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Abstract

Many government regulations have improved environmen-

tal and social quality of life in the United States, but others

have resulted in negative consequences that exceed their

benefits to society. This study estimated the total annual

cost of regulatory compliance and lost revenue for US aqua-

culture. The total annual regulatory cost was $196 million

(in 2023 USD), which accounted for 9%–30% of total annual

costs, one of the top five costs of aquaculture production.

Regulatory costs result in disproportionately greater per-

unit costs of production on smaller-scale farms. Total annual

lost revenue was $807 million (36% of total sales value),

which resulted from lost sales and thwarted expansion

opportunities from regulatory actions that either closed
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access to existing markets, forced reduced scales of produc-

tion, or prevented attempts to expand production to meet

existing demand for the farm's products. Accounting for

multiplier effects, lost economic contributions were $1.4 bil-

lion annually, with >8000 jobs lost nationally from farms

alone, not including associated supply chain partners. Well-

designed regulations made use of best available science,

participatory approaches to rule-making, sunset clauses for

removal of outdated regulations, and market-based

approaches. Pathways identified to improve regulatory effi-

ciency included: (1) sunset clauses for each rule; (2) reward

incentives (i.e., reduced testing frequency for farms with

records of compliance) (3) standardized fish health testing

requirements of sample size, farm-wide rather than lot test-

ing, testing the most susceptible species/life stages; (4) non-

lethal, multi-pathogen testing methods; (5) farm compensa-

tion for reverse externalities of avian predation; (6) appropri-

ate risk management by experts to manage aquatic invasive

species and pathogens; (7) training in aquaculture science,

current farm practices, and appropriate, consistent, regula-

tory actions; (8) engagement with independent experts and

producers throughout rule-making; (9) establishment of

transparent appeals processes for farmers; (10) concurrent,

not sequential review of permit requests by agencies;

(11) long-term aquaculture literacy programs; and (12) an

efficient, streamlined permitting and regulatory framework

for mariculture.

K E YWORD S

aquaculture economics, aquaculture governance, regulations,
regulatory costs, US aquaculture

1 | INTRODUCTION

Governments exist to create and enforce the rules necessary for an orderly society, protect its citizens, and promote

general welfare. As part of general welfare in the United States, citizens expect a clean, healthy environment, safe

food and drugs, and fair business and employment practices (Beales et al., 2017). There is little question that US fed-

eral and state regulations over time have resulted in improved air and water quality, safer highways and work envi-

ronments, and improved public health, among other benefits (OMB, 2017, 2024).

Economic analyses of the effects of regulations on industries and the economy date back to seminal work by

Stigler (1971) who provided a theoretical framework that subsequently led to robust research on the economics of
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regulation. Various studies have identified clear benefits to society from regulatory action. For example, reductions

in pollution from environmental regulations were found to be associated with increased annual earnings and worker

productivity, presumably from improved health status (Chang et al., 2016; Currie & Walker, 2019; Isen et al., 2017;

Zivin & Neidell, 2012). Such laws and subsequent compliance and enforcement rules, particularly those that have

improved environmental and social quality, have been widely supported by the public.

Regulations developed without adequate attention to potential unintended consequences (referred to as

“poorly designed regulations” by Beales et al., 2017), however, cause delays, result in excessive compliance

costs, onerous paperwork, and reduce innovation and productivity (Porter & van der Linde, 1995; Executive

Order 12866, 1993; OMB, 1997). The continuously increasing numbers of US regulations, 58% increase in pages

in the Federal Register from 1976 to 2023 (Crews, 2023), with a 12% increase from 2022 to 2023 alone to

90,402 pages (Noe, 2016) has led to increased concern and greater research attention to its overall effects. Busi-

nesses that sell products for which demand is inelastic and for which there are few good substitutes may be able

to pass increased costs from regulations through to customers, while businesses selling products with elastic

demand into highly competitive markets with more similar products may not be able to pass the higher costs

from regulations on to customers. There are economic consequences, however, even for those businesses and

industries that can pass increased costs from regulations on to customers. For example, in the power-generating

sector, Curtis (2018) found that a cap-and-trade program designed to reduce emissions resulted in increased

costs that were passed through to manufacturing companies that then decreased employment by 1.3% overall,

and by 4.8% in energy-intensive industries. Increased consumer prices that result from increased regulatory

costs on businesses frequently affect low-income households to a greater extent than higher-income households

(Thomas, 2012), and contribute to greater income inequality (Chambers et al., 2018). For industries that cannot

pass increased regulatory costs on to consumers, increased regulatory costs often have substantial effects. Bai-

ley and Thomas (2017) found that the increased costs in more heavily regulated industries resulted in greater

proportions of smaller firms exiting the industry, fewer firms entering, and slower employment growth than in

less regulated industries.

