotics, prebiotics are nondigestible food ingredients that modulate the 
growth or activity of microorganisms in the digestive system of the organisms consuming 
them (283, 285). Research on marine finfish suggests that there are potential positive 
benefits, one being the potential to activate innate immunity in fish species (291); research 
also suggests that prebiotics can modify the composition of gastrointestinal microorganisms 
in fish (286). However, most research concludes that the impacts on health, especially 
disease resistance, are not well elucidated (286) and that impacts of prebiotic substances 
vary considerably among aquaculture species (291). Additionally, most research on 
prebiotics (and probiotics) has not been conducted within the larger scale of commercial 
aquaculture operations (282, 285), and will required further study to provide justification 
for an endorsement of commercial application. Multiple species of popular marine finfish 
used in aquaculture have been subjects of prebiotic research; therefore, there is a growing 
baseline of information for marine aquaculture species as investigation continues (285, 286).

Of additional interest is the use of synbiotics, or a combination of prebiotics and probiotics 
that work synergistically to benefit the host (285, 292). Initial research does suggest that 
there are benefits when the two products are used in tandem, and that synbiotics may offer 
protection against infectious disease (292), but further research—specifically challenge 
studies—is still needed to bolster these findings (293).
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U.S. Environmental Protection Agency (EPA)

The U.S. Environmental Protection Agency (EPA) has responsibility for protecting 
and managing the quality of U.S. waters under the authority of the Clean Water Act. 
Section 301(a) of the CWA prohibits the “discharge of pollutants” except in compliance-
prescribed provisions of the CWA, including section 402. Section 402 of the CWA establishes 
the National Pollutant Discharge Elimination System (NPDES) and authorizes EPA (or 
states authorized by EPA) to issue permits for point-source discharges of pollutants into 
U.S. waters, including the territorial seas.68 For purposes of the CWA, offshore federal 
waters begin 3 miles from shore for all states. In the contiguous zone and the ocean beyond 
3 miles, EPA is the sole permit-issuing authority for NPDES-regulated discharges. The term 
“pollutant” is defined in CWA section 502(6) and §122.2. The statute defines pollutant very 
broadly and includes any type of industrial, municipal, or agricultural waste (including 
heat) discharged into water. Biological materials, including living organisms, can and 
have been deemed as pollutants in several cases (294). EPA has defined Concentrated 
Aquatic Animal Production Facilities (CAAPFs)69 and has developed specific regulations for 
discharges from them. Aquaculture discharges typically regulated under NPDES include 
unconsumed feed and feces; dissolved nutrients (nitrogen, phosphorus, ammonium); 
suspended and settleable solids; dissolved oxygen and biological oxygen demand; and 
unconsumed therapeutic drugs and chemicals.

68 https://www.epa.gov/npdes
69 https://www.ecfr.gov/current/title-40/chapter-I/subchapter-D/part-122#122.24

NPDES permits may be individual (specifically tailored to a single facility) or general 
(tailored to cover multiple operations with similar types of discharges, often within a 
specified geographic area). EPA publishes notice of the draft permit for public comment, 
typically for 30–60 days depending on the level of public interest. Following the close of the 
public comment period, EPA will consider all comments received and, as appropriate, finalize 
the permit. Depending upon the nature of the proposed discharge and the complexity of the 
public comments, the permitting process could exceed 180 days from the day the application 
is received. A clear and complete application package will expedite the issuance process. 
NPDES permits are issued for a period not to exceed 5 years. Monitoring results must 
be regularly reported to EPA (the frequency will be identified in the permit), and annual 
reports may also be required. EPA may also perform compliance inspections at the facility. 
Permits must be reapplied for every 5 years for as long as the facility continues to discharge.
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Disease Modeling
Although empirical observations and experiments provide information supporting or 
refuting biosecurity decisions or actions, specific data can be inconsistent or scarce. 
Disease modeling can and has been used to identify important parameters for establishing 
policy and management actions for processes such as site selection, disease control, 
disease outbreak factors, or even anticipated effects of climate change (295–297). Coupled 
biological–physical modeling can also inform site parameters, such as stocking densities for 
seaweed/macroalgae (173). The power of modeling lies in formulating testable hypotheses 
and updating the algorithms when new data are provided. The limitations of modeling 
are its dependence on parameters and data included in the algorithms, which may be 
incomplete, incorrect, or inappropriate for the intended use. Nonetheless, disease modeling 
permits inferences across data gaps and insights into complex datasets, often with 
statistical testing capability that can complement empirical evidence and expert opinion.

Traditional epidemiological modeling of disease spread for terrestrial organisms (including 
humans) has relied primarily on susceptible–infected–recovered (SIR) models (298) or 
derivatives of SIR (e.g., susceptible–exposed–infected–removed, or SEIR). However, the 
ability of water to transport pathogens to remote susceptible individuals has added a need 
to include an environmental feature to account for the absence of direct interaction between 
susceptible and infected individuals. Although direct transmission models can be applied 
for cases where shedding rates of pathogens are high or the pathogen is environmentally 
persistent, environmental transmission models tend to be more accurate for many aquatic 
pathogens by accounting for time-lagged, indirect routes of pathogen transfer (299).

Pathogen dispersion is a common application for modeling the effects or projected effects 
of aquaculture farms on each other and on the natural environment (16). For the Gulf of 
Mexico, there are well developed models identifying and characterizing transport that 
influence the distribution of particulate objects, such as larvae and oil droplets from an oil 
spill (reviewed in 300), and these have good potential to be applied to pathogens. An obvious 
caveat is that the transport properties of larvae and oil droplets will be different from most 
pathogens. Many of the efforts described by Justić et al. (300) provide pathogen dispersion 
models, and rely on the Finite-Volume Community Ocean Model (FVCOM),70 a scalable, 
unstructured grid, 3D algorithm that has an open source code. FVCOM is useful for water 
bodies with complex and seasonally variable movements, such as fjords and inland waters, 
and it has served as the hydrodynamic basis for biological–physical models exploring 

70 https://www.fvcom.org/
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pathogen connectivity between farms (301). Biological–physical modeling typically has three 
components: a hydrodynamic model, a particle-tracking model, and a biological model (301). 
Dispersion models can utilize the first two elements (hydrodynamics and particle tracking) 
to provide information for characterizing pathogen connectivity between farms (302). Model 
specificity can be increased by the addition of biological information about host–pathogen 
interactions, such as pathogen reproduction rates, contact and density thresholds, and 
infectious dose (301). Both dispersion and biological–physical models have utility for farm 
siting assessments, establishment of biosecurity zones, and predicting disease spread.

In more open ocean areas such as the southern California coast, use of Lagrangian 
analysis with oceanic general circulation models—such as the Regional Ocean Modeling 
System (ROMS)71 or the Hybrid Coordinate Ocean Model (HYCOM)72—can provide both 
hydrodynamics and particle tracking capabilities (303). Lagrangian modeling has been used 
to trace a wide range of particle sizes, from microbes (304) to icebergs (305). In southern 
California, ROMS simulations within 15 km of shore found that particle dispersion from the 
coast was influenced more by submesoscale currents, rather than tides (306). Submesoscales 
have a strong effect on the distribution and patchiness of plankton both vertically and 
horizontally (reviewed by 307), and may require special attention for pathogen transfer.

71 https://www.myroms.org/
72 https://www.hycom.org/

Because pathogen transfer includes active transport by human activities, modeling is used 
to assess hazards of spread through evaluation of farm networks. This type of effort has 
found that farms using more than one fish supplier are associated with a wider array of 
pathogen (or greater pathogen richness) than those using a single supplier (308). Network 
analysis using a susceptible–infected (SI) model for a viral disease in salmon identified 
human-assisted spread of the pathogen through live fish transport as a much greater factor 
than local passive spread (309). That model accurately reconstructed the pattern and timing 
of reported infection for approximately one-third of the Irish salmon industry between 
2009 and 2017. These types of network models not only provide a method of identifying 
critical factors in pathogen spread, but also provide opportunities to develop effective 
interventions, such as targeting biosecurity to farms with the most connections (309).

Modeling can also be applied to explore the possiblities of using aquaculture as a tool for 
environmental improvements. An SI model adapted for parasite transmission in aquatic systems 
estimated that aquacultured oysters could remove parasites from the water and potentially 
reduce the infection pressure on sympatric wild oysters (310). This shows that modeling efforts 
have good potential for exploring and testing hypotheses for improving ecosystem services 
of aquaculture or for restorative aquaculture, prior to real-world testing and implementation.
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Candidate Organisms for Marine Aquaculture
Marine organisms have been cultivated for food for centuries (311). Clam gardens cultivated 
by indigenous peoples of the Pacific Northwest have been radiodated to 3,500 years 
ago (312), and production of the seaweed Pyropia dates to 1481 in Korea (313). Currently, 
marine aquaculture in the United States generates 90 million pounds of seafood valued at 
$430 million,73 and some species already in cultivation are candidates for offshore rearing. 
Table 7 provides a list of candidate species for cultivation in the Gulf of Mexico and the 
Southern California Bight in the future. This list is based on multiple factors, including a 
history of culture, consumption of wild conspecifics in the United States, and/or high potential 
for economic and biological suitability for culture in U.S. waters. A marine finfish aquaculture 
feasibility workshop and stakeholder survey held in 201774 assessed and reported on 
eighteen non-salmonid finfish species.75 A subsequent workshop and symposium in 2019 
reported on the aquaculture status and potential of these eighteen finfish species (314).

