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ABSTRACT.—Marine aquaculture, defined here as 
aquaculture that takes place in coastal, nearshore, and 
offshore environments, has great potential for sustainable 
development in the United States. While the United 
States’ exclusive economic zone supports many ocean 
uses and socioecological systems, an ecosystem siting and 
management approach is imperative for aquaculture to 
develop sustainably. An ecosystem approach to aquaculture 
(EAA) is a broadly recognized strategy for developing 
aquaculture with minimal disruption to other ocean uses 
and environmental attributes. An ecosystem is defined here 
as the totality of environmental and human dimensions in 
which an aquaculture operation can interact. The United 
States can achieve an EAA by adhering to a suite of marine 
spatial planning techniques that are adaptive to scale, 
carrying capacity, and stakeholder preferences. In this paper, 
we discuss how the United States can better utilize marine 
spatial planning protocols to develop an EAA and grow the 
aquaculture industry with optimal efficacy. Ultimately, this 
paper is intended to serve as a blueprint for implementing an 
EAA for marine aquaculture in the United States. We first 
review the state of marine aquaculture within the United 
States, including state and federal regulatory frameworks and 
then discuss the principles of EAA and tools of marine spatial 
planning, including analyses that are pertinent to the scale 
of planning and for assessing carrying capacity. We conclude 
with a discussion on how marine spatial planning can lead to 
the successful implementation of an EAA.
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The Food and Agriculture Organization (FAO) defines an “Ecosystem Approach 
to Aquaculture” (EAA) as a strategy for the integration of aquaculture within 
the broader ecosystem context to promote sustainable development, equity, and 
resilience of interlinked socioecological systems (Soto et al. 2008, FAO 2010). 
According to Soto et al. (2008) and Aguilar-Manjarrez et al. (2017), three principles 
govern the implementation of EAA, including: (1) aquaculture should be developed 
in the context of ecosystem functions and services with no degradation of these 
beyond resilience; (2) aquaculture should improve human well-being with equity for 
all; and (3) aquaculture should be developed in the context of other sectors, policies, 
and goals, as appropriate. Under these three guiding principles, the EAA acts as a 
conceptual guideline for spatial planning and management based on a balance 
between production, ecological, regulatory, and social carrying capacities (Byron 
and Costa-Pierce 2013, Aguilar-Manjarrez et al. 2017).

An EAA requires the application of marine spatial planning (MSP) techniques 
to ensure equitable shared use of natural resources (Ross et al. 2013). Planning 
for sustainable aquaculture development among current ocean use sectors (e.g., 
transportation, recreation, military, fishing, mining, and energy) is challenging, 
especially given the economic scale, global need, and operational space requirements 
of these other industries. To meet food security and economic growth goals, 
allocation of space for aquaculture, based on relative compatibility with other ocean 
uses, must be analyzed to integrate this growing industry amongst competing uses. 
Given that marine aquaculture is typically a fixed-location industry, it is not transient 
or easily relocated. Long-term sustainability requires adequate and predictable 
environmental conditions and compatible interactions with other users over both 
space and time (Costa-Pierce 2010). Spatiotemporal planning for different types of 
aquaculture must also balance tradeoffs among environmental, social, economic, 
cultural, and management considerations—a central aim of EAA. Balancing tradeoffs 
is complex, especially at the ecosystem-level where expanded datasets and broader 
scale determinations are required, but are often limited. As Gifford et al. (2001) 
suggested, there are no ideal sites for aquaculture, and compromise will always be 
required. Thus, when and how to prioritize aquaculture in a given location is social, 
economic, and ecological challenge. Comprehensive and transparent spatial conflict 
assessments and advanced visualizations within an MSP framework can support 
identification of compromise and best fit locations for new aquaculture operations 
(Stelzenmüller et al. 2017). In this study, we set out to review the pertinent literature 
and available tools and approaches for spatial planning for sustainable aquaculture 
in the United States (US). This review is intended to be a reference for how MSP 
can be a key component for achieving EAA in the US. Specifically, we cover (1) the 
current obstacles to sustainable aquaculture in the US, (2) principles of an EAA, (3) 
MSP tools including carrying capacities, scale of planning, and hierarchical spatial 
analysis protocols, and (4) how MSP techniques can lead to implementation of an 
EAA.

United States Aquaculture Planning

With one of the largest exclusive economic zones in the world, the US has 
considerable opportunity for commercial aquaculture development (Kapetsky et al. 
2013). To date, and in part due to the nascent scale of the US aquaculture industry, 
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marine spatial planning for aquaculture development has received relatively little 
effort nationally (Lester et al. 2022). One often cited reason for the lack of marine 
aquaculture development in the US is the lack of a comprehensive regulatory 
framework for federal waters, leading to regulatory uncertainty (Engle and Stone 
2013, Anton and Hupp 2021, Otts 2021).

Regulatory uncertainty has several implications for aquaculture development 
including time-consuming permitting processes, less clarity for aquaculture 
businesses on how to operate (Falconer et al. 2023), and no federal agency 
congressionally authorized as the lead regulator for aquaculture in US federal 
waters. The mix of laws and regulations are perceived to impose a significant barrier 
to industry entry by means of deterring investments for offshore aquaculture 
development (Knapp and Rubino 2016, Rubino 2008, Upton 2019, Rubino 2023). In 
addition, complicated regulations have resulted in uncertainty for how to obtain 
exclusive use of space in federal waters (US Commission on Ocean Policy 2004). 
With no agency possessing statutory authority as the regulatory lead on aquaculture 
in US federal waters and no explicit direction for how agencies would coordinate, 
prospective developers may be left without a clear understanding of when and where 
they could even begin aquaculture operations.

The US Army Corps of Engineers (USACE), National Oceanic and Atmospheric 
Administration (NOAA), Environmental Protection Agency (EPA), and Food 
and Drug Administration (FDA) are each authorized to regulate certain activities 
pertinent to aquaculture in federal waters of the US. NOAA asserts authority over 
management of offshore aquaculture under the Magnuson-Stevens Act (MSA) and 
works to avoid conflicts with protected species, sensitive habitats, and fisheries. 
Meanwhile, the USACE regulates construction activities to ensure minimal impacts 
to navigation and other conflicts, the EPA regulates benthic and water quality impacts, 
and the FDA regulates matters related to human health (NMFS 2022). While federal 
agencies have acknowledged the role of regulatory uncertainty in constraining the 
growth of sustainable aquaculture (USDA 2022), clearer definition of federal agency 
roles in offshore aquaculture governance and implementation would help standardize 
MSP into decision-making workflows, thus reducing time and costs and increasing 
understanding of permitting processes.

In addition to enhanced coordination among federal agencies in the permitting 
process for aquaculture in US federal waters, the US has taken steps to improve the 
efficiency of establishing aquaculture through Presidential Executive Order 13921, 
Promoting American Seafood Competitiveness and Economic Growth (7 May, 2020). 
E.O. 13921 called for NOAA to designate certain US federal waters as “Aquaculture 
Opportunity Areas” (AOAs), which are areas that contain suitable environmental 
characteristics for sustainable aquaculture and minimize conflicts with other ocean 
uses. In carrying out the Executive Order, NOAA is identifying AOA options using 
multicriteria spatial analysis, best available spatial data, and robust stakeholder 
engagement. In 2021, NOAA released the first two atlases to inform siting of AOAs 
for the Gulf of Mexico and Southern California Bight (Morris et al. 2021, Riley et 
al. 2021). At the time of release, these atlases represented the most comprehensive 
regional-scale marine spatial planning studies conducted in US federal waters.