Disagreement over the relative costs and benefits of regulations arises primarily from variability in the develop-

ment and implementation of the many specific compliance provisions of rules developed to enforce the laws passed

by federal and state lawmakers (Beales et al., 2017). As one example, few regulations have sunset clauses, such that

each new regulation adds to an ever-increasing number of total regulations that compounds the complexity of the

overall regulatory framework, increasing inefficiencies, and reducing innovation (Mandel & Carew, 2013). Overall,

the growing number and complexity of regulations in the United States have contributed to slower economic growth

(Dawson & Seater, 2013). Highly prescriptive regulations generally constrain development but are especially restric-

tive for businesses developed with new technologies (Oster & Quiglay, 1977), such as the rapidly evolving technolo-

gies in aquaculture (Asche & Smith, 2018; Osmundsen et al., 2017).

Evidence of an overly complex and redundant regulatory framework in the United States has grown for agricul-

ture (Antle, 2000; Hurley & Noel, 2006; Kaplan et al., 2004; Metcalfe, 2002) and specifically for aquaculture (Engle &

Stone, 2013; Knapp & Rubino, 2016; Rubino, 2022; Wirth & Luzar, 2001). The 2012 Executive Order, “Identifying
and Reducing Regulatory Burdens” acknowledged the regulatory compliance burden in the United States (Executive

Order No. 13610, 2012). The US regulatory framework is further complicated by the rights of individual states to set

policies and rules as they choose so long as they meet or exceed compliance criteria set by the corresponding federal

agency. The combination of increased regulations from federal agencies in each of the 50 states increased the

reported regulatory compliance burden to “billions of dollars in regulatory costs and tens of millions of hours in

annual paperwork burdens” in 2012 (Executive Order No. 13610, 2012), that further increased to $3.1 trillion

in 2022 (Crain & Crain, 2023). Additional complexity to the US regulatory framework accrues from the authority of

local towns, counties, and districts to pass ordinances and enforce those provisions in addition to required state and

federal laws and regulations.
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US aquaculture contributed $4 billion in total economic output and 22,000 jobs in 2022 from the farm sector

alone, not including contributions from supply chain partners of aquaculture farms (Kumar et al., 2024). The eco-

nomic contributions of aquaculture are especially important because most aquaculture production occurs in rural

areas with few economic and employment opportunities (Engle & van Senten, 2022; Krause et al., 2015; Peel &

Lloyd, 2008). Aquaculture supports a high percentage of sectors throughout the economy and has created new busi-

nesses and supply chains (Botta et al., 2021; Dicks, 1996; Hegde et al., 2022; Kaliba et al., 2004; Kaliba &

Engle, 2004). Despite its economic importance in many regions of the US, the rapidly increasing regulatory burden

has resulted in much slower growth of aquaculture in the United States and the European Union as compared with

many other countries (Abate et al., 2016; Duff et al., 2003; Engle & Stone, 2013; Farquhar et al., 2017; Osmundsen

et al., 2017; Thunberg et al., 1994). Stringent and redundant regulations have been reported to have reduced aqua-

culture farm productivity (Duff et al., 2003; Lockwood, 2017), and constrained future growth (Farquhar et al., 2017;

Kite-Powell et al., 2013). Equally important is that the United States is the largest importer of seafood in the world

(FAO, 2024), and the resulting trade deficit reached a record high of $20.3 billion in 2023 (Davis, 2024). Other

unintended consequences of the US regulatory system include: (1) negative effects on food security (Rexroad

et al., 2021) resulting from increased volumes of imports in response to the higher US production costs that decrease

competitiveness with international businesses not required to pay similar environmental regulatory costs; (2) dis-

placing negative environmental externalities to other parts of the planet with less stringent and rigorous environmen-

tal regulations and enforcement (Froehlich et al., 2020; Helvey et al., 2017); (3) reduced economic contributions and

employment opportunities in US rural areas because farms are restricted from expansion to optimal scales of produc-

tion; and (4) lack of development of a robust marine finfish sector.