73 https://www.fisheries.noaa.gov/national/aquaculture/us-aquaculture
74 https://www.fau.edu/hboi/research/aquaculture-innovation/center-for-marine-and-warm-water-
aquaculture/education-outreach/status-of-marine-fish/
75 https://www.fau.edu/hboi/documents/status-marine-finfish/status-of-marine-finfish.xlsx

Table 7. Candidate organisms for marine aquaculture and relevant geographic region. Finfish species in 
bold were assessed for aquaculture status in workshops (314). Organisms marked with asterisks 
are also applicable for conservation or restorative aquaculture. This table is not comprehensive 
or exclusive for species that may be proposed for aquaculture, and the absence of a species does 
not necessarily exclude it from cultivation. GOM = Gulf of Mexico, SCB = Southern California Bight.

Group Organism Region
Algae Dead man’s fingers (Codium spp.) GOM

Eucheuma spp. GOM
Graciliaria spp. GOM
Sargassum spp. GOM
Sea lettuce (Ulva spp.) GOM
Bladderwrack (Fucus distichus) SCB
Giant kelp (Macrocystis pyrifera) SCB
Kombu (Laminaria setchellii) SCB
Nori (Pyrophia spp.) SCB
Ribbon/winged kelp (Alaria marginata) SCB
Sea cabbage/sweet kombu (Saccharina sessilis) SCB
Sea palm (Postelsia palmaeformis) SCB
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Table 7 (continued). Candidate organisms for marine aquaculture and relevant geographic region.

Group Organism Region
Algae Sugar kelp (Saccharina latissima) SCB

Turkish washcloth (Mastocarpus papillatus) SCB
Sea spaghetti (Gracilaria andersonii) GOM, SCB

Finfish Almaco jack (Seriola rivoliana) GOM
Black sea bass (Centropristis striata) GOM
Cobia (Rachycentron canadum) GOM
Florida pompano (Trachinotus carolinus) GOM
Greater amberjack/kampachi (Seriola spp.) GOM
Red drum (Sciaenops ocellatus) GOM
Southern flounder (Paralichthys lethostigma) GOM
Spotted seatrout (Cynoscion nebulosus) GOM
Tripletail (Lobotes surinamensis) GOM
California halibut (Paralichthys californicus) SCB
California yellowtail (Seriola lalandi) SCB
Olive flounder (Paralichthys olivaceus) SCB
Sablefish (Anoplopoma fimbria) SCB
Striped bass (Morone saxatilis) SCB
White sea bass (Atractoscion nobilis) SCB

Invertebrates Bay scallop (Argopecten irradians) GOM
Eastern oyster (Crassostrea virginica) GOM
Quahog (Mercenaria mercenaria) GOM
Southern quahog (Mercenaria campechiensis) GOM
Urchin (Lytechinus variegatus) GOM
Manila clam (Venerupis philippinarum) GOM, SCB
*California mussel (Mytilus californianus) SCB
*Olympia oyster (Ostrea lurida) SCB
*Pismo clam (Tivela stultorum) SCB
Abalone (Haliotis spp.) SCB
Mediterranean mussel (Mytilus galloprovincialis) SCB
Pacific oyster (Magallana gigas) SCB
Purple-hinged rock scallop (Crassadoma gigantea) SCB
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Final Remarks
This document was developed to provide key information about health management and 
biosecurity for planning marine aquaculture in U.S. federal waters. Although it presents a wide 
range of relevant topics and issues that deserve consideration in planning, it does not address 
seafood safety or public health, nor does it provide management details for specific diseases 
or pathogens. When aquaculture projects in federally managed waters are proposed, it is 
anticipated that products such as disease risk assessments for the proposed cultivated species 
and cost–benefit analyses for biosecurity would be generated as part of the proposal process.

There is considerable international emphasis on aquaculture biosecurity that can be 
beneficial for U.S. marine aquaculture. FAO’s Progressive Management Pathway identifies 
four stages of increasing knowledge and actions that can lead to sustainable health 
management and biosecurity systems: risk definition, initiation of biosecurity systems, 
enhancement of biosecurity systems, and sustainable biosecurity systems (10). Each stage 
relies on ever-improving knowledge about drivers, factors, and pathways for aquatic 
diseases. This knowledge requires surveillance or monitoring, good recordkeeping, and 
dedicated research for advancing our understanding of aquatic diseases (10, 160).

The evolving nature of marine aquaculture requires credible research to identify factors 
and actions to support a thriving industry while conserving quality marine resources. 
We have little knowledge of most of the organisms in the oceans, and consequently, are 
unaware of their ecological roles and contributions to ecosystem functioning. Our desire 
to provide nutrition for humans should not be to the detriment of the services that oceans 
provide to Earth’s biosphere—it cannot be a zero-sum situation. By consistently updating 
knowledge, learning from experiences, and planning thoughtfully, we should be able to 
achieve the goals of productive aquaculture in a thriving ecosystem.
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Appendix A: Specific Diseases and Pathogens of Concern
The following tables list specific diseases and associated pathogens that are known 
concerns for marine aquaculture because they are commonly detected in aquaculture 
organisms and have an economic impact for affected species. They are organized by 
pathogen category (viruses, bacteria, parasites). It is important to remember that only FDA-
approved drugs should be used in aquaculture.1

1 https://www.fda.gov/animal-veterinary/aquaculture/approved-aquaculture-drugs

Viruses

Shrimp viruses

Shrimp viruses of concern originated with the practice of using wild shrimp stocks for 
seed production, which brought pathogens such as white spot syndrome virus (WSSV) 
and infectious hypodermal and hematopoietic necrosis virus (IHHNV) into the industry 
(318). Over the past three decades, sourcing has shifted away from wild collection to use of 
specific-pathogen-free (SPF) seed stocks of Penaeus vannamei, but these pathogens remain 
problematic (318). Among the 33 WOAH-listed diseases for aquatic organisms, seven of 
them are penaeid shrimp viral diseases (319).

Disease prevention and management: Since the late 1990s, the principal measure to 
reduce introduction of shrimp viral pathogens into farmed shrimp has been sourcing 
animals from domesticated SPF broodstock and post-larvae (128). Now widely applied 
in the United States, this approach has not been adopted globally, probably due to the 
technological demands of producing and maintaining SPF shrimp, which include pathogen 
diagnostic capabilities, surveillance competence, and biosecure facilities suitable for 
quarantine and isolation rearing. Furthermore, environmental management of source 
waters (treated to remove pathogens and vectors), farm fallowing and treatment between 
cohorts, appropriate stocking densities, and routine sanitary management are necessary 
to maintain healthy shrimp, especially against agents that are ubiquitous such as Vibrio 
parahaemolyticus (128). Although sophisticated technologies such as RNAi or management 
strategies such as polyculture (e.g., 320) are currently being explored, the only reliable 
treatments for shrimp viral diseases are depopulation or harvest.

Mollusk viruses

There are two mollusk viruses of emerging concern at this time. Oyster herpesvirus-1 
(OsHV-1) affects bivalves, primarily Pacific oyster (Crassostrea gigas), and has a global 
distribution (321). Virus transmission occurs between different bivalve species, and 
infections can progress to mortality within 15 days with up to 100% mortality (321). Although 
mortalities are associated with the spring and summer seasons, seawater temperature 
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optima for disease vary widely by geography, and it is likely that the OsHV-1 variants are 
different in their temperature responses (322). Because human transport of live bivalves is 
the primary mode of spread, limiting movement is a principal control measure (322).

Abalone viral ganglioneuritis is caused by the abalone herpesvirus, and has caused severe 
damage to abalone aquaculture in Taiwan and Australia since the first outbreak reports in 
2003 (323). To date, no cases have been reported in the United States.

Finfish viruses

Finfish viruses may represent a source of emerging infectious diseases for marine 
offshore aquaculture, due to the high titer of viral particles normally present in seawater 
(up to 108/mL) and the relatively high mutation rates, especially for RNA viruses. Viral 
transmission may occur between wild and cultured species (in both directions), and there 
are many reservoirs for viruses that may be carriers but asymptomatic (70, 317). Human 
actions can further contribute to transmission through movement of fish and fish products 
(20), transfer of ballast water, and habitat modifications that may increase transmission 
likelihood, such as closer proximity due to compression of natural feeding areas (70).
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Table A-1. Viral diseases in aquaculture and their etiologic agents. Diseases or agents in bold are 
currently listed by WOAH (315–317).