Inconsistent planning efforts among states is another obstacle to expansion 
of the US aquaculture industry (Wickliffe et al. 2019). While only eight marine 
coastal states have developed aquaculture use zones (e.g., Florida, New York, New 
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Jersey) and four have non-aquaculture-specific marine spatial plans (Lester et al. 
2022), the majority lack existing spatial analysis-based approaches to guide siting 
and permitting (Wickliffe et al. 2019). Continued omission from regional planning 
efforts now requires coastal managers and farmers to evaluate where the aquaculture 
industry fits within the context of existing coastal uses on a case-by-case basis. 
Lack of baseline suitability understanding in a given region or state likely reduces 
effectiveness and efficiency, equity, and predictability of the rule of law for potential 
aquaculture—all central principles of good aquaculture governance essential to 
reconcile ecological and human well-being (Hishamunda et al. 2014). Without a 
clear, spatially explicit plan, aquaculture faces significant challenges in navigating 
this landscape of conflict. To determine where suitable space does exist, planning 
at various spatial and temporal scales is necessary to minimize user conflicts and 
ensure compatibility of aquaculture within the existing ecosystem.

Marine spatial planning helps stakeholders visualize and understand the 
socioeconomic, environmental, and industry context of a planned farm, and can be 
particularly valuable to inform the permitting process. Permitting can be different 
for shellfish, finfish, and algae aquaculture in state and federal waters; thus, MSP can 
provide regional context related to other ocean users and environmental sensitivities 
for industry and regulators during project scoping, permitting, and permit renewal 
stages. The whole ecosystem receives consideration during permitting at various 
stages and levels depending on the level of environmental review. For example, habitat 
and fishery managers and the Regional Fishery Management Councils will consider 
aquaculture impacts to both water quality and benthic habitats as both falling under 
the purview of Essential Fish Habitat provisions of the Magnuson-Stevens Fishery 
Conservation and Management Act (MSA). This review occurs multiple times by the 
agencies involved during each phase of the permitting process as more information 
becomes available. Another example is the types of environmental reviews federal 
agencies conduct under the National Environmental Policy Act (NEPA). NEPA 
allows federal agencies to use a programmatic approach to reviewing and planning 
future actions. A programmatic approach evaluates the effects of broad proposals 
or planning-level decisions that may include a wide range of individual projects, 
implementation over an extended period of time, and/or actions across a large 
geographic area. The level of detail in a programmatic NEPA review is sufficient to 
allow informed decisions among planning-level alternatives and to develop holistic 
mitigation strategies. Collaboration among all levels of government and tribes is 
especially important to have an effective process and outcome. This NEPA-based 
programmatic approach does not evaluate individual project-level issues such 
as precise project impacts or specific design details that are not appropriate for 
decisions at the planning level. Instead, a programmatic NEPA approach is a tool 
for examining the interaction among proposed projects or plan elements, and for 
assessing cumulative effects. Ultimately, the goal of any marine permitting process 
is to make the best decision regarding use of public trust waters through selection 
of space that is the best alternative for the activity being permitted. Marine spatial 
planning can provide alternative siting scenarios that integrate the often complex 
socioeconomic and ecosystem spatial context of aquaculture to inform and assure 
industry and regulators that the right kind of aquaculture is sited in the right place.
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Aquaculture Spatial Planning at the Ecosystem Level

Planning for aquaculture development while considering an entire ecosystem of 
data and interactions can be challenging given data limitations and complexity of 
interactions. However, there are benefits such as ecosystem services that may enhance 
the surrounding ecosystem (Alleway et al. 2019) making trade-off assessments a likely 
fruitful exercise. Further, the transparent nature of MSP approaches to aquaculture 
siting can contribute to needed improvements to US public perceptions about 
potential ecosystem impacts and benefits of aquaculture. While an EAA provides 
useful guidance to managers and industry, it is cumbersome to implement without 
clear national policy and regulatory frameworks capable of weighing allocation 
based on public interest costs and benefits. Formal adoption of EAA, including in 
North America, is relatively limited (Brugère et al. 2019).

Defining the spatial extent or scale of an “ecosystem” is an important first step in 
determining the appropriate MSP approach and the spatiotemporal resolution of data 
required to understand aquaculture impacts and interactions at the ecosystem-level. 
This decision should depend on environmental and socioeconomic components, and 
it should seek both the best available science and broad stakeholder participation. 
Involving stakeholders from the onset of planning is a key component of the EAA, 
as the result is more effective integration of aquaculture within communities (FAO 
2010). In the same way that including environmental components elucidates what is 
ecologically sustainable, rigorous stakeholder involvement helps establish planning 
objectives that are appropriate for a community, resulting in support for the planning 
process and participatory engagement across all community sectors.

The priorities of aquaculture planning will also depend on whether planning 
occurs at the farm, local, regional, or national ecosystem levels (Fig. 1). Often, many 
of the concerns related to environmental or social challenges appear insignificant at 
the farm or local level, but can compound and become significant at the regional or 

Figure 1. Various marine aquaculture planning scales, the associated characteristics of planning 
at each scale, and the types of geospatial analyses that are generally conducted at each scale.
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national ecosystem scale. For example, nutrient levels associated with one finfish farm 
may not seem problematic, but if more cages or farms are added over time without 
adequate spatial planning (e.g., depositional modeling), the ecological carrying 
capacity of a waterbody may be exceeded (Beveridge 1984, Strain and Hargrave 2005, 
Aguado-Giménez et al. 2006, Price et al. 2015). If this occurs, ecosystem trophic 
structure and function can degrade and secondary impacts, such as algae blooms, 
can impact other ocean-use sectors (e.g., tourism, recreational and commercial 
fisheries), yielding conflicts among stakeholders (Filgueira and Grant 2009, Price 
and Morris 2013). Under the EAA, MSP incorporates and thereby mitigates many 
potential deleterious ecosystem-level impacts of aquaculture. For example, adjusting 
the mix of aquaculture types to optimize enhancements to ecosystem function can 
only be done by considering ecosystem level factors by using MSP in conjunction 
with environmental models (e.g., Integrated Multitrophic Aquaculture, Granada 
et al. 2018). Some evidence indicates that well-sited marine aquaculture could 
contribute to coastal ecosystem conservation and restoration goals (Theuerkauf et al. 
2019). Aquaculture spatial planning also improves the effectiveness of management 
interventions to increase production and improve emergency preparedness and 
mitigation options (e.g., planning for disease outbreaks), thereby reducing long-term 
farm risks (Meaden et al. 2016, Hobday et al. 2018).

Principles of Marine Spatial Planning

The term “marine spatial planning” can describe planning at small and large spatial 
(meters to kilometers) and temporal (daily to multidecadal) scales across single 
or multiple ocean use sectors and various aquaculture types including shellfish, 
algae, and finfish aquaculture practices. For the purposes of this discussion, the 
ecosystem-based MSP approach is a process which informs the spatial distribution 
of activities in the ocean such that existing and emerging uses can be maintained, 
use conflicts reduced, and ecosystem health and services protected and sustained 
for future generations (Foley et al. 2010). MSP is often regarded as the first 
reconnaissance-level step in implementing EAA (Ross et al. 2013). This guiding 
framework informs science-based tools that can be used to address site-specific 
aquaculture infrastructure management challenges, building and strengthening 
community resiliency and promoting logical siting of a variety of aquaculture types 
in the appropriate environmental conditions. Analytical approaches conducted 
through MSP efforts can vary widely; from simple mapping of existing uses (e.g., 
Commonwealth of Massachusetts 2009) to sophisticated geospatial modeling 
approaches that synthesize and integrate environmental, social, economic, cultural, 
and management considerations (Battista and O’Brien 2015). While historical spatial 
planning analytical approaches and efforts largely were terrestrially focused, there 
are a few notable oceanic examples of planning efforts in US waters for multiple 
infrastructure uses [e.g., military compatibility analyses, Bureau of Ocean Energy 
Management (BOEM) wind energy areas] and industry/ecosystem interactions (e.g., 
shipping, cetacean density in shipping fairways) that serve as model case studies 
for siting and planning commercial aquaculture (Benassai et al. 2014, Christie et al. 
2014, Garavelli et al. 2022).