Various studies have highlighted the disparity between the stringency of regulations and enforcement in the

United States and European Union as compared with that of developing nations that supply large percentages of

seafood products to the United States and European Union (Abate et al., 2016). Abate et al. (2016) defined “strin-
gency of regulations and enforcement” based on combinations of input-oriented and output/outcome-oriented met-

rics to construct a stringency index following Walter and Ugelow (1979) that accounted for both regulation and its

enforcement by country. There is ample evidence that US aquaculture products are produced sustainably (for exam-

ples of several summaries, see Naylor et al., 2021; Zajicek et al., 2021; Seafood Watch, 2020a, 2020b, 2022, 2023a,

2023b; Garlock et al., 2024), with US channel catfish, US rainbow trout, and clams (globally) rated as “Super Green”.
However, governance of aquaculture through regulation is needed in developing countries to manage and reduce

negative impacts on the environment (Genschick, 2011; Herbeck et al., 2020), human health (Reverter et al., 2020;

Rico et al., 2013), and on livelihoods (Primavera, 2006; Wu et al., 2017).

The first of nine formal farm-level economic surveys measuring regulatory costs on US aquaculture farms was

initiated in 2014 (van Senten & Engle, 2017). Overall, national surveys were conducted of baitfish/sportfish (van

Senten & Engle, 2017), salmonids (Engle et al., 2019), catfish (Hegde et al., 2023), tilapia (Engle et al., 2023), hybrid

striped bass (Engle & van Senten, 2023), and redfish (Engle & van Senten, 2023). Distinct regional surveys were con-

ducted of Pacific Coast shellfish (van Senten et al., 2020); Atlantic Coast shellfish (van Senten et al., in preparation);

and a statewide survey was conducted of ornamental aquaculture farms in Florida (Boldt et al., 2023). Results of the

Florida ornamental survey provided a measure of the value of and need for a pond preparation chemical for the non-

foodfish raised on ornamental farms that contributed to the approval of a Special Local Needs permit (Tropical Aqua-

culture Laboratory, 2024) and the subsequent positive impacts on the sector. The Florida example illustrates the

value of measuring the economic effects of regulations on US aquaculture farms.

The overall goal of this study was to analyze the total effects of the regulatory framework across US aquacul-

ture. Specific objectives were to: (a) estimate the total cost of regulatory compliance across all US aquaculture;

(b) estimate the total lost revenue resulting from regulatory decisions in the United States.; (c) compare and contrast

economic effects of the US regulatory framework across major sectors of US aquaculture; and (d) identify character-

istics of well-designed regulations from the research literature.
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2 | METHODS

Detailed survey methodologies of nine major sectors of US aquaculture are available for baitfish/sportfish (van

Senten & Engle, 2017), salmonids (Engle et al., 2019), catfish (Hegde et al., 2023), tilapia (Engle et al., 2023), hybrid

striped bass (Engle & van Senten, 2023), redfish (Engle & van Senten, 2023), Pacific Coast shellfish (van Senten

et al., 2020); Atlantic Coast shellfish (van Senten et al., in preparation), and ornamental aquaculture farms in Florida

(Boldt et al., 2023). Briefly, each survey was designed as a census for which every attempt was made to contact all

known producers nationally (for catfish, baitfish/sportfish, salmonids, tilapia, hybrid striped bass, and redfish), within

specified regions (for Pacific and Atlantic Coast shellfish), or within the state with the greatest concentration of farms

(Florida ornamentals). The choice of a census, rather than a sampling approach, was based on preliminary evidence

of substantial variations in regulatory effects across states and from farm to farm. Each survey represented a snap-

shot in time for each sector, with farmers asked to respond based on the regulatory costs and market effects for the

year preceding the survey.