Disease Viral agent Host(s)
Tetrahedral baculovirus Baculovirus penaei (BP) Crustaceans
White spot disease (WSD) White spot syndrome virus (WSSV) All decapods
Taura syndrome Taura syndrome virus (TSV) Crustaceans
Yellow head disease Yellow head virus (YHV), gill-associated virus (GAV) Crustaceans
Infectious hypodermal and 
hematopoietic necrosis

Infectious hypodermal and hematopoietic necrosis virus (IHHNV) Crustaceans

Infectious myonecrosis 
(IMN)

Infectious myonecrosis virus (IMV) Crustaceans

White tail disease (WTD) Macrobrachium rosenbergii nodavirus (MrNV) Crustaceans
Decapod iridescent virus 1 
infection

Decapod iridescent virus 1 (DIV1) All decapods

Infectious pancreatic necrosis 
(IPN)

Infectious pancreatic necrosis virus (birnavirus) Finfish

Infectious salmon anemia 
(ISA)

Infectious salmon anemia virus (orthomyxovirus) Finfish

Salmon paramyxovirus Chinook salmon paramyxovirus (paramyxovirus) Finfish
Salmon reovirus Chum salmon reovirus (reovirus) Finfish
Infectious hematopoietic 
necrosis (IHN)

Infectious hematopoietic necrosis virus (reovirus) Finfish

Viral hemorrhagic 
septicemia (VHS)

Viral hemorrhagic septicemia virus (rhabdovirus) Finfish

Lymphocystis Lymphocystic virus (iridovirus) Finfish
Erythrocytic necrosis Erythrocytic necrosis virus (iridovirus) Finfish
Adenovirus Atlantic cod adenovirus (adenovirus), dab adenovirus (adenovirus) Finfish
Marine aquabirnavirus 
infection

Marine aquabirnavirus (birnavirus) Finfish, 
Shellfish

Viral nervous necrosis (VNN) Nervous necrosis virus (betanodavirus) Finfish



Table A-1 (continued). Viral diseases in aquaculture and their etiologic agents.

Disease Viral agent Host(s)
Pancreas disease Salmon alphavirus (alphavirus) Finfish
Scale drop disease Scale drop disease virus (megalocytivirus), Lates calcarifer herpes 

virus (herpesvirus), Lates calcarifer birnavirus (birnavirus)
Finfish

Megalocytivirus infection Infectious spleen and kidney necrosis virus (megalocytivirus),  
red sea bream iridovirus (iridovirus), turbot reddish body iridovirus 
(iridovirus)

Finfish

Ostreid herpesvirus-1  
(OsHV-1)

Ostreid herpesvirus-1 Bivalves

Abalone viral ganglioneuritis Abalone herpesvirus Mollusks

Bacteria

There are several bacterial diseases of specific concern for aquaculture. These diseases include 
aeromoniasis, edwardsiellosis, flavobacteriosis, mycobacteriosis/nocardiosis, pseudomoniasis, 
streptococcosus, vibriosis, anaerobic infections, and infections with intracellular bacteria. 
Table A-2 lists the bacteria mostly commonly associated with these diseases.
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Table A-2. Common bacterial diseases in aquaculture and their etiologic agents. Diseases or agents 
in bold are listed by WOAH (324).

Disease Commonly associated bacteria Host(s)
Aeromoniasis Aeromonas caviae, A. hydrophila, A. jandaei, A. salmonicida, 

A. sobria, A. veronii, motile Aeromonas species
Finfish

Edwardsiellosis/Yersiniosis Edwardsiella anguillarum, E. ictaluri, E. piscicida, E. tarda,  
Yersinia ruckeri

Finfish

Flavobacteriosis/
Tenacibaculosis

Chryseobacterium spp., Flavobacterium branchiophilum, 
F. columnare, F. psychrophilum, Tenacibaculum maritimum

Finfish

Mycobacteriosis/
Nocardiosis

Mycobacterium fortuitum, M. marinum, Nocardia asteroides, 
N. crassostreae, N. seriolae

Finfish

Pseudomoniasis Pseudomonas anguillisptica, P. fluorescens, P. plecoglossicida Finfish
ROD (roseovarius oyster 
disease)

Roseovarius crassostreae Mollusks

Streptococcus/
Lactococcosus/Gaffkemia

Aerococcus viridans, Lactococcus garvieae, L. petauri, Streptococcus 
agalactiae, S. iniae, Streptococcus spp. (shrimp)

Finfish, 
Crustaceans

Vibriosis Photobacterium damselae, Vibrio alginolyticus, V. (Listonella) 
anguillarum, V. harveyi, V. ordalii, V. parahaemolyticus, V. (Aliivibrio) 
salmonicida, V. spendidus, V. vulnificus, V. corallyticus

Finfish, 
Crustaceans, 
Echinoderms

Necrotizing 
hepatopancreatitis (NHP)

Hepatobacter penaei Crustaceans

Acute hepatopancreas 
necrosis disease (AHPND)

Vibrio parahaemolyticus strain VpAHPND Crustaceans

Anaerobic infections Clostridium botulinum, Enterobacterium catenabacterium Finfish
Intracellular infections Chlamydia spp., Francisella noatunensis, Piscirickettsia salmonis, 

Renibacterium salmoninarum
Finfish

Withering syndrome Xenohaliotis californiensis (WS-RLO) Mollusks



Parasites

Parasites can have complex life cycles involving one or more hosts. This can complicate 
control of infection, especially if intermediate hosts are naturally present in the culture 
area. However, parasites, such as many protists, that have no need of an intermediate 
host can be horizontally transmitted (325). In general, shellfish tend to have more 
problematic parasites than finfish, and oysters are particularly affected by a suite of related 
haplosporidian parasites including Haplosporidium spp, Bonamia spp, and Mikrocytos spp.
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Table A-3. Common parasitic diseases in aquaculture and their etiologic agents. Diseases or agents 
in bold are listed by WOAH (325–327).

Disease Associated parasite Host
Bonamiosis Bonamia ostreae, B. exitiosa Mollusks
Parasitic white spot disease, 
marine ich

Cryptocaryon irritans Finfish

Dermo, Perkinsosis Perkinsus marinus, P. olseni, P. chesapeaki, P. qugwadi, P. andrewsi, 
P. mediterraneus

Mollusks

Monogenean flatworms Neobenedenia spp. Finfish
Digenetic trematode Galactosomum spp., Stephanostomum tenue, Paradeontacylix spp. Finfish
Ectocommensal ciliates Trichodina spp., Uronema spp., Epistylis spp. Finfish
MSX (multinucleated sphere 
unknown)

Haplosporidium nelsoni Mollusks

Myxozoan infections Kudoa spp., Myxidium spp., Myxobolus spp. Finfish
QPX (quahog parasite 
unknown)

Labyrinthomorpha spp., Thraustochytriales spp. Mollusks

Scallop apicomplexan Merocystis kathae Mollusks
SSO (seaside organism) Haplosporidium costale Mollusks
Ectoparasites Lepeophtheirus salmonis, Caligus rogercresseyi, Ichthyobodo spp., 

Trichodina spp.
Finfish



Appendix B: Descriptions of Diseases of Concern  
for Marine Aquaculture

The following sections provide a brief description of diseases and current management 
tactics for vertebrates and invertebrates (first section) and seaweed/macroalgae (second 
section). These narratives are intended to provide general information and are not 
comprehensive or meant to be a thorough discussion of the listed diseases.

Descriptions of Diseases of Concern for  
Vertebrates and Invertebrates

Vibriosis

Vibriosis is a leading disease among finfish and shellfish under all temperature regimens; 
the bacteria causing vibriosis typically have global distribution and widespread 
environmental presence, and the species causing the economic impact are Vibrio 
anguillarum, V. ordalii, V. salmonicida, and V. vulnificus (324). Some agents, such as 
V. anguillarum, can infect over 50 freshwater and marine species in temperate and tropical 
temperature regimens, employing mechanisms to invade and colonize tissues (e.g., 
proteases, toxins, nutrient sequestration) that are not species-specific (328). All crustaceans 
(shrimp, crab, lobster) are susceptible to vibriosis at multiple life-history stages by several 
vibrio species, resulting in severe losses (329). Acute hepatopancreatic necrosis disease in 
shrimp is WOAH-listed, and is caused by strains of V. parahaemolyticus carrying specific 
virulence genes (319). In addition to causing disease in aquatic animals, certain non-cholera 
vibrios (V. parahaemolyticus, V. vulnificus) are zoonotic; monitoring for these species is well 
established by public health departments for commercial and recreationally harvested 
locations. The complex and plastic genomics of vibrios include horizontal gene transfer, 
which permits occupancy of a wide range of habitats and is possibly responsible for their 
ability to rapidly adapt from aquatic environments to organisms (330).