Regardless of the complexity or scale of the planning objective, the planning 
process often follows the general workflow of (1) identifying the planning objective 
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through multistakeholder engagement, (2) inventory of available, relevant data, (3) 
analysis and mapping of data, (4) interpretation, and (5) delivery of map products and 
reports to coastal managers and other end-users.

A lack of adequate planning for marine aquaculture can constrain industry 
growth. When aquaculture is poorly sited, problems routinely arise with animal 
health, environmental sustainability, production, social conflict, post-harvest 
processing services and product marketing, risk financing, and a lack of adaptability 
to external threats such as natural disasters and environmental change (Sanchez-
Jerez et al. 2016, Aguilar-Manjarrez et al. 2017). Aquaculture requires consideration 
of unique sets of environmental and physical conditions, including factors such as 
water quality, depth, temperature, salinity, current speed and direction, substrate 
type, and wave energy to ensure facility security and health and quality of cultured 
species. In addition, farms need access to land-based infrastructure capable of 
supporting delivery of supplies and ensuring efficient processing and distribution 
occur. Poor site selection can not only result in failure of farm sustainability (both 
economical and ecological), but can leave a lasting social stigma against aquaculture 
development across local and regional communities.

Carrying Capacities, Models, and Site Selection

The carrying capacity of an ecosystem is the maximum production that can be 
maintained within a given space based on the environmental and social limits of 
aquaculture to avoid “unacceptable change” (Ross et al. 2013, Weitzman 2019, 
Weitzman and Filgueira 2020). In order to achieve site selection under the EAA, 
consideration must be given to the upper bounds of aquaculture production 
(production carrying capacity), ecological assimilation (ecological carrying capacity), 
regulatory compliance (regulatory or governance carrying capacity), economic 
capacity (ability to sell products produced and general profits), and societal acceptance 
of aquaculture (social carrying capacity; Byron and Costa-Pierce 2013). Production 
carrying capacity refers to the maximum sustainable aquaculture yield and is usually 
considered at the farm-scale irrespective of ecosystem function (McKindsey et al. 
2006). Ecological carrying capacity refers to the ability of the waterbody in which 
the farm resides to provide the factors or requirements necessary for successful 
production. Ecological carrying capacity takes into account how the environment 
supports aquaculture production while balancing the assimilative capacity of the 
waterbody (Tett et al. 2011, McKindsey 2013, Fisher et al. 2023) but should also consider 
the whole ecosystem including all processes involved in aquaculture production 
(Filgueira et al. 2015). Regulatory carrying capacity refers to the upper limit of 
aquaculture infrastructure and production permissible under existing regulations. 
Social carrying capacity of aquaculture is built through stakeholder engagement in 
the planning process to avoid unacceptable change to both social functions and the 
natural ecosystem (Ostrom 2009, Kluger and Filgueira 2021). Numerous limiting 
environmental, ecological, social, and economic parameters must be considered 
to sustainably and responsibly support new commercial-scale marine aquaculture 
endeavors (Fig. 2). All four categories of carrying capacity intersect and overlap to 
define the optimal ecosystem and societal context for marine aquaculture. Although 
the overarching concepts of production, ecological, regulatory, and societal carrying 
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capacities are globally inclusive, tailoring of regional- or local-scale carrying capacity 
concepts on a case-by-case basis may be required during the site selection process.

Regulatory carrying capacity refers to the upper limit of aquaculture infrastructure 
and production permissible under existing regulations, and requires rigorous MSP, 
environmental impact assessment, and environmental modeling (Fig. 2; Byron and 
Costa-Pierce 2013). Social carrying capacity is the maximum level of aquaculture 
infrastructure development that does not negatively impact or disenfranchise local 
communities (Aguilar-Manjarrez et al. 2017). Even prior to reaching these regulatory 
and social thresholds, there is potential for ecological degradation, negative 
societal impacts, and general incompatibility of aquaculture with other ocean uses. 
To minimize social incompatibility, it is important to engage key stakeholders 
throughout the planning process through meaningful discourse and timely sharing 
of information (Gopnik et al. 2012). Economic carrying capacity is determined by not 
only the ability to grow aquaculture products but the ability to sell at a volume and 
value for the business to be profitable.

Multiple models and analytical frameworks exist to estimate these aquaculture 
carrying capacities (Table 1). Production and ecological carrying capacity models 
integrate hydrodynamic, biogeochemical, and ecological factors with oxygen 
consumption, sources and sinks of organic matter, and nutrients derived from, 
or taken up by farm activity, to determine upper biophysical threshold limits for 
aquaculture infrastructure, and examples of related modeling tools are provided in 

Figure 2. The highest aquaculture farm yields occur when models are utilized to predict the max-
imum production carrying capacity with ecological, regulatory, and social variables considered.
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Table 1. Regulatory carrying capacity can be estimated through the siting process 
with associated risk analyses. Here, exposure to potential natural and human-caused 
hazards (e.g., storms, disease, etc.) can negatively affect aquaculture infrastructure 
and should be rigorously quantified. Social carrying capacity can be estimated 
through stakeholder analysis, wherein attitudes of diverse stakeholders are analyzed 
at the initiation of, and throughout aquaculture infrastructure expansion, to track 
if and how stakeholder perceptions change (Budhathoki et al. 2024). Other methods 
to estimate social carrying capacity include qualitative network modeling (Reum et 
al. 2015, Ferriss et al. 2022), which can elucidate how social and ecological values are 
related within an aquaculture system. Modeling efforts to calculate production and 
ecological carrying capacity ideally should be combined with insights from regulatory 
and social carrying capacity estimation (e.g., risk and stakeholder analyses) as the 
resulting outcomes are often more powerful in aquaculture management (Byron et 
al. 2011).

Marine Spatial Planning for Aquaculture: Approaches and 
Possibilities.—Marine spatial planning has different considerations, data needs, 
and planning approaches at varying scales (i.e., farm, local, regional, and national) 
and the appropriate scale and approach depends on the context of the management 
issue. We define four hierarchical approaches to MSP for aquaculture that range from 

Table 1. Examples of modeling tools to estimate carrying capacities of aquaculture. This table is adapted from 
Byron and Costa-Pierce (2013) and is used here for example purposes only. The authors do not endorse or 
promote the use of one product over another.

Tool Purpose Carrying capacity 
estimated

References

Geographic 
Information 
Systems (GIS) 
software

First tool to be applied in planning area 
site selection before the application 
of more specific local- and farm-scale 
models which assess likely site-specific 
impacts from varied production levels.

Ecological ESRI, Google, 
Manifold, Geosoft, 
Hexagon Geospatial, 
etc.

Statistical models Assimilation capacity of the environment 
is calculated based upon farm discharges; 
Assessments of aquaculture carrying 
capacities are made on levels of 
unacceptable water quality and/or benthic 
environmental impacts.

Production, 
ecological

Beveridge 1984, 
Huiwen and Yinglan 
2007

3D tidal model Calculates site placement, spatial 
distribution of cages, and number of 
cages.

Production Geček and Legović 
2010

AquaModel Determines fish cage biomass impacts on 
pelagic and benthic ecosystems.

Ecological, 
regulatory

Rensel et al. 2007

NewDEPOMOD Site evaluation using current velocity 
and direction, depth, feed input, and cage 
layout. Predictions of waste fecal and feed 
deposition and benthic impact.

Ecological, 
regulatory

Cromey et al. 2002, 
Fox et al. 2023

FARM Allows ecological and economic 
optimization of culture practice 
including timing and sizes for seeding 
and harvesting, densities, and spatial 
distributions.