Most interviews were conducted in person, with a small percentage conducted by telephone. Interviews lasted from

approximately 1 hour to more than 3 h each. The survey instruments developed were reviewed for content validity by

industry experts, extension personnel who work closely with each relevant sector and knowledgeable researchers, and

were revised accordingly. Pre-tests with producers were conducted for each survey to ensure that questions were

worded clearly, used terminology commonly employed in each farming sector, and to ensure that questions were unam-

biguous. Coverage rates were generally high with seven of the sectors surveyed covering 63% to 99.8% of the value of

aquaculture in that sector (Table 1). The lowest coverage rates were those of Atlantic Coast shellfish (31%) and hybrid

striped bass (37%). Response rates ranged from 6% (Atlantic Coast shellfish) to 89% (redfish).

Farm business data are confidential, and standard procedures were followed to protect the confidentiality of

each survey respondent. Observations were coded without individual identifying information, and only those individ-

uals who were signatories to the confidentiality agreement for that sector had access to the data files. Data were

reported in aggregate with categories selected to ensure that no individual farm data would be disclosed.

Data from the nine surveys were entered into a common spreadsheet, and cost and revenue data were adjusted

to 2023 values using the Consumer Price Index (CPI) (US Bureau of Labor Statistics, 2024). Direct regulatory compli-

ance costs were summed across all aquaculture sectors to obtain a total direct cost of regulatory compliance for the

nine sectors. This value was adjusted for the overall national surveyed coverage rate of 77% of all US aquaculture

(Table 1) to estimate the total national regulatory compliance burden. Total direct costs were further calculated as

TABLE 1 Coverage and response rates of regulatory cost surveys of major sectors of US aquaculture.

Sector Response rate (%) Respondentsa (no.) Coverage rate (%) Reference

Catfish 17% 78 63% Hegde et al. (2023)

Salmonids 63% 101 94.5% Engle et al. (2019)

Pacific Coast shellfish 27% 48 74% van Senten et al. (2020)

Atlantic Coast shellfish 6% 79 31% van Senten et al. (in prep.)

Baitfish/sportfish 34% 60 74% van Senten and Engle (2017)

Ornamentals 41% 30 82% Boldt et al. (2023)

Tilapia 18% 24 75% Engle et al. (2023)

Hybrid striped bass 35% 11 37% Engle and van Senten (2024)

Redfish 89% 8 99.8% Engle and van Senten (2024)

Total coverage of US aquaculture 77%

Note: Percent of total production values.
aCompleted responses.
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the mean regulatory cost per farm and as a percent of total farm costs. Regulatory compliance costs were compared

across aquaculture sectors. Per-unit regulatory costs were calculated as $/kg for foodfish sectors (i.e., catfish, salmo-

nids, tilapia, hybrid striped bass, redfish), whereas per-unit costs for baitfish/sportfish, ornamentals, and shellfish

were reported as a percent of total sales because products in these sectors are not sold by weight. Regulatory com-

pliance costs were further calculated as the percentage contribution to fixed and variable costs.

The US regulatory framework includes laws for which rules are promulgated to regulate environmental quality,

the safety of the food supply, working conditions for farm employees, and the safety of the transportation system.

Survey data were disaggregated into various regulatory categories to compare the magnitude of each for aquaculture

farms. Regulatory categories identified in the survey datasets included: environmental management, legal, labor, food

safety, transportation, aquatic animal health, and taxes. The environmental management category was subdivided

into avian predator management, effluent discharge management, water rights and access, effects on coastal ecosys-

tems, non-native species/gamefish status, and storage and disposal of chemicals and wastes. Regulations related to

immigration were included in the labor category along with worker safety requirements. Most sectors of US aquacul-

ture reported regulations in these various regulatory categories, although the degree of effect varied by sector,

region, and farm. A few exceptions included non-foodfish sectors (baitfish, sportfish, and ornamentals) for which

food safety regulations were not applicable and farms raising freshwater species not subject to coastal ecosystem

and use regulations.

The regulatory costs reported in the surveys included different types of costs. To further understand the effects

on farm businesses, total regulatory costs were disaggregated by cost types that included: permits and licenses, man-

agement and labor, capital for regulatory compliance, insurance, legal and professional services (i.e., environmental

consultants, engineers), taxes, and direct costs other than permits and licenses.