Disease prevention and management: The most common sign of vibriosis is septicemia. 
Because the ubiquitous environmental distribution of vibrios consistently poses a threat of 
infection for farmed organisms, good health management to minimize stresses that increase 
susceptibility is the best preventative. For finfish vibriosis caused by V. anguillarum, 
V. salmonicida, or Photobacterium damselae piscicida, vaccination is widely available, most 
frequently as bacterin preparations, and additional preventative measures such as probiotics, 
immunostimulatory molecules, and antimicrobial peptides are increasingly being used (328). 
For shellfish, proper water quality, density management, and avoidance of acute stressors 
(e.g., temperature shocks) may be augmented with probiotics, prebiotics, synbiotics, and 
biofloc technology (329). Although antibiotics have historically been the therapeutic choice for 
vibriosis in finfish and shellfish, there is an emphasis on ensuring their use is judicious, and 
preventative measures such as good husbandry and vaccination, where available, are important 
to minimize use. However, antibiotic application is sometimes unavoidable and necessary.
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Mycobacteriosis/Nocardiosis

Mycobacteriosis/nocardiosis, or fish tuberculosis, has a global distribution and occurs in 
all temperature regimens (tropical through cold water) and at all salinities (freshwater, 
brackish, and marine). These diseases tend to be subacute or chronic in nature, 
characterized by granulomatous lesions (331–333). Mycobacteria and Nocardia species are 
the etiologic agents, with ten species most frequently isolated and reported as finfish and 
shellfish pathogens (M. marinum, M. salmoniphilum, M. fortuitum, M. chelonae, M. abscessus, 
M. shottsii, M. pseudoshottsii, N. asteroides, N. seriolae, N. salmonicida, and N. crassostreae; 
331–333). Mycobacteriosis in wild striped bass in Chesapeake Bay emerged in 1997 and has 
persisted since then, but the population-level impacts were only gradually appreciated due 
to the chronic nature of the disease and cryptic mortality (334). An additional concern for 
mycobacteria is the zoonotic potential, particularly for M. marinum, through direct contact 
with infected animals or water (not foodborne; 332).

Disease prevention and management: These diseases cannot be resolved with antibiotics, 
and there are no commercial vaccines available. Competent examination of organisms for signs 
of disease is essential prior to stocking. Because the diagnostics require specialized media 
and are more slowly growing than most aquatic pathogens, a skilled laboratory is required.

Intracellular bacterial diseases

Diseases caused by intracellular bacteria not described below include: Piscirickettsia 
salmonis in salmonids; Renibacterium salmoninarum in salmonids; Chlamydia spp. in 
salmonids; Francisella nuatunensis in cod, salmonids, and cichlids; and necrotizing 
hepatopancreatitis (NHP) rickettsial-like bacterium in penaeid shrimp. These bacteria have 
global distributions and range from cold to tropical waters; none have zoonotic potential. 
P. salmonis and R. salmoninarum are chronic, severe endemic pathogens in salmon 
hatcheries, and can cause either acute epidemics or chronic persistent losses. Transmission 
of R. salmoniarum can be via horizontal or vertical mechanisms (335, 336). F. nuatunensis 
has a broad spectrum of hosts, making it a serious threat for finfish aquaculture (337).

Disease prevention and management: The intracellular lifestyle of these bacteria 
poses challenges for delivery of therapeutics to an intracellular location, and for vaccine 
development for finfish hosts, due to sequestration from detection by humoral immunity 
such as antibody-based immunity (338, 339). Furthermore, the intracellular location 
also results in a time-limited ability of antibiotics to reduce pathogen burden. Screening 
broodstock and eggs for pathogens and culling or segregating infected animals prior to 
stocking have been the most effective biosecurity measures.
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Aeromoniasis

Aeromoniasis occurs primarily in finfish and frequently manifests as external ulcers. 
Disease can be found in all temperature regimens, affecting fish in fresh, brackish, and 
marine environments. Aeromonads occur in a variety of aquatic environments, and 
infections are typically opportunistic (340, 341). Due to genomic heterogeneity, species 
identification is more reliable with genetic rather than phenotypic methods, focusing on 
gene loci such as housekeeping genes (e.g., gyrB, rpoD, dnaJ) rather than the 16S rRNA 
gene (342). Aeromonas salmonicida and its subspecies, the etiologic agents of furunculosis, 
are good examples of variation in host tropism, where the typical, pigment-producing 
subspecies affect salmonids while the atypical, nonpigmented subspecies affect other 
marine fish such as sablefish and halibut (343, 344). Aeromonads have low zoonotic 
potential, involving primarily A. caviae, A. veronii, A. dhakensis, and A. hydrophila (342).

Disease prevention and management: Like vibrios, the constant presence of aeromonads 
in the aquatic environment compels a strong health management plan. For A. salmonicida, 
vaccines are an important tool (344). Polyvalent bacterins can provide better protection, and 
current formulations commonly combine antigens for both vibrio and A. salmonicida (324).

Streptococcosis/Lactococcosis

Streptococcosis/lactococcosis manifests with erratic swimming (e.g., spinning or spiraling), 
exophthalmia, and cutaneous hemorrhages as the most frequent signs. The diseases 
occur in freshwater and marine finfish. Disease due to the Streptococcus species is found 
at all temperature regimens, while those due to Lactococcus garvieae and Vagococcus 
salmoninarum present in temperate and tropical regimens (324, 345). The etiologic agents are 
ubiquitous and globally present, and their infection is considered opportunistic (340, 345). 
In addition to causing disease in at least 30 finfish species, the etiologic agents can infect 
shrimp, amphibians, birds, and mammals, posing a zoonotic risk to humans (345). Gaffkemia 
in lobster and crayfish is a high mortality disease caused by Aerococcus viridans, with global 
distribution due to human transport of infected organisms (149). Severe mortality in penaeid 
shrimp due to Streptococcus spp. is an emerging problem in shrimp aquaculture (318).

Disease prevention and management: The opportunistic character of streptococcosis 
indicates that high-quality culture conditions are paramount in reducing disease risks (e.g., 
appropriate rearing densities, good quality feed and water conditions). Several probiotic 
formulations have shown protection against lactococcosis (340) but, in spite of considerable 
vaccination efforts (focusing on bacterins), the only reliable and commercially available fish 
vaccines are for S. agalactiae and S. iniae (346). Antimicrobials have had limited effectiveness 
against Streptococcus and Lactococcus species due to the development of resistance (324, 
340, 345). Oxytetracycline has been useful in treating gaffkemia, and is approved by FDA 
for this use (149). Because A. viridans can only infect through ruptures in the shell, reducing 
trauma during handling and holding is important for reducing infection (149).
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Edwardsiellosis/Yersiniosis

Edwardsiellosis/yersiniosis are diseases caused by Edwardsiella and Yersinia species, which 
occur across all temperature regimens with global distribution (347). While Edwardsiella 
ictaluri infections are limited to freshwater hosts (340), the other Edwardsiella species, 
including E. piscicida (recently reclassified from E. tarda), do infect freshwater and marine 
finfish (347–349). Because Edwardsiellosis manifests a variety of clinical signs that can 
be similar to aeromoniasis, vibriosis, and pseudomoniasis, accurate diagnosis requires 
laboratory identification (347). Yersiniosis, or enteric red mouth, is a disease of primarily 
salmonids caused by Y. ruckeri, which has been isolated from reptiles, birds, and mammals 
that could serve as reservoirs or transmission vectors (350, 351). As enteric pathogens, 
Edwardsiella and Yersinia species can be transmitted through direct contact, oral–fecal 
routes, or even food chains (349, 351). Additionally, E. piscicida has zoonotic potential (347).

Disease prevention and management: Edwardsiella and Yersinia species possess a wide 
array of virulence factors, including immune evasion mechanisms to support their pathogenic 
lifestyle (347, 348), and screening for infection is important if there is a history of infection at a 
facility or in the stock. Commercial vaccines are available for E. ictaluri and Y. ruckeri (346), but 
vaccines against other species that are suitable for aquaculture are still under development 
(347). Probiotics based on Bacillus species have shown protective value against Y. ruckeri (350, 
351). In general, Edwardsiella species and Y. ruckeri continue to be responsive to antibiotics 
such as oxytetracycline, although some resistant isolates have been reported (348, 350, 351).

Flavobacteriosis/Tenacibaculosis

Flavobacteriosis primarily afflicts freshwater fish, including the early life stages of 
anadromous fish such as salmonids (352), while tenacibaculosis occurs in a range of marine 
fish with a degree of greater susceptibility in younger fish (353). The distribution of these 
diseases is global, occurring in temperate and tropical waters (352–354). The entry points for 
the bacteria that cause these diseases are surfaces such as skin, gills, and mucous membranes, 
with subsequent systemic distribution during infection progression (353–355). None of the 
agents of flavobacteriosis or tenacibaculosis in fish poses a known zoonotic threat.