Production, 
regulatory

Ferreira et al. 2009, 
Cubillo et al. 2016,  
Bayer et al. 2024

AkvaVis Site selection, carrying capacity, and 
management monitoring.

Production, 
ecological 

Ervik et al. 2008, 2011
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ecosystem-scale to site-scale, with each approach requiring varied data requirements 
and spatial analysis protocols and yielding varied levels of spatial guidance for 
decision making (Fig. 3). For any ecosystem boundary (hereafter referred to as Area 
of Interest, or “AOI”) the hierarchical process for MSP begins with (1) data acquisition 
and exclusion analysis to determine areas where aquaculture is potentially suitable, 
(2) identifying Aquaculture Planning Areas within the AOI, (3) conducting spatial 
suitability models within the planning areas, and (4) analysis of aquaculture 
opportunities within the most suitable areas to select final areas for aquaculture. 
Collectively, these MSP approaches help ensure that aquaculture development meets 
EAA principles of ensuring ecological resilience, public benefit, and balance with 
other industry and policy goals.

Spatial Planning Approaches for Marine Aquaculture

1.	 Data Acquisition and Exclusion Analyses (Scoping).—Defining the 
AOI in which planning will be conducted is a necessary first step, and this 
must be completed at the desired spatial, social, and political scales (Aguilar-
Manjarrez et al. 2017). This decision (also known as scoping)—at least in the 

Figure 3. The relationship and interconnectivity of the various analyses from data acquisition 
through the final site selection. The fish, seaweed, and shellfish panels are not in chronologi-
cal order as they are three different examples of what one may consider within an opportunity 
analysis.
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broader ecosystem context—is usually completed by a panel or coastal manager 
review group with high-level input from industry and other stakeholder or 
community groups. Spatial planning within this scoping process generally 
precedes an exclusion analysis wherein geospatial data (Table 2) associated 
with major constraining factors (e.g., areas important for national security, 
shipping lanes, marine protected areas, physical obstructions, etc.) within 
an AOI are used to exclude areas of known, more absolute conflict from 
further spatial planning consideration (i.e., binary “yes” or “no” criteria). 
Constraints are removed from the initial AOI by: (1) removing the occupied or 
constrained area from the AOI and (2) buffering the occupied areas based on 
safety considerations if required. Once all areas associated with constraints 
are removed from the initial AOI, subsequent spatial planning and analyses 
focus on identification of usable space for aquaculture infrastructure within 
the remaining AOI. The final usable area can then be assessed for Aquaculture 
Planning Areas.

2.	 Aquaculture Planning Areas.—Once the AOI is defined and exclusion 
analyses are performed, Aquaculture Planning Areas can be responsibly 
identified within the remaining AOI. Planning area identification requires 
establishment and analysis of set criteria to define broad areas within which 
different types of aquaculture may be suitable (Aguilar-Manjarrez et al. 2017). 
Broadly, planning areas can identify potential areas for aquaculture expansion 
in new areas and help regulate continued aquaculture development where 
it already exists. A planning area also implies established legal boundaries 
for aquaculture, which requires consultation with lawmakers and other 
stakeholders of interest in defining the planning area. Aquaculture Planning 
Areas are beneficial for aquaculture site selection to: (1) mitigate and minimize 
environmental deterioration, (2) provide established areas for estimation of 
carrying capacities, (3) reduce negative social and environmental interactions, 
(4) provide coastal managers and regulators with areas to plan for monitoring, 
(5) increase production and social development, (6) aid implementation of 
disease risk management, (7) help investors identify prospective sites where 
long-term investments are possible, and (8) establish clear regulations for 
activities and behaviors within the zones (Aguilar-Manjarrez et al. 2017). 
Aquaculture Planning Areas allow for a more efficient and targeted site 
selection process for all types of aquaculture. The outcomes of identifying 
planning areas inform the objectives used to shape subsequent spatial 
suitability models.

3.	 Spatial Suitability Analyses.—Spatial suitability modeling refers to 
the spatial overlay and analysis of pertinent geospatial data layers within an 
AOI to identify and compare areas along a range of continuous suitability 
(from unsuitable to optimal). This framework allows for identification of 
suitable potential aquaculture sites based on ecological, administrative, 
transportation, ocean industry, navigation, among other relevant factors. GIS-
based site suitability is one of the most important steps in the MSP process to 
evaluate potential aquaculture sites (Stelzenmüller et al. 2017). These analyses 
provide spatially explicit estimations and visualizations of the potential for 
aquaculture expansion within an AOI. Historically, this approach was used in 
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Table 2. Example of a data inventory that can be used to define constraining factors within the scoping process 
for aquaculture.

Constraint Category Data
Infrastructure Use Military Military danger and restricted areas 

Training areas 
Operating areas
Unexploded ordnance areas
Department of Defense sites

Navigation Shipping fairways
Coastal maintained channels
Anchorage areas 
Lightering zones
Aids to navigation 

Industrial Oil and gas platforms 
Active lease blocks
Significant sediment resources
Current and planned dredging activities
Ocean disposal sites

Regulatory Protected Habitats and Species Essential Fish Habitat 
Habitat Areas of Particular Concern 
National Marine Sanctuaries 
Marine Protected Areas 
Special designations 

Boundaries and Limits State waters
Federal waters
Territorial seas
US Exclusive Economic Zone
International waters

Biogeochemical and 
Physical

Geomorphological Substrate type
Hydrocarbon seeps
Total organic carbon
Sulfides
Redox potential

Biochemical and Oceanographic Current speed and direction; Significant wave 
height and wave period  
Depth
Wind speed and direction
Water temperature
Salinity

Biological Distribution of corals, hardbottom, submerged 
aquatic vegetation, kelp, and other habitat-forming 
species
Artificial reefs
Marine mammal densities and migration areas 
Proximity to seabird nesting colonies
Benthic infauna 

Socioeconomic Social and Cultural Tribal practices and native fishing grounds
Perceptions of aquaculture
Viewshed impacts
Archaeologically sensitive shipwrecks
Recreational fishing/subsistence use

Accessibility Distance to port
Shore-based facilities
Skilled workforce
Access roads for operations and shipping 

Economic Capital costs; Insurance cost and availability 
Cost of labor
Cost of farm equipment and maintenance
Cost of security
Cost of veterinary services and therapeutics
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smaller-scale aquaculture planning efforts for in-land, data-rich areas (Nayak 
et al. 2018, Bandira et al. 2021). In more recent years, as computing power, data 
availability, and geospatial technologies have advanced, suitability analyses for 
aquaculture have extended into the offshore environment (Stelzenmüller et 
al. 2017). High resolution spatial data with the necessary spatial and temporal 
resolution for offshore planning has taken years of global scientific initiative 
from many sectors and will continue to be a driver in planning as many data 
gaps still exist for open ocean areas. GIS-based multicriteria evaluations 
are a type of suitability analysis where relevant spatial data layers are 
reclassified according to known relationships between a variable and relative 
suitability (e.g., reclassification of minimum observed water temperature 
spatial data based on known species tolerances) and multiple relevant layers 
are subsequently integrated to generate a final suitability layer. Generally, 
areas within individual spatial data layers are categorized as not suitable, 
conditionally or moderately suitable, or highly suitable for aquaculture 
infrastructure. Multiple layers are subsequently integrated to generate a final 
suitability layer, such as within a weighted overlay wherein individual layers 
receive weights based on relative importance and are subsequently summed 
to generate a single, integrative suitability layer. The layer weights should be 
a reflection of the objectives of each area of interest. Thus, objectives for a 
given region need to be evaluated carefully to assign appropriate weights to 
each layer. This modeling framework aids in identification of optimal, suitable, 
and unsuitable areas for aquaculture infrastructure development based on 
all factors considered within the multicriteria evaluation. It is important to 
recognize some of the limitations of geospatial suitability modeling, especially 
in areas with limited data and for more complex environmental processes. 
For instance, rates of change and more nuanced hydrodynamic models may 
be more difficult to quantify across areas of interest. Thus, comprehensive 
suitability models need to acknowledge the uncertainty caused by information 
that is either unavailable or not feasible to incorporate in the model.