Regulatory actions on US aquaculture farms resulted in lost revenues in addition to increased costs. Lost reve-

nue reported from US aquaculture businesses took several forms; thus, the values of lost revenues were dis-

aggregated into the component categories of the value of markets lost from regulatory decisions, the value of lost

production as a result of regulatory actions, and the value of opportunities lost when expansion attempts were

thwarted. Lost revenues were summed across all surveys, adjusted to 2023 dollars using the CPI, and adjusted for

national coverage to obtain an estimate of total national lost revenue. Lost revenue from regulatory action was com-

pared across aquaculture sectors.

Farm size effects of regulatory costs were examined by disaggregating survey data by farm size categories identi-

fied through examination of the structure of farm sizes in each sector. Farm size structures varied across the diverse

sectors of US aquaculture and reflect differing supply chains, target markets, and the evolution of each sector. Specific

size categories for each sector are presented in the Results section on scale effects and in the detailed publications

from sector-specific surveys. There were insufficient numbers of observations of hybrid striped bass and redfish farms

to group into size categories, but scale effects were reported at industry levels to preserve confidentiality.

The study also sought to identify economically efficient pathways for reducing the regulatory compliance burden in

US aquaculture. A review of the research literature on the effects of regulations identified characteristics of well-designed

regulations. The characteristics identified were used in conjunction with survey recommendations for reducing the regu-

latory compliance burden to suggest pathways for more efficient (i.e., less costly) regulation of US aquaculture.

3 | RESULTS

3.1 | Ranking of regulations as compared with other challenges of US
aquaculture farms

Respondents across all nine surveys were asked to list and rank the greatest problems and challenges on their farms.

Overall, more than half (54%) reported that regulations were either the top or the second-greatest problem faced,

6 of 28 ENGLE ET AL.
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but percentages varied across sectors (Figure 1). Greater percentages of baitfish/sportfish, Pacific Coast shellfish,

hybrid striped bass, and salmonid producers reported regulations being their top or second-greatest problem,

followed by respondents to the Atlantic Coast shellfish, catfish, tilapia, and ornamental surveys. More than half

(51%) of Pacific Coast shellfish producers indicated that regulations were their primary challenge. A third (33%) of

baitfish/sportfish producers also ranked regulations as their top challenge, followed by 29% of salmonid and Atlantic

Coast shellfish respondents, and 13% of redfish respondents. While other sectors faced top challenges other than

regulations, 45% of hybrid striped bass, and 27% of catfish respondents reported that regulations were their second-

greatest challenge.

The specific regulations that were most problematic varied by aquaculture sector. For Pacific Coast shellfish, the

US Army Corps of Engineers actions with respect to shellfish permitting dominated the list. Shellfish growers on

the Atlantic Coast reported that the most problematic were regulatory actions related to shellfish sanitation such as

harvesting closures when contaminants or pathogens were found in waters where shellfish were being grown. The

most problematic regulations for baitfish/sportfish and trout producers who sell into recreational markets were

the permits required by other states where customers were located, to allow fish to be imported into those states.

Effluent discharge and the frequency of effluent testing were the greatest problems for tilapia, redfish, and salmonid

producers who primarily sell foodfish. The greatest problem for catfish and the second-greatest problem for redfish

and hybrid striped bass producers was that of managing avian predators on their farms, many of which are protected

under the Migratory Bird Treaty Act. Tilapia producers mentioned issues with shipping and trucking regulations to

deliver live fish to markets. Hybrid striped bass producers experienced high costs related to regulation of farming

gamefish species. For ornamental producers, regulation of interstate and international shipping of live products was

the greatest problem, followed closely by access to water and approval of non-foodfish use of drugs and chemicals

used by international competitors.

3.2 | Regulatory cost burden on US aquaculture farms

The total regulatory cost burden across US aquaculture farms (adjusted to 2023 values) was $196 million annually

(Table 2). The average regulatory cost per farm ranged from $29,128 to $450,564 per farm per year. The sectors

F IGURE 1 Percentage of respondents ranking regulations as the no. 1 or no. 2 most problematic, by aquaculture
sector.

ENGLE ET AL. 7 of 28
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with the greatest total regulatory costs were the largest sectors of US aquaculture, including catfish, salmonids, and

Pacific Coast shellfish. The sectors with the greatest mean farm regulatory costs were catfish and salmonids,

followed by redfish, Pacific Coast shellfish, tilapia, hybrid striped bass, and ornamentals, with the mean farm regula-

tory costs substantially lower for Atlantic Coast shellfish farms. On-farm regulatory compliance costs ranged from

9% of total farm costs to 30%, making on-farm regulatory compliance a major cost of production for many sectors.