Disease prevention and management: Due to the entry route, treatment with surface 
disinfectants (e.g., formalin) and manipulation of water salinity have been used to control 
infection (353, 355). There are commercially available vaccines against Flavobacterium 
columnare and Tenacibaculum maritimum (346), and bacterins have demonstrated 
protective action (355). Both antimicrobials and chemicals such as herbicides (e.g., Diquat), 
Chloramine-T, copper sulfate, and hydrogen peroxide have been employed as immersion 
therapeutic agents (354, 355). T. maritimum displays susceptibility to a broad array of 
antimicrobials (353). However, rapid development of resistance to oral antimicrobials, as 
well as natural resistance, limits use for some pathogens such as F. psychrophilum (354).
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Pseudomoniasis

Pseudomoniasis is not as widely prevalent as the previously mentioned diseases, with a 
principal distribution in Asia and subsequently in Europe. The principal etiologic agents are 
Pseudomonas anguilliseptica and P. fluorescens, affecting both freshwater and marine fish 
(324). Pseudomonads are widely present in the environment, and infections are considered 
opportunistic or secondary (356). The species affecting fish have no known zoonotic potential.

Disease prevention and management: As with all opportunistic diseases, stress 
reduction and good-quality environments reduce the risk of pseudomoniasis. Although 
there are no commercial vaccines available, the phenotypic and serological homogeneity of 
the most problematic agent, P. anguilliseptica, suggests potential cross-protection among 
isolates from different host species (357).

Multinucleated sphere unknown (MSX)

Multinucleated sphere unknown, or MSX, is a condition in oysters caused by the spore-
forming protozoan Haplosporidium nelsoni. MSX can cause epizootic mortality among all 
life-history stages (spat through adults), with seasonal high prevalence in summer and fall; 
temperature and salinity are potent regulators of infection. Entry appears to be through 
gill and mantle tissue, with rapid dissemination throughout the animal. The disease can 
rapidly transmit over large distances, and is not correlated with oyster density, potentially 
implicating an intermediate host or vector. Geographic distribution is along the eastern coast 
of the United States and Canada, but it has not yet been confirmed in the Gulf of Mexico (358).

Disease prevention and management: Because the complete life cycle of H. nelsoni is 
unknown, preventing or controlling MSX is difficult. Nursery infections can be prevented by 
filtration (1 µm) and ultraviolet irradiation of influent water. Current prevention strategies 
include not introducing infected oysters; use of MSX-resistant oysters is a good preventative 
measure. Low salinity induces expulsion of the parasite, which can be helpful in managing 
an infected population. Finally, harvesting oysters at 18–24 months can help to avoid the 
disease risk period (358).

Withering syndrome (WS-RLO)

Withering syndrome (WS-RLO), caused by the Rickettsiales-like organism Candidatus 
Xenohaliotis californiensis, is the primary disease of concern for cultured and wild 
vetigastropods, specifically abalone. It exists along the California coast of the United States 
and the west coast of Mexico. Higher temperatures have been associated with prominence 
and lethality of WS-RLO, specifically temperatures at, or in excess of, 17°C. Transmission of 
this disease is via the fecal–oral route, which is compounded by the gregarious nature of 
wild abalone and, potentially, by nearby high-density culture settings (42, 142). While red 
abalone (Haliotis rufescens) are the only species in the genus with a commercial aquaculture 
presence in California, WS-RLO does impact all members of the genus, including all wild 
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species found in California; the endangered black and white abalone is highly susceptible to 
WS-RLO. Due to declines in the wild population, there are concerns about potential WS-RLO 
transmission between wild and cultured abalone populations (42, 359).

Disease prevention and management: Some success has been achieved via the use of 
a 500-ppm oxytetracycline bath for infected abalone with no signs of adverse behavior, 
survival, or body condition. Some slowing in the growth rate was observed, but overall 
survival improved substantially. Tissue concentrations of oxytetracycline remained above 
100 ppm for 125 days. While this method merits consideration for the introduction of 
abalone populations to new environments, especially ones in which WS-RLO is not present 
(272), this application of oxytetracycline is not an approved use. Additionally, as the disease 
exists in wild populations, spacing considerations should be a part of any farm planning 
near a wild population, to prevent spread.

Dermo disease

The endoparasite Perkinsus marinus, and related Perkinsus species, are protists that are 
widely dispersed on the U.S. East Coast, the Gulf of Mexico, and the Caribbean as far south as 
Brazil. P. marinus causes Dermo disease in several oysters (Crassostrea spp.). It proliferates in 
higher temperatures, but can survive lower temperatures in the environment, proliferating 
further during warmer months. Oysters are susceptible to infection in natural and laboratory 
settings, with some variance between species. C. virginica, the most important commercial 
species, is quite susceptible to infection, and experiences high mortality during outbreaks. 
Ectoparasite snails, such as Boonea impressa, were also found to transmit the parasite 
between C. virginica specimens in a laboratory setting (360). Although hard clams do not 
develop disease from infection, they can serve as vectors for oysters. Introducing infected 
clams to areas with susceptible cultured or wild oyster populations, or other susceptible 
bivalve mollusks, can introduce Perkinsus strains and cause significant mortality events (135).

Disease prevention and management: Research indicates the presence of resistance in 
eastern oyster populations to Perkinsus marinus, corresponding with a cohort’s ancestral 
exposure to P. marinus. Resistant cohorts to the disease can be an effective means of 
preventing disease. Also, the disease is often transmitted when uninfected oysters ingest 
the parasite released by the disintegration of dead infected oysters.1 Therefore, monitoring 
and expedient removal of dead animals is important for stopping the spread of disease. 
Furthermore, as with other disease concerns, effective control measures include methods 
for ensuring that infected animals are not moved into areas with uninfected animals. Dermo 
prevention and disease management also includes adequate spacing between individuals 
and groups (especially cohorts) and the selection of species to include in a farm (if multi-
species) given that multiple species can serve as hosts for Dermo. Additionally, Dermo is 
less tolerant of low salinity, and delaying exposure by keeping animals in low/lower salinity 
(less than 9 ppt2) environments, in conjunction with cooler waters, is used to control the 
disease. Finally, harvesting oysters at 18–24 months can help to avoid the disease risk period.

1 https://www.oyster.umd.edu/dermo-disease-testing
2 https://www.dfo-mpo.gc.ca/science/aah-saa/diseases-maladies/pmdoy-eng.html
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Seaside organism disease (SSO)

Seaside organism disease, or SSO, is due to the protozoan Haplosporidium costale, and is 
distributed in oysters on both the eastern and western coasts of the United States, including 
Alaska. Mortality tends to occur in late spring and early summer, due to infections that 
occurred the prior fall. Sporulation causes severe tissue damage, and is the likely proximal 
cause of mortality. Few or no clinical signs makes it difficult to detect before mortality.3

3 https://www.dfo-mpo.gc.ca/science/aah-saa/diseases-maladies/hcoy-eng.html

Disease prevention and management: Nursery infections can be prevented by filtration 
(to 1 µm) and ultraviolet irradiation of influent water. There are no effective control 
measures for existing infections, although transfer to low salinity can slow disease 
progression. Harvesting oysters at 18–24 months can help to avoid the disease risk period.74

Quahog parasite unknown (QPX)

Quahog parasite unknown, or QPX, is a significant pathogen of hard clams. QPX is a protist 
associated with mortality events of up to 95%, from eastern Canada to Virginia. QPX has not 
been detected in seed clams, suggesting that clams become infected in the planting areas. 
The most significant environmental factor attributed to QPX is high salinity (>30 ppt); 
however, mortalities are commonly associated with additional stressors, namely low 
temperatures in northern states and very dense culture conditions (135).

Disease prevention and management: Stress on cultured animals, high stocking 
densities, and poor plot husbandry are considered factors that exacerbate mortalities 
associated with QPX. Some evidence suggests that extensive mortality can be prevented by 
prompt removal of infected individuals. Additionally, reduction of stocking density in plots 
was reported as an effective means of reducing mortalities to negligible levels (360).

Roseovarius organism disease (ROD)

Roseovarius organism disease (ROD), formerly known as juvenile oyster disease (JOD), is 
a mortality syndrome of juvenile eastern oyster (Crassostrea virginica) caused by a marine 
alphaproteobacterium, Roseovarius crassostreae. It has been observed only in hatchery 
juveniles, with high mortalities (40–90%) within a week of the appearance of signs, at 
water temperatures >20°C (360, 361).

Disease prevention and management: The current management strategy is to shift 
rearing time to avoid higher water temperatures during periods of vulnerability (15–25-mm 
shell size). Because infections appear to be linked more strongly to locations than to oyster 
stocks, maintaining juveniles on filtered (≤25 µm) water is also effective (360). For strategic 
management, selection for ROD-resistant stocks has been demonstrated (362).