4.	 Opportunity Analysis and Final Site Selection.—Once suitability 
analyses are performed within the Aquaculture Planning Areas, the extent of 
optimal, suitable, and unsuitable areas for shellfish, finfish, or algae aquaculture 
are known. Within these identified areas, subsequent opportunity analyses 
can determine which species and aquaculture gear combinations are most 
appropriate for a given location based on known tolerances and thresholds 
for each combination. Opportunity analyses integrate requirements for 
aquaculture gear (e.g., substrate, current speed, current direction, significant 
wave height, depth) and species (e.g., depth, pH, salinity, temperature, 
current speed, current direction, chlorophyll a, dissolved oxygen; Wickliffe 
et al. 2024). Oceanographic forces such as wave action and currents yield 
structural stress on aquaculture gear, and maximum stress thresholds for 
both aquaculture gear and species must be considered within opportunity 
analyses. These stress thresholds must also scale based on farm size, as 
hydrodynamic forces will change as the farm structure changes. Furthermore, 
many species have tolerance thresholds (e.g., maximum/minimum water 
temperature) above or below which growth and mortality may occur and farm 
production may decline (Froehlich et al. 2016). While tolerance thresholds 
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provide reasonable boundaries for a species physiological capacity, other 
approaches such as dynamic energy budget models may reveal production 
potential and other metrics that are more nuanced, including for areas where 
multitrophic opportunities are explored (Sarà et al. 2012, Lavaud et al. 2021). 
In addition to opportunity analyses, the final site selection process may also 
include end-user-specific considerations, such as ease of site access by growers 
or proximity to existing aquaculture infrastructure. All relevant stakeholders 
(e.g., aquaculture growers, coastal managers) should be engaged throughout 
the final site selection process.

Conclusions and Recommendations

Marine spatial planning techniques are integral to the planning, siting, and 
management of sustainable aquaculture industries. Intensive competition for 
limited ocean space amongst current ocean use sectors demands transparent 
spatial data analysis approaches and visualizations within a MSP framework to 
identify compromise, and to find the best fit locations for aquaculture development 
(Stelzenmüller et al. 2017). Here, we provide multiple MSP approaches of relevance 
to EAA, ranging from carrying capacity models to hierarchical spatial analysis 
protocols. Decisions regarding planning should be made at the appropriate scale and 
use best available data that meet the minimum quality and relevance requirements. 
Monitoring should be performed on a regular basis to ensure that ecosystem carrying 
capacity has not been exceeded, and adaptive management should be continually 
employed to address problems and improve production and efficiency (Froehlich et 
al. 2021, Fujita et al. 2023).

A spatial plan that uses EAA is wholly robust if it is given the capacity to adapt in 
light of ecosystem changes. As environmental conditions change (Best et al. 2015), 
aquaculture plans should consider how all aspects of a farm may respond, including 
the location, structure, and species. Long-term sustainability of aquaculture can 
be achieved if planning methods that assess the production stability of a farm to 
changing conditions are used (Froehlich et al. 2021). As the aquaculture industry 
innovates, including the development of much larger farms and untethered designs, 
new challenges with MSP will emerge. Thus, it is prudent for an EAA to include 
proactive and adaptive marine spatial plans that incorporate scoping for areas where 
potential emerging technologies are feasible.

It is important during the spatial modeling process to consider the spatial and 
temporal dynamics of each data layer, especially in areas where there is greater 
uncertainty. Suitability and opportunity analyses are able to partially account for 
temporal variation of factors by exploring distributions of values during modeling 
efforts. Monte Carlo simulations and Bayesian belief networks are both valid ways to 
explore ranges of relevant environmental and social factors that could be applied to 
aquaculture suitability (Coccoli et al. 2018). A notable limitation to these dynamic 
approaches is data availability, which can inform the distribution of input values into 
the models (Stephenson et al. 2018). In addition, while long-term temporal dynamics 
models (10+ years) show promise, predictability remains a challenge at higher 
resolutions that would be of particular interest to aquaculture developers (Chen et 
al. 2024).
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Aquaculture has already become an integrated part of the ocean infrastructure 
in many regions of the world (e.g. Norway, Chile, China). Currently, the US seafood 
economy largely relies on imports, and over half is produced from aquaculture 
(Gephart et al. 2019). As marine and coastal aquaculture operations grow in US 
waters to meet domestic needs for seafood, it is recognized that more sustainable 
food production systems require supplemental knowledge about how the ecosystem 
is already utilized, and how conflicts among stakeholder groups are addressed (Byron 
and Costa-Pierce 2013, Grebe et al. 2019). A long-term perspective that integrates 
cultural and economic dimensions is critically important to support realistic growth 
trajectories (Gentry et al. 2017a,b). With proper planning and resource allocation, 
the US has the potential to emerge as a world leader in the production of safe and 
sustainable seafood.

Acknowledgments

This research was supported by the NOAA National Centers for Coastal Ocean Science, 
Marine Spatial Ecology Division and the NOAA National Marine Fisheries Service’s Office of 
Aquaculture. The scientific results and conclusions, as well as any views or opinions expressed 
herein, are those of the author(s) and do not necessarily reflect the views of NOAA or the 
Department of Commerce.

Literature Cited

Aguado-Giménez F, García-García B, Hernández-Lorente MD, Cerezo-Valverde J. 2006. 
Grossmetabolic waste output estimates using a nutritional approach in Atlantic bluefin 
tuna (Thunnus thynnus) under intensive fattening conditions in western Mediterranean 
Sea. Aquacult Res. 37(12):1254–1258. https://doi.org/10.1111/j.1365-2109.2006.01541.x

Aguilar-Manjarrez J, Soto D, Brummett RE. 2017. Aquaculture zoning, site selection and are 
management under the ecosystem approach to aquaculture: a handbook. Rome: Food and 
Agriculture Organization of the United Nations; The World Bank. Available from: https://
www.fao.org/3/i6834e/i6834e.pdf

Alleway HK, Gillies CL, Bishop MJ, Gentry RR, Theuerkauf SJ, Jones R. 2019. The ecosystem 
services of marine aquaculture: valuing benefits to people and nature. Bioscience. 69(1):59–
68. https://doi.org/10.1093/biosci/biy137

Anton S, Hupp K. 2021. One step forward, two steps back: NOAA’s assertion of jurisdiction 
over aquaculture faces continuing challenges. Sea Grant Law and Policy Journal. 11:70–100.

Bandira PNA, Mahamud MA, Samat N, Tan ML, Chan NW. 2021. GIS-based multi-criteria 
evaluation for potential inland aquaculture site selection in the George Town Conurbation, 
Malaysia. Land (Basel). 10(11):1174. https://doi.org/10.3390/land10111174

Battista T, O’Brien K. 2015. Spatially prioritizing seafloor mapping for coastal and marine 
planning. Coast Manage. 43(1):35–51. https://doi.org/10.1080/08920753.2014.985177

Bayer SR, Cubillo AM, Rose JM, Ferreira JG, Dixon M, Alvarado A, Barr J, Bernatchez G, 
Meseck S, Poach M, et al. 2024. Refining the farm aquaculture resource management model 
for shellfish nitrogen removal at the local scale. Estuaries Coasts. 47:1184–1198. https://
doi.org/10.1007/s12237-024-01354-7

Benassai G, Mariani P, Stenberg C, Christoffersen M. 2014. A sustainability index of potential 
co-location of offshore wind farms and open water aquaculture. Ocean Coast Manage. 
95:213–218. https://doi.org/10.1016/j.ocecoaman.2014.04.007

Best RJ, Stone MN, Stachowicz JJ. 2015. Predicting consequences of climate change for 
ecosystem functioning: variation across trophic levels, species and individuals. Divers 
Distrib. 21(12):1364–1374. https://doi.org/10.1111/ddi.12367



Bulletin of Marine Science. Vol 101, No 0. 202516

Beveridge MCM. 1984. Cage and pen fish farming: carrying capacity models and environmental 
impact. FAO Fish Tech Pap 255. 131 p. Available from: https://www.fao.org/3/ad021e/
AD021E00.htm#TOC.