The catfish sector had one of the lowest percentages of regulatory compliance costs relative to total costs, but as

the largest sector of US aquaculture, still ranked first in the total regulatory compliance burden.

Regulatory costs in foodfish sectors accounted for substantial proportions of the per-unit cost ($/kg) of foodfish.

Per kg, the greatest regulatory compliance cost on foodfish farms was for hybrid striped bass, followed by tilapia,

redfish, salmonids, and catfish (Figure 2). Of the sectors that do not sell products by weight, regulatory costs were

12% of total sales for ornamental farms, 11% for baitfish/sportfish, 9% for Pacific Coast shellfish, and 4% for Atlantic

Coast shellfish farms (Figure 3).

Environmental management regulations resulted in the greatest proportion (40%) of regulatory costs on US

aquaculture farms (Figure 4). The second-greatest regulatory costs were taxes (19%), followed by labor (15%), legal

(11%), food safety (8%), transportation (5%), and aquatic animal health (2%). Of the various environmental manage-

ment regulatory costs, managing avian predators accounted for 51%, followed by effluent discharge testing (26%),

coastal ecosystem regulations (14%), water rights and access (7%), use of non-native or game species (1%), and finally

chemical storage, waste disposal, and other on-farm requirements (1%) (Figure 5). Specific examples of environmen-

tal management regulatory costs include: (1) restrictions on shellfish farming related to potential ecosystem effects

on eelgrass or submerged aquatic vegetation; (2) requirements for retail customers to file reports for each purchase

of a farmed fish classified as gamefish; and (3) delays in issuing depredation permits for avian predators that resulted

in greater fish losses.

The greatest portion of aquatic animal health regulatory costs resulted from inspections to prove health status.

For salmonids, the greater portion of the cost of fish health inspections was the laboratory testing cost (Engle

et al., 2021), whereas for baitfish/sportfish, the cost of sampling the 8-ha earthen ponds for collection of fish to be

tested for proof of health status was the greatest fish health cost (van Senten & Engle, 2017). Fish health testing

TABLE 2 Total regulatory cost of US aquaculture, average farm costs, percentages of regulatory costs of total
costs, and percent of regulatory costs that were fixed costs, adjusted to 2023 values.

Sector

Total regulatory
cost

Mean farm
regulatory cost

Regulatory costs
as % of total
costs

Percent of regulatory
costs that are fixed
costs

($) $/farm % %

Catfish 55,784,158 450,564 9% 63%

Salmonids 36,225,033 338,937 13% 74%

Pacific Coast shellfish 20,790,436 320,519 30% 72%

Baitfish/sportfish 10,403,837 128,314 17% 78%

Atlantic Coast

shellfish

7,423,041 29,128 9% 65%

Ornamentals 6,417,723 175,418 26% 87%

Tilapia 6,168,518 192,766 18% 79%

Hybrid striped bass 5,340,646 179,640 22% 84%

Redfish 2,626,606 328,326 15% 82%

TOTAL 151,179,999

Adjusted for coverage 196,337,661
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F IGURE 2 Regulatory compliance costs as $/kg of foodfish produced by sector, in 2023 $.

F IGURE 3 Regulatory compliance costs as percent of sales, ornamentals, baitfish/sportfish, and shellfish. Values
in percent of total sales.

F IGURE 4 Total US regulatory costs by regulatory category, all sectors combined. Values in percentage of total
regulatory cost.

ENGLE ET AL. 9 of 28

 17497345, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jw

as.70005 by Saginaw
 V

alley State U
niversity, W

iley O
nline L

ibrary on [18/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



costs increased mostly with the number of tests to be conducted (Engle et al., 2021). Testing costs included the man-

agement and labor costs of preparations to sample fish for testing, veterinarian fees, laboratory testing, shipping, and

the value of fish sacrificed. Costs increased exponentially with the number of species, size and age classes, and lots

that regulators required to be tested.