92

https://www.dfo-mpo.gc.ca/science/aah-saa/diseases-maladies/hcoy-eng.html


Bonamiosis

Bonamiosis is caused by the protozoans Bonamia ostreae and B. exitiosa, which infects oysters 
at multiple life-history stages, including larvae. Transmission can occur directly between 
host oysters, and the parasite occurs on both the eastern (Maine) and western (California 
and Washington) coasts of the United States.4 Although disease and mortality are reported 
only in Ostrea edulis, the parasite is detectable in Crassostrea gigas, which may be a reservoir. 
Temperature and salinity have a complex influence on disease, but infection is often fatal.

4 https://www.gov.scot/binaries/content/documents/govscot/publications/factsheet/2019/11/marine-
scotland-topic-sheets-aquaculture/documents/bonamiasis-updated-october-2016/bonamiasis-updated-
october-2016/govscot%3Adocument/bonamiasis.pdf

Disease prevention and management: Use of hatchery seed, instead of naturally settled 
seed, can reduce introduction into stock (363). Selective breeding for resistant stocks can 
further reduce possibility of infection (152). Suspension culture, lower stocking densities, 
and co-culture with C. gigas can also help control mortalities. There are no known 
chemotherapies available.

Scallop apicomplexan

Merocystis kathae is an apicomplexan parasite that causes scallop apicomplexan disease, 
characterized by shrunken adductor muscle in scallops due to invasion and rupture of muscle 
cells. The parasite is readily transmissible between sympatric whelks and scallops, resulting 
in epizootic mortalities among the latter, and positing a two-molluskan host life cycle (137).

Disease prevention and management: Because the parasite requires both whelks and 
scallops to complete its life cycle, segregation of the hosts is currently the only way to 
avoid infection. Because whelks are not harmed by the parasite, maintaining scallops on a 
separate or filtered water system is the only effective prevention tactic.

Ectoparasitism of finfish (sea lice, ichthyobodiasis/costiasis, cryptobiosis)

External parasites are a leading cause of economic losses for salmon farming, and have 
been a problem since the initiation of salmon aquaculture (95, 364). Because ectoparasites 
feed directly on tissues, the fish experience physiological stress, osmoregulatory imbalance, 
and skin lesions that allow secondary infections (364, 365). Due to the severity of impact, 
many countries with substantial salmonid aquaculture sectors have burden thresholds for 
some ectoparasites, such as sea lice, that require an action, such as reporting to regulatory 
authorities and parasite management (see 95). Some parasites, such as marine Ichthyobodo 
species, affect hosts ranging from benthic (halibut, flounder) and epibenthic (rockfish, cod, 
sea bass, haddock) to pelagic (salmon), with distributions from open ocean to nearshore 
waters (365), allowing parasite transfers across host species.
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Disease prevention and management: Although breeding resistant fish stocks has promise 
for preventing infestations, the work is slow and pathogen-specific (364). Application 
of immunostimulants in feed and vaccination has had limited success (364), although a 
commercial vaccine against sea lice is now available. Most ectoparasite management has 
involved use of chemicals such as orally administered compounds (emamectin benzoate, 
benzoyl ureas), and bath treatments (organophosphates, pyrethroids, hydrogen peroxide, 
formalin; 95, 364, 365). Physical and mechanical methods to prevent infestation include 
use of skirts on cages, snorkels, submerged feedings or cages, and light traps (95). Once 
an infestation occurs, management tactics include parasite removal with rapid thermal 
exposure, freshwater treatment, and physical removal with water jets (95). Several biological 
control methods, such as cleaner fish and biological pesticides (e.g., louse-specific viruses), 
are also proposed, but have not yet enjoyed widespread application (95), as those approaches 
have their own disease issues such as pathogens associated with cleaner fish (366, 367).

Descriptions of Diseases of Concern for Seaweed/Macroalgae

Oomycete pathogens and red rot disease

Oomycete pathogens are among the most detrimental and important when discussing 
the culture of macroalgaes, namely Pyropia. Pythium porphyrae and Olpidiopsis porphyrae 
are the best-studied and most prominent pathogens, both associated with red rot disease 
in Pyropia and other cultivated edible seaweed species. The presence of the pathogen is 
usually temperature- and salinity-dependent (368). The U.S. West Coast is home to wild 
Pyropia species, as well as additional macroalgae with susceptibility to Pythium porphyrae 
(163, 164). There is still little information on oomycete pathogens to suggest concrete 
solutions for mitigation and prevention (162).

Disease prevention and management: To prevent disease in general, Pyropia is washed 
in acid solutions to control the spread of pathogens such as Pythium porphyae. Research 
from Japan suggests that washing the thalli of algae in a pH 2.0 acid bath for 5 minutes did 
show suppression of red rot disease (162). Research also suggests that siting farms near 
freshwater sources may contribute to inoculation by Olpidiopsis, suggesting a potential 
terrestrial origin of this pathogen (368). Therefore, salinity consideration while locating 
farms may contribute to a disease prevention framework.

Ice-ice disease

Ice-ice disease impacts eucheumatoid seaweeds (Kappaphycus and Eucheuma spp.). Disease 
signs are whitening and decay of the thallus, with eventual death of the organism. The 
etiologic agents are unknown, with most attention on prokaryotes (bacteria), but the role of 
eukaryotes and viruses is understudied (174). Environmental factors have been mostly closely 
identified with appearance of the disease, including increases in water temperatures, salinity 
variations associated with low tides or freshwater runoff, and low water currents (175, 369).
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Disease prevention and management: Measures such as using propagules or seedlings 
from known, low-disease sources; cleaning surface holobionts during initial inoculation 
and during grow-out; cleaning farm equipment and transport boats; and monitoring and 
removing whitened and decaying seaweeds are effective in reducing disease incidence 
(370). High reliance on vegetative propagation of non-indigenous strains may contribute 
to increased susceptibility to disease, so use of local strains and seedlings from sexual 
reproduction can improve disease resistance (371). Because environmental conditions are 
strongly implicated in initiating disease, farm siting is particularly important for providing 
stable temperatures between 25–30°C, reducing variations in salinity, and water current flow 
>0.1 m/s to reduce surface holobiont and biofilm accumulation on thalli (174, 175, 369, 370).
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Appendix C: Method of Analysis of  
Overlap with Study Areas and AOA Options

To characterize the potential for co-occurrence of aquaculture and wild species, geographic 
coordinate data for AOA study areas were compared to catch distribution data, EFH data 
and reports, high use area (HUA) reporting, and Endangered Species Act (ESA) listed 
species habitat (48). NOAA resources used for this analysis were the Aquaculture Atlases 
(2, 3), Gulf of Mexico Fishery Management Council habitat requirements (49), essential fish 
habitat data (372, 373), fishery management plans (52, 53), and the NOAA Fisheries Catch 
Distribution Mapping tool (48). We employed the NOAA-NMFS EFH mapping tool and NOAA 
DisMap catch distribution mapping tool that allowed us to compare study area coordinates 
to the various EFH data layers (373) and the locations where species were caught in fishery-
independent surveys (50). When available, we evaluated fishery management plans (FMPs) 
that included these species and range data or maps to determine whether there was overlap 
with the study areas (372). As a precaution, the authors used conservative estimates when 
employing this method to estimate overlap. Because an EFH data layer often contained 
multiple species, we reviewed each species listed in a layer for a more detailed report on 
species overlap, thereby building on information already in the Aquaculture Atlases.

Essential Fish Habitat Species Analysis

In addition to summarizing the general determinations of overlap with EFH, we individually 
reviewed the overlap between species within study areas using the NOAA EFH mapping tool 
in conjunction with the larger study area coordinates for the Aquaculture Atlases. We entered 
coordinates of each study area and AOA option into the EFH mapping tool and recorded any 
species’ EFH that registered in those coordinates to determine overlap. EFH connected to the 
selected data points also linked to the resources that contain the EFH data; these resources 
are used as the ultimate citations for the data. The resources linked in the EFH mapping tool 
included EFH reports and FMPs. Additionally, some species were mentioned in the Atlases but 
did not appear in the EFH mapping tool. For analysis of overlap, we searched NOAA Fisheries 
databases for available shape files and coordinate data of EFH, fisheries, protected resources, 
and other relevant species distribution data that were compatible with GIS mapping 
software. Using ArcGIS Pro software, we merged these layers to best view overlap between 
the larger study areas and data describing wild species distribution. An internet search and 
visual comparisons of available distribution maps were used to determine potential overlap, 
although these estimates have less concrete spatial data. A summary of the overlap of the AOA 
study areas with EFH, HUA, and ESA species is included in Appendices C1 and C2.