Brugère C, Aguilar-Manjarrez J, Beveridge MCM, Soto D. 2019. The ecosystem approach 
to aquaculture 10 years on—a critical review and consideration of its future role in blue 
growth. Rev Aquacult. 11(3):493–514. https://doi.org/10.1111/raq.12242

Budhathoki M, Tunca S, Martinez RL, Zhang W, Li S, Le Gallic B, Brunsø K, Sharma P, Eljasik 
P, Gyalog G, et al. 2024. Societal perceptions of aquaculture: combining scoping review and 
media analysis. Rev Aquacult. 16(4):1879–1900. https://doi.org/10.1111/raq.12927

Byron C, Link J, Costa-Pierce B, Bengtson D. 2011. Modeling ecological carrying capacity of 
shellfish aquaculture in highly flushed temperate lagoons. Aquaculture. 314(1–4):87–99. 
https://doi.org/10.1016/j.aquaculture.2011.02.019

Byron CJ, Costa-Pierce BA. 2013. Carrying capacity tools for use in the implementation of 
an ecosystems approach to aquaculture. Site selection and carrying capacities for inland 
and coastal aquaculture. p. 87–101. Available from: https://ecowin.org/pdf/documents/
FAO%20carrying%20capacity%20Stirling%202010.p f#page=99

Chen Z, Siedlecki S, Long M, Petrik CM, Stock CA, Deutsch CA. 2024. Skillful multiyear 
prediction of marine habitat shifts jointly constrained by ocean temperature and dissolved 
oxygen. Nat Commun. 15:900. https://doi.org/10.1038/s41467-024-45016-5

Christie N, Smyth K, Barnes R, Elliott M. 2014. Co-location of activities and designations: a 
means of solving or creating problems in marine spatial planning? Mar Policy. 43:254–261. 
https://doi.org/10.1016/j.marpol.2013.06.002

Coccoli C, Galparsoro I, Murillas A, Pinarbasi K, Fernandes JA. 2018. Conflict analysis and 
reallocation opportunities in the framework of marine spatial planning: a novel, spatially 
explicit Bayesian belief network approach for artisanal fishing and aquaculture. Mar Policy. 
94:119–131. https://doi.org/10.1016/j.marpol.2018.04.015

Commonwealth of Massachusetts. 2009. Massachusetts Ocean Management Plan. Boston, 
Massachusetts: Commonwealth of Massachusetts, Commonwealth of Massachusetts, 
Executive Office of Energy and Environmental Affairs. Available from: https://eeaonline.
eea.state.ma.us/EEA/eeawebsite/mop/final-v1/v1-complete.pdf

Costa-Pierce BA. 2010. Sustainable ecological aquaculture systems: the need for a new 
social contract for aquaculture development. Mar Technol Soc J. 44:88–112. https://doi.
org/10.4031/MTSJ.44.3.3

Cromey CJ, Nickell TD, Black KD. 2002. DEPOMOD—modelling the deposition and biological 
effects of waste solids from marine cage farms. Aquaculture. 214(1–4):211–239. https://
doi.org/10.1016/S0044-8486(02)00368-X

Cubillo AM, Ferreira JG, Robinson SMC, Pearce CM, Corner RA, Johansen J. 2016. Role of 
deposit feeders in integrated multi-trophic aquaculture—a model analysis. Aquaculture. 
453:54–66. https://doi.org/10.1016/j.aquaculture.2015.11.031

Engle CR, Stone NM. 2013. Competitiveness of U.S. aquaculture within the current U.S. 
regulatory Framework. Aquac Econ Manag. 17(3):251–280. https://doi.org/10.1080/1365
7305.2013.812158

Ervik A, Agnalt AL, Asplin L, Aure J, Bekkvik TC. 2008. AkvaVis – dynamic GIS tool for siting 
of fish farms for new aquaculture species: environmental quality requirements for new 
aquaculture species and Atlantic salmon. Bergen, Norway: Fisken og Havet. Available from: 
https://www.nb.no/items/URN:NBN:no-nb_digibok_2011062108327.

Ervik A, Agnalt AL, Asplin L, Aure J, Bekkvik TC, Døskeland I. 2011. AkvaVis Decision Support 
System. Bergen, Norway: Fisken og Havet.

Falconer L, Cutajar K, Krupandan A, Capuzzo E, Corner RA, Ellis T, Jeffery K, Mikkelsen 
E, Moore H, O’Beirn FX, et al. 2023. Planning and licensing for marine aquaculture. Rev 
Aquacult. 15(4):1374–1404. https://doi.org/10.1111/raq.12783



Morris et al.: Ecosystem approach to aquaculture in the United States 17

FAO (Food and Agriculture Organization). 2010. Aquaculture development. 4. Ecosystem 
approach to aquaculture. Rome FAO Technical Guidelines for Responsible Fisheries Report 
No. 5, Suppl. 4. Available from: https://www.fao.org/3/i1750e/i1750e.pdf

Ferreira JG, Sequeira A, Hawkins AJS, Newton A, Nickell TD, Pastres R, Forte J, Bodoy A, 
Bricker SB. 2009. Analysis of coastal and offshore aquaculture: application of the FARM 
model to multiple systems and shellfish species. Aquaculture. 289(1–2):32–41. https://doi.
org/10.1016/j.aquaculture.2008.12.017

Ferriss BE, Reum JCP, Sanderson BL, McDonald PS. 2022. Social-ecological approaches to 
shellfish aquaculture using qualitative network models. ICES J Mar Sci. 79(4):1289–1301. 
https://doi.org/10.1093/icesjms/fsac053

Filgueira R, Comeau LA, Guyondet T, McKindsey CW, Byron CJ. 2015. Modelling carrying 
capacity of bivalve aquaculture: a review of definitions and methods. In: Meyers RA, editor. 
Encyclopedia of sustainability science and technology. New York: Springer. p. 1–33. https://
doi.org/10.1007/978-1-4939-2493- 6_945-1

Filgueira R, Grant J. 2009. A box model for ecosystem-level management of mussel culture 
carrying capacity in a coastal bay. Ecosystems (N Y). 12(7):1222–1233. https://doi.
org/10.1007/s10021-009-9289-6

Fisher J, Angel D, Callier M, Cheney D, Filgueira F, Hudson B, McKindsey C, Milke L, Moore 
H, O’Beirn F, et al. 2023. Ecological carrying capacity in mariculture: consideration and 
application in geographic strategies and policy. Mar Policy. 150:105516. https://doi.
org/10.1016/j.marpol.2023.105516

Foley MM, Halpern BS, Micheli F, Armsby MH, Caldwell MR, Crain CM, Prahler E, Rohr N, 
Sivas D, Beck MW, et al. 2010. Guiding ecological principles for marine spatial planning. 
Mar Policy. 34(5):955–966. https://doi.org/10.1016/j.marpol.2010.02.001