The costs of labor regulations were primarily those of contracting attorneys to navigate the visa process to hire

guest workers (foreign workers with legal US work permits). Legal costs were mostly for legal counsel required for

regulatory actions, but included the costs of shellfish permits that resulted in additional legal fees stemming from

lengthy delays across multiple agencies. Food safety regulatory costs included the time spent on recording and moni-

toring temperatures for harvesting and transporting shellfish along with the time required to submit temperature

data to multiple agencies in different formats.

The greatest cost category of on-farm regulatory compliance was that of direct costs other than the cost of the

permit alone, which accounted for 28% of all regulatory compliance costs (Figure 6). Such direct costs include

expenses for employee training, consultants to conduct required surveys, and laboratory testing for effluent dis-

charge and fish health status required by states to import fish from another state, among other expenses. The

second-greatest cost of regulatory compliance was for time spent by management and labor on compliance activities

and reporting, at 25% of total regulatory costs. Survey respondents reported spending substantial amounts of time

attempting to identify changes in regulatory requirements of all states where customers were located. Frequent turn-

over of agency personnel charged with managing state-level import permits often resulted in extensive delays. Insur-

ance accounted for 12% of total regulatory costs and included worker's compensation that is required for larger

businesses as well as vehicle insurance for farm vehicles and fish hauling trucks in addition to liability insurance for

the farm. Capital costs associated with required investment in new equipment, facilities, or modifications to existing

facilities accounted for 10% of total regulatory costs. Capital costs were measured as the annual interest on the

investment in capital assets required for compliance. Other, often unexpected, changes on farms from regulatory

compliance accounted for 6% of total regulatory costs. These included changes in classification of shellfish leasing

sites and regulatory requirements that were changed when new agency staff were hired. Legal and other profes-

sional services that included counsel for legal action or engineering and environmental consultants accounted for 3%

of total regulatory costs, while the permits themselves accounted for only 2% of the total regulatory compliance bur-

den on US aquaculture farms.

F IGURE 5 Environmental management costs by category of environmental regulation. Values in percentage of

total environmental management costs.
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3.3 | Lost revenue from regulations on US aquaculture farms

The total value of the revenue lost annually from regulations was $807 million (adjusted for national coverage, in

2023 USD) (Table 3). All sectors of US aquaculture interviewed reported lost revenue as a result of regulations

(Figure 7). Lost revenue values were related to some degree to the overall size of the sector, with the greatest

amount of lost revenue measured in the Pacific Coast shellfish sector. Abrupt changes in the nature of the permits

required in Washington, the largest mollusk-producing state in the United States (USDA-NASS, 2024), accounted for

much of the lost revenue in the Pacific Coast shellfish sector, although California producers also reported fairly high

levels of lost revenue. The lost revenue per farm in finfish sectors ranged from nearly $500,000 to $4 million per

farm and from $0.12 to $5.42/kg of finfish produced (data not shown). As a percent of total sales revenue, the reve-

nue lost from Pacific Coast shellfish farms was 159% of total sales revenue, followed by 42% for ornamentals, 24%

for baitfish, and only 5% for Atlantic Coast shellfish. Twenty-nine percent of Atlantic Coast shellfish respondents

reported lost sales opportunities, but did not provide an estimate of those potential sales; thus, the 5% value of lost

revenue as a percent of total sales may be underestimated.

More than half (53%) of the lost revenue reported resulted from lost sales opportunities (Figure 8). An additional

32% of the lost revenue was from markets that were closed to aquaculture producers through regulatory actions,

and another 15% from production lost by regulatory actions that forced producers to either take units out of produc-

tion or otherwise restrict production levels. Overall, the lost revenue values estimated indicated a demand of $807

million for US aquaculture products that was lost because of regulations. Compared with the 2023 value of US aqua-

culture sales of $2270 million (USDA-NASS, 2024), US aquaculture could have been 36% greater if regulations had

not constrained production and sales of the sector. Lost sales of $870 million equate to lost total economic output

of $1.4 billion based on the national multiplier reported by Kumar et al. (2024) and more than 8000 jobs nationally.

3.4 | Differential scale effects of regulatory costs on US aquaculture farms

The effects of regulations differed by farm size for all sectors analyzed other than hybrid striped bass (Figure 9).

There were sufficient numbers of observations to identify clusters of farm-size groupings for all but two sectors

(hybrid striped bass and redfish).

F IGURE 6 General categories of costs incurred from regulatory compliance