Survey Catch-per-Unit-Effort Distribution Mapping Analysis

As a complement to analysis of EFH-, HUA-, and ESA-listed species, the authors used point 
observation data of where species were caught in fishery-independent surveys conducted 
in the Gulf of Mexico (operated by SEAMAP) and the U.S. West Coast available in DisMAP to 
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determine specific individual species overlap with the study areas’ high–high clusters. High–
high clusters are zones within the broader AOA study areas that comprise multiple AOA options. 
Per discussion with other members of the AOA project teams, it was decided that the high–high 
clusters were an appropriate level of analysis. Wild species were selected for analysis if: a) they 
were conspecific with candidate species for marine aquaculture, b) they were in the same 
genus, c) they were significant for commercial or recreational fishing, or d) they are protected/
endangered. Using ArcGIS Pro (374), DisMAP species coordinate data were plotted alongside the 
Aquaculture Atlases’ high–high cluster polygon shape files (2, 3) to evaluate overlap.

The survey data were downloaded for relevant species from the NOAA DisMAP tool (48) 
from the “Single species analysis” module. The data contain coordinates (lat/long), the year, 
and measurements of the biomass of the species documented at that location, calculated as 
weight-catch-per-unit-effort (wtCPUE, in kg/ha). Data were cleaned to remove any points 
in which the wtCPUE was zero, indicating the species was not observed at that location. 
Individual coordinates with a wtCPUE above zero indicate locations where a species was 
documented. Shape files of AOA study areas were received from the NOAA authors of the 
Aquaculture Opportunity Area atlases for the Gulf of Mexico and the Southern California 
Bight. The files were uploaded as polygons into the ArcGIS pro mapping tool. Each area 
included three different shape files, one for the overall study area (largest), one for high–
high cluster areas (second largest), and one for AOA options (smallest).

Once uploaded, the data were then analyzed to count the number of points of overlap 
that a species had with the high–high cluster areas, as well as to document any points 
within clusters that contained AOA options. To do this analysis, the authors used the 
“Summarize Within” feature in ArcGIS. This tool counted the number of points in each 
cluster, the average biomass across the years, and the latest year in which a point occurred 
in each cluster. Data from the “Summarize Within” analysis were then used to characterize 
individual species overlap. Any overlap with high–high clusters that contained AOA options 
are documented and summarized in Appendices D1 and D2.

Finally, after seeing many points that occurred near, but not inside the high–high clusters, 
additional analysis was performed to indicate if a species had occurred within 10 km of a 
cluster, but outside of the “Summarizie Within” analysis (Appendices D1 and D2). These 
observations were made for all species, and will be the subject of further analysis in an 
ongoing manuscript to estimate species abundance around AOA options.
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Appendix C1: Gulf of Mexico Protected and Commercially Important Species 
Having Spatial Overlap with AOA Study Areas

Species

Overlap 
with AOA 

Study 
Area? Classification of Overlap Source of Data

Smalltooth sawfish
(Pristis pectinata)

Yes Endangered Species Act 
High Use

NOAA Fisheries
(https://www.fisheries.noaa.gov/species/smalltooth-sawfish)

Giant manta ray
(Mobula birostris)

Yes Endangered Species Act 
High Use

Aquaculture Opportunity Area Atlas

Gulf sturgeon
(Acipenser oxyrhynchus desotoi)

No NOAA Fisheries
(https://www.fisheries.noaa.gov/resource/map/gulf-sturgeon-critical-habitat-
map-and-gis-data)

Nassau grouper
(Epinephelus striatu)

Yes Endangered Species Act 
listed and occurs in region 

Aquaculture Opportunity Area Atlas

Black grouper
(Mycteroperca bonaci)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Scalloped hammerhead shark
(Sphyrna lewini)

Yes Essential Fish Habitat Atlantic Highly Migratory Species Essential Fish Habitat
(https://www.fisheries.noaa.gov/atlantic-highly-migratory-species/atlantic-hms-
fishery-management-plans-and-amendments)

Brown rock shrimp
(Sicyonia brevirostris)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Pink Shrimp
(Pandalus borealis)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Spiny lobster
(Panulirus spp.)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

White shrimp
(Litopenaeus setiferus)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Atlantic sharpnose shark
(Rhizoprionodon terraenovae)

Yes Essential Fish Habitat Atlantic Highly Migratory Species Fishery Management Plan: Essential Fish Habitat
(https://www.fisheries.noaa.gov/atlantic-highly-migratory-species/atlantic-hms-
fishery-management-plans-and-amendments)
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Species

Overlap 
with AOA 

Study 
Area? Classification of Overlap Source of Data

Atlantic shortfin mako shark
(Isurus oxyrinchus)

Yes Essential Fish Habitat Atlantic Highly Migratory Species Fishery Management Plan: Essential Fish Habitat
(https://www.fisheries.noaa.gov/atlantic-highly-migratory-species/atlantic-hms-
fishery-management-plans-and-amendments)

Yellowfin tuna
(Thunnus albacares)

Yes Essential Fish Habitat Atlantic Highly Migratory Species Fishery Management Plan: Essential Fish Habitat
(https://www.fisheries.noaa.gov/atlantic-highly-migratory-species/atlantic-hms-
fishery-management-plans-and-amendments)

Cobia
(Rachycentron canadum)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Golden tilefish
(Lopholatilus chamaeleonticeps)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Gray triggerfish
(Balistes capriscus)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Greater amberjack
(Seriola dumerili)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

King mackerel
(Scomberomorus cavalla)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Red drum
(Sciaenops ocellatus)

No Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Spanish mackerel
(Scomberomorus maculatus)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Vermillion snapper
(Rhomboplites aurorubens)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)

Bluefin tuna
(Thunnus thynnus)

Yes Essential Fish Habitat Atlantic Highly Migratory Species Fishery Management Plan: Essential Fish Habitat
(https://www.fisheries.noaa.gov/atlantic-highly-migratory-species/atlantic-hms-
fishery-management-plans-and-amendments)

Red grouper
(Epinephelus morio)

Yes Essential Fish Habitat Gulf Essential Fish Habitat Report
(https://gulfcouncil.org/fishery-management-2/implemented-plans/essential-
fish-habitat/)
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Appendix C2: Southern California Bight Protected and Commercially Important 
Species Having Spatial Overlap with AOA Study Areas

Species

Overlap 
with AOA 

Study 
Area? Classification of Overlap Source of Data

Green abalone
(Haliotis fulgens)

Unsure Other

Black abalone
(Haliotis cracherodii)

No Endangered Species Act 
listed and occurs in region. 
Distribution data do not 
appear to show overlap 
with study areas.

Endangered Species Act Critical Habitat Map
(https://apps.wildlife.ca.gov/bios6/?al=ds2666)

White abalone
(Haliotis sorenseni)

Unsure Endangered Species Act 
listed and occurs in region

Aquaculture Opportunity Area Atlas

Gulf grouper
(Mycteroperca jordani)

Unsure Endangered Species Act 
listed and occurs in region

Aquaculture Opportunity Area Atlas

Oceanic whitetip shark
(Carcharhinus longimanus)

Unsure Endangered Species Act 
listed and occurs in region

Aquaculture Opportunity Area Atlas

Scalloped hammerhead shark
(Sphyrna lewini)

Yes Endangered Species Act 
listed and occurs in region

Aquaculture Opportunity Area Atlas

Steelhead trouta

(Oncorhynchus mykiss irideus)
Unsure Endangered Species Act 

listed and occurs in region
Aquaculture Opportunity Area Atlas

California market squid
(Doryteuthis opalescens)

Yes Essential Fish Habitat Coastal Pelagic Species Fishery Management Plan
(https://www.pcouncil.org/fishery-management-plan-and-amendments/)

Krill
(Thysanoessa spinifera)

Yes Essential Fish Habitat Coastal Pelagic Species Fishery Management Plan
(https://www.pcouncil.org/fishery-management-plan-and-amendments/)

Krill
(Euphausia pacifica)

Yes Essential Fish Habitat Coastal Pelagic Species Fishery Management Plan
(https://www.pcouncil.org/fishery-management-plan-and-amendments/)

Arrowtooth flounder
(Atheresthes stomias)

Yes Essential Fish Habitat Pacific Coast Groundfish Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/groundfish/)

Bocaccio
(Sebastes paucispinis)

Yes Essential Fish Habitat Pacific Coast Groundfish Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/groundfish/)

Canary rockfish
(Sebastes pinniger)

Yes Essential Fish Habitat Pacific Coast Groundfish Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/groundfish/)

a Southern California DPS.
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Species

Overlap 
with AOA 

Study 
Area? Classification of Overlap Source of Data

Dover sole
(Microstomus pacificus)

Yes Essential Fish Habitat Pacific Coast Groundfish Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/groundfish/)

English sole
(Parophrys vetulus)

Yes Essential Fish Habitat Pacific Coast Groundfish Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/groundfish/)

Lingcod
(Ophiodon elongatus)

Yes Essential Fish Habitat Pacific Coast Groundfish Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/groundfish/)

North pacific swordfish
(Xiphias gladius)

Yes Essential Fish Habitat Highly Migratory Species Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/highly-migratory-species/)

Northern anchovy
(Engraulis mordax)

Yes Essential Fish Habitat Coastal Pelagic Species Fishery Management Plan
(https://www.pcouncil.org/fishery-management-plan-and-amendments/)