Fox C, Webb C, Grant J, Brain S, Fraser S, Abell R, Hicks N. 2023. Measuring and modelling the 
dispersal of salmon farm organic waste over sandy sediments. Aquacult Environ Interact. 
15:251–269. https://doi.org/10.3354/aei00464

Froehlich HE, Couture J, Falconer L, Krause G, Morris JA Jr, Perez M, Stentiford GD, Vehviläinen 
H, Halpern BS. 2021. Mind the gap between ICES nations’ future seafood consumption and 
aquaculture production. ICES J Mar Sci. 78(1):468–477. https://doi.org/10.1093/icesjms/
fsaa066

Froehlich HE, Gentry RR, Halpern BS. 2016. Synthesis and comparative analysis of physiological 
tolerance and life-history growth traits of marine aquaculture species. Aquaculture. 
460:75–82. https://doi.org/10.1016/j.aquaculture.2016.04.018

Fujita R, Brittingham P, Cao L, Froehlich H, Thompson M, Voorhees T. 2023. Toward an 
environmentally responsible offshore aquaculture industry in the United States: Ecological 
risks, remedies, and knowledge gaps. Mar Policy. 147:105351. https://doi.org/10.1016/j.
marpol.2022.105351

Garavelli L, Freeman MC, Tugade LG, Greene D, McNally J. 2022. A feasibility assessment 
for co-locating and powering offshore aquaculture with wave energy in the United States. 
Ocean Coast Manage. 225:106242. https://doi.org/10.1016/j.ocecoaman.2022.106242

Geček S, Legović T. 2010. Towards carrying capacity assessment for aquaculture in the Bolinao 
Bay, Philippines: a numerical study of tidal circulation. Ecol Modell. 221(10):1394–1412. 
https://doi.org/10.1016/j.ecolmodel.2010.02.005

Gentry RR, Froehlich HE, Grimm D, Kareiva P, Parke M, Rust M, Gaines SD, Halpern BS. 
2017a. Mapping the global potential for marine aquaculture. Nat Ecol Evol. 1(9):1317–
1324. https://doi.org/10.1038/s41559-017-0257-9

Gentry RR, Lester SE, Kappel CV, White C, Bell TW, Stevens J, Gaines SD. 2017b. Offshore 
aquaculture: spatial planning principles for sustainable development. Ecol Evol. 7(2):733–
743. https://doi.org/10.1002/ece3.2637

Gephart JA, Froehlich HE, Branch TA. 2019. To create sustainable seafood industries, the 
United States needs a better accounting of imports and exports. Proc Natl Acad Sci USA. 
116(19):9142–9146. https://doi.org/10.1073/pnas.1905650116



Bulletin of Marine Science. Vol 101, No 0. 202518

Gifford JA, Benetti DD, Rivera JA. 2001. National marine aquaculture initiative: using GIS for 
offshore aquaculture siting in the U.S. Caribbean and Florida. University of Miami: NOAA-
National Sea Grant, Rosenstiel School of Marine and Atmospheric Science.

Gopnik M, Fieseler C, Cantral L, McClellan K, Pendleton L, Crowder L. 2012. Coming to the 
table: early stakeholder engagement in marine spatial planning. Mar Policy. 36(5):1139–
1149. https://doi.org/10.1016/j.marpol.2012.02.012

Granada L, Lopes S, Novais SC, Lemos MFL. 2018. Modelling integrated multi-trophic 
aquaculture: optimizing a three trophic level system. Aquaculture. 495:90–97. https://doi.
org/10.1016/j.aquaculture.2018.05.029

Grebe GS, Byron CJ, Gelais AS, Kotowicz DM, Olson TK. 2019. An ecosystem approach to 
kelp aquaculture in the Americas and Europe. Aquacult Rep. 15:100215. https://doi.
org/10.1016/j.aqrep.2019.100215

Hishamunda N, Ridler N, Martone E. 2014. Policy and governance in aquaculture. Lessons 
learned and way forward. FAO Fisheries and Aquaculture Technical Paper Report No. 577. 
https://www.fao.org/3/i3156e/i3156e.pdf

Hobday AJ, Spillman CM, Eveson JP, Hartog JR, Zhang X, Brodie S. 2018. A framework for 
combining seasonal forecasts and climate projections to aid risk management for fisheries 
and aquaculture. Front Mar Sci. 5:137. https://doi.org/10.3389/fmars.2018.00137

Huiwen C, Yinglan S. 2007. Management of marine cage aquaculture. Environ Sci Pollut Res 
Int. 14(7):463–469. https://doi.org/10.1065/espr2007.05.423

Kapetsky JM, Aguilar-Manjarrez J, Jenness J. 2013. A global assessment of potential for offshore 
mariculture development from a spatial perspective. FAO Fisheries and Aquaculture 
Technical Paper Report No. 549. https://www.fao.org/4/i3100e/i3100e00.htm

Kluger LC, Filgueira R. 2021. Thinking outside the box: embracing social complexity in 
aquaculture carrying capacity estimations. ICES J Mar Sci. 78:435–442. https://doi.
org/10.1093/icesjms/fsaa063

Knapp G, Rubino MC. 2016. The political economics of marine aquaculture in the United 
States. Rev Fish Sci Aquacult. 24(3):213–229. https://doi.org/10.1080/23308249.2015.112
1202

Lavaud R, La Peyre MK, Justic D, La Peyre JF. 2021. Dynamic energy budget modelling to 
predict eastern oyster growth, reproduction, and mortality under river management and 
climate change scenarios. Estuar Coast Shelf Sci. 251:107188. https://doi.org/10.1016/j.
ecss.2021.107188

Lester SE, Gentry RR, Lemoine HR, Froehlich HE, Gardner LD, Rennick M, Ruff EO, 
Thompson KD. 2022. Diverse state‐level marine aquaculture policy in the United States: 
opportunities and barriers for industry development. Rev Aquacult. 14(2):890–906. https://
doi.org/10.1111/raq.12631

McKindsey CW. 2013. Carrying capacity for sustainable bivalve aquaculture. In: Christou P, 
Savin R, Costa-Pierce B, Misztal I, Whitelaw B, editors. Sustainable food production. New 
York: Springer, New York. p. 449–466.

McKindsey CW, Thetmeyer H, Landry T, Silvert W. 2006. Review of recent carrying 
capacity models for bivalve culture and recommendations for research and management. 
Aquaculture. 261(2):451–462. https://doi.org/10.1016/j.aquaculture.2006.06.044

Meaden GJ, Aguilar-Manjarrez J, Corner RA, O’Hagan AM, Cardia F. 2016. Marine spatial 
planning for enhanced fisheries and aquaculture sustainability – its application in the Near 
East. FAO Fish Aquac Tech Pap Report No. 604. Available from: https://www.proquest.
com/docview/1870944297/fulltextPDF/414C88F3EAD246E8PQ/1?accountid=28258

Morris JA Jr, MacKay JK, Jossart JA, Wickliffe LC, Randall AL, Bath GE, Balling MB, Jensen 
BM, Riley KL. 2021. An Aquaculture Opportunity Area Atlas for the Southern California 
Bight. NOAA Technical Memorandum NOS NCCOS 298. 485 p. https://doi.org/10.25923/
tmx9-ex26



Morris et al.: Ecosystem approach to aquaculture in the United States 19

Nayak AK, Kumar P, Pant D, Mohanty RK. 2018. Land suitability modelling for enhancing fishery 
resource development in Central Himalayas (India) using GIS and multi-criteria evaluation 
approach. Aquacult Eng. 83:120–129. https://doi.org/10.1016/j.aquaeng.2018.10.003

NMFS (National Marine Fisheries Service). 2022. Guide to permitting marine aquaculture in 
the United States. Accessed 18 November, 2024. Available from: https://www.fisheries.
noaa.gov/s3//2022-07/Guide-Permitting-Marine-Aquaculture-United-States-June2022.
pdf

Ostrom E. 2009. A general framework for analyzing sustainability of social-ecological systems. 
Science. 325(5939):419–422. https://doi.org/10.1126/science.1172133

Otts S. 2021. Exploring options to authorize offshore aquaculture: facilitating discussions 
among regulators and industry members to find common ground. Sea Grant Law and 
Policy Journal. 11:1–14.

Price C, Black KD, Hargrave BT, Morris JA Jr. 2015. Marine cage culture and the environment: 
Effects on water quality and primary production. Aquac Env Int. 6:151–174. https://doi.
org/10.3354/aei00122

Price CS, Morris JA Jr. 2013. Marine cage culture and the environment: twenty-first century 
science informing a sustainable industry. NOAA Technical Memorandum NOS NCCOS 
164. 158 p.

Rensel J, Kiefer D, Forster J, Woodruff D, Evans N. 2007. Offshore finfish mariculture in the 
Strait of Juan de Fuca. Bull Fish Res Agen. 19:113–129. Available from: http://www.fra.affrc.
go.jp/bulletin/bull/bull19/13.pdf

Reum JCP, McDonald PS, Ferriss BE, Farrell DM, Harvey CJ, Levin PS. 2015. Qualitative 
network models in support of ecosystem approaches to bivalve aquaculture. ICES J Mar 
Sci. 72(8):2278–2288. https://doi.org/10.1093/icesjms/fsv119

Riley KL, Wickliffe LC, Jossart JA, MacKay JK, Randall AL, Bath GE, Balling MB, Jensen 
BM, Morris JA Jr. 2021. An Aquaculture Opportunity Area Atlas for the U.S. Gulf 
of Mexico. NOAA Technical Memorandum NOS NCCOS 299. 545 p. https://doi.
org/10.25923/8cb3-3r66

Ross LG, Telfer TC, Falconer L, Soto D, Aguilar-Manjarrez J, Asmah R, Bermudez J, Beveridge 
MCM, Byron CJ, Clement A. 2013. Carrying capacities and site selection within the 
ecosystem approach to aquaculture. Site selection and carrying capacities for inland and 
coastal aquaculture. FAO Fish Aquac Proc. No. 21. p. 19–46. Available from: https://www.
gu.se/sites/default/files/2020-05/Site%20selection%20and%20carrying%20capacities%20
for%20inland%20and%20coastal%20aquaculture.pdf#page=31

Rubino M. 2008. Offshore aquaculture in the United States: economic considerations, 
implications & opportunities. US Department of Commerce; Silver Spring, Maryland USA. 
NOAA Technnical Memorandum NMFS F/SPO-103. 262 p. Available from: https://spo.
nmfs.noaa.gov/sites/default/files/tm103.pdf

Rubino MC. 2023. Policy considerations for marine aquaculture in the United States. Rev Fish 
Sci Aquacult. 31(1):86–102. https://doi.org/10.1080/23308249.2022.2083452

Sanchez-Jerez P, Karakassis I, Massa F, Fezzardi D, Aguilar-Manjarrez J, Soto D, Chapela R, 
Avila P, Macias J, Tomassetti P, et al. 2016. Aquaculture’s struggle for space: the need for 
coastal spatial planning and the potential benefits of Allocated Zones for Aquaculture 
(AZAs) to avoid conflict and promote sustainability. Aquac Env Int. 8:41–54. https://doi.
org/10.3354/aei00161

Sarà G, Reid GK, Rinaldi A, Palmeri V, Troell M, Kooijman SALM. 2012. Growth and reproductive 
simulation of candidate shellfish species at fish cages in the Southern Mediterranean: 
dynamic energy budget (DEB) modelling for integrated multi-trophic aquaculture. 
Aquaculture. 324–325:259–266. https://doi.org/10.1016/j.aquaculture.2011.10.042

Soto D, Aguilar-Manjarrez J, Hishamunda N. 2008. Building an ecosystem approach to 
aquaculture. Palma de Mallorca, Spain: FAO Fish Aquac Proc. Report No. 14. Available 
from: https://www.fao.org/3/i0339e/i0339e01.pdf



Bulletin of Marine Science. Vol 101, No 0. 202520

Stelzenmüller V, Gimpel A, Gopnik M, Gee K. 2017. Aquaculture site-selection and marine 
spatial planning: the roles of GIS-based tools and models. In: Buck BH, Langan R, editors. 
Aquaculture perspective of multi-use sites in the open ocean. Cham: Springer International 
Publishing. p. 131–148. http://link.springer.com/10.1007/978-3-319-51159-7_6

Stephenson F, Mill AC, Scott CL, Stewart GB, Grainger MJ, Polunin NVC, Fitzsimmons C. 
2018. Socio-economic, technological and environmental drivers of spatio-temporal changes 
in fishing pressure. Mar Policy. 88:189–203. https://doi.org/10.1016/j.marpol.2017.11.029

Strain PM, Hargrave BT. 2005. Salmon aquaculture, nutrient fluxes and ecosystem processes 
in Southwestern New Brunswick. In: Hargrave, BT, editor. Environmental effects of marine 
finfish aquaculture. Vol. 5M. Berlin/Heidelberg, Germany: Springer-Verlag. p. 29–57.

Tett P, Portilla E, Gillibrand PA, Inall M. 2011. Carrying and assimilative capacities: the 
ACExR-LESV model for sea-loch aquaculture. Aquacult Res. 42:51–67. https://doi.
org/10.1111/j.1365-2109.2010.02729.x

Theuerkauf SJ, Morris JA Jr, Waters TJ, Wickliffe LC, Alleway HK, Jones RC. 2019. A global 
spatial analysis reveals where marine aquaculture can benefit nature and people. PLOS 
ONE. 14(10):e0222282. https://doi.org/10.1371/journal.pone.0222282

Upton HF. 2019. U.S. Offshore aquaculture regulation and development. Congressional 
Research Service Report No. R45952. Available from: https://crsreports.congress.gov/
product/pdf/R/R45952

US Commission on Ocean Policy. 2004. An ocean blueprint for the 21st century. Final Report. 
Washington, DC. ISBN#0–9759462–0–X

USDA. 2022. A strategic plan to enhance regulatory efficiency in aquaculture. National 
Science and Technology Council Subcommittee on Aquaculture. National Science and 
Technology Council of the Office of Science and Technology Policy. Accessed 18 November, 
2024. Available from: https://www.ars.usda.gov/sca/Documents/2022%20NSTC%20
Subcomittee%20on%20Aquaculture%20Regulatory%20Efficiency%20Plan_Final%20
508%20compliant.pdf

Weitzman J. 2019. Applying the ecosystem services concept to aquaculture: a review of 
approaches, definitions, and uses. Ecosyst Serv. 35:194–206. https://doi.org/10.1016/j.
ecoser.2018.12.009

Weitzman J, Filgueira R. 2020. The evolution and application of carrying capacity in aquaculture: 
towards a research agenda. Rev Aquacult. 12:1297–1322. https://doi.org/10.1111/raq.12383

Wickliffe LC, Crothers VC, Theuerkauf SJ, Riley KL, Morris JA Jr. 2019. Shellfish aquaculture 
map viewers: an assessment of design, data, and functions to inform planning and siting in 
the United States. J. Shell. Res. 38(2):209. https://doi.org/10.2983/035.038.0201

Wickliffe LC, Jossart JA, Theuerkauf SJ, Jensen BM, King JB, Henry T, Sylvia PC, Morris JA 
Jr, Riley KL. 2024. Balancing conflict and opportunity—spatial planning of shellfish and 
macroalgae culture systems in a heavily trafficked maritime port. Front Mar Sci. 10:1294501. 
https://doi.org/10.3389/fmars.2023.1294501

BB
MM
SS