Albacore tuna
(Thunnus alalunga)

Yes Essential Fish Habitat Coastal Pelagic Species Fishery Management Plan
(https://www.pcouncil.org/fishery-management-plan-and-amendments/)

Bigeye tuna
(Thunnus obesus)

Yes Essential Fish Habitat Coastal Pelagic Species Fishery Management Plan
(https://www.pcouncil.org/fishery-management-plan-and-amendments/)

Blue shark
(Prionace glauca)

Yes Essential Fish Habitat Coastal Pelagic Species Fishery Management Plan
(https://www.pcouncil.org/fishery-management-plan-and-amendments/)

Common thresher shark
(Alopias vulpinus)

Yes Essential Fish Habitat Coastal Pelagic Species Fishery Management Plan
(https://www.pcouncil.org/fishery-management-plan-and-amendments/)

Shortfin mako shark
(Isurus oxyrinchus)

Yes Essential Fish Habitat Highly Migratory Species Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/highly-migratory-species/)

Yellowfin tuna
(Thunnus albacares)

Yes Essential Fish Habitat Highly Migratory Species Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/highly-migratory-species/)

Dorado
(Coryphaena hippurus)

Yes Essential Fish Habitat Highly Migratory Species Fishery Management Plan
(https://www.pcouncil.org/managed_fishery/highly-migratory-species/)
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Appendix D1: Gulf of Mexico Fishery-Independent Survey Catch Distribution 
Overlap with AOA Option High–High Cluster Areas

Speciesa

Samples taken 
in region 

(since 2008)
Occurrences in 

region

Occurrences 
in AOA HH 

clusters

Occcurrences 
in HH clusters 

containing 
AOA final 
options

AOA 
alternative 
sites in 
clusters of 
overlap

Points within 
10 km of 
cluster 

containing 
AOA options

Atlantic croaker (Micropogonias undulatus) 3,727 1,523 31 1 C-11 14
Banded rudderfish (Seriola zonata)* 3,727 38 0 0 0
Black seabass (Centropristis striata)* 3,727 63 0 0 0
Blue crab (Callinectes sapidus) 3,727 676 1 0 0
Bluefish (Pomatomus saltatrix)* 3,727 34 0 0 0
Gag grouper (Mycteroperca microlepis)* 3,727 25 2 2 W-4,E-4 0
Gray snapper (Lutjanus griseus) 3,727 251 3 3 E-3 0
Gray triggerfish (Balistes capriscus) 3,727 438 2 2 W-4,E-4 0
Greater amberjack (Seriola dumerili)* 3,727 76 0 0 0
Gulf butterfish (Peprilus burti) 3,727 1,543 49 7 W-1, C-13, W-4 8
Gulf menhaden (Brevoortia patronus) * 3,727 144 0 0 0
King mackerel (Scomberomorus cavalla)* 3,727 71 0 0 0
Spanish mackerel (Scomberomorus maculatus)* 3,727 84 0 0 0
Red grouper (Epinephelus morio) 3,727 260 0 0 0
Red snapper (Lutjanus campechanus) 3,727 1,276 16 8 W-4,C-13, E-3 0
Vermilion snapper (Rhomboplites aurorubens) 3,727 546 26 18 C-13, E-1, E-3, E-4 10
Dusky flounder (Syacium papillosum) 3,727 1,116 37 32 E-3, E-4 2
Fringed flounder (Etropus crossotus) 3,727 563 0 0 0
Gray flounder (Etropus surinamensis)* 3,727 129 7 7 E-3, E-4 0
Sash flounder (Monolene antillarum) 3,727 493 47 6 W-1, W-4, 9
Shelf flounder (Etropus cyclosquamus)* 3,727 77 1 1 E-4 0
Shoal flounder (Syacium gunteri) 3,727 10 1 1 W-4 0
Spiny flounder (Engyophrys senta)* 3,727 182 5 1 W-4 0
Gulf flounder (Paralichthys albigutta)* 3,727 63 0 0 0
Southern flounder (Paralichthys lethostigma)* 3,727 195 0 0 0
Atlantic thorny oyster (Spondylus americanus)* 3,727 14 1 1 E-3 0

a Species with an asterisk represent those whose survey data were removed in the most recent DisMAP update, but are archived and available upon 
request from DisMAP (https://apps-st.fisheries.noaa.gov/dismap/). Species were kept for display in the portal if they were caught in at least 5% of tows 
in a given year for at least 75% of the survey years in a given region.
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Speciesa

Samples taken 
in region 

(since 2008)
Occurrences in 

region

Occurrences 
in AOA HH 

clusters

Occcurrences 
in HH clusters 

containing 
AOA final 
options

AOA 
alternative 
sites in 
clusters of 
overlap

Points within 
10 km of 
cluster 

containing 
AOA options

Atlantic wing oyster (Pteria colymbus)* 3,727 36 0 0 0
Calico scallop (Argopecten gibbus)* 3,727 192 1 1 E-3 0
Mossy scallop (Flexopecten glaber)* 3,727 48 0 0 0
Paper scallop (Amusium papyraceum) 3,727 729 57 8 W-4, C-13, E-3 0
Ravenel scallop (Euvola raveneli)* 3,727 116 3 3 E-3, E-4 0
Northern white shrimp (Litopenaeus setiferus) 3,727 687 0 0 0
Brown shrimp (Farfantepenaeus aztecus) 3,727 2,165 58 7 W-1, W-4, C-13 9
Pink shrimp (Farfantepenaeus duorarum) 3,727 791 6 4 E-3, E-4 0
Purple spined sea urchin (Arbacia punctulata)* 3,727 177 0 0 0

a Species with an asterisk represent those whose survey data were removed in the most recent DisMAP update, but are archived and available upon 
request from DisMAP (https://apps-st.fisheries.noaa.gov/dismap/). Species were kept for display in the portal if they were caught in at least 5% of tows 
in a given year for at least 75% of the survey years in a given region.
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Appendix D2: Southern California Bight Fishery-Independent Survey Catch 
Distribution Overlap with AOA Option High–High Cluster Areas

Speciesa

Samples 
taken in 
region 

(since 2008)
Occurrences 

in region

Occurrences 
in AOA HH 

clusters

Occurrences 
in HH 

clusters 
containing 
AOA final 
options

AOA alternative sites in 
clusters of overlap

Points within 
10 km of 
cluster 

containing 
AOA options

Arrowtooth flounder (Atheresthes stomias) 8,623 793 0 0 — 0
Bocaccio (Sebastes paucispinis) 8,623 757 2 2 N1-A, N1-B, N1-C 12
California halibut/flounder (Paralichthys californicus)* 8,623 80 1 1 N1-A, N1-B, N1-C 0
Canary rockfish (Sebastes pinniger) 8,623 871 0 0 — 0
Dover sole (Microstomus pacificus) 8,623 7,239 5 4 N1-A, N1-B, N1-C, CN1-A, 

CN1-B
33

English sole (Parophrys vetulus) 8,623 4,264 31 11 N1-A, N1-B, N1-C, N2-A, 
N2-B, N2-C, N2-D, N2-E, 
CN1-A, CN1-B

20

Lingcod (Ophiodon elongatus) 8,623 3,440 9 9 N1-A, N1-B, N1-C, N2-A, 
N2-B, N2-C, N2-D, N2-E, 
CN1-A, CN1-B

18

Pacific halibut (Hippoglossus stenolepis) 8,623 793 0 0 — 0
Pacific pompano (Peprilus simillimus) 8,623 564 20 19 N1-A, N1-B, N1-C, N2-A, 

N2-B, N2-C, N2-D, N2-E, 
CN1-A, CN1-B

19

Sablefish (Anoplopoma fimbria) 8,623 5,053 1 1 CN1-A, CN1-B 7
Starry flounder (Platichthys stellatus) 8,623 152 0 0 — 0
California market squid (Doryteuthis opalescens) 8,623 2,111 3 3 N1-A, N1-B, N1-C, N2-A, 

N2-B, N2-C, N2-D, N2-E
10

Vancouver scallop (Chlamys hastata)* 8,623 83 0 0 — 0
Weathervane scallop (Patinopecten caurinus)* 8,623 67 1 1 CN1-A, CN1-B 3
Northern anchovy (Engraulis mordax) 8,623 265 3 3 N1-A, N1-B, N1-C, N2-A, 

N2-B, N2-C, N2-D, N2-E
9

Yelloweye rockfish (Sebastes ruberrimus) 8,623 251 0 0 — 0
Eulachon (Thaleichthys pacificus) 8,623 722 1 1 N1-A, N1-B, N1-C 0

a Species with an asterisk represent those whose survey data were removed in the most recent DisMAP update, but are archived and available upon 
request from DisMAP (https://apps-st.fisheries.noaa.gov/dismap/). Species were kept for display in the portal if they were caught in at least 5% of tows 
in a given year for at least 75% of the survey years in a given region.
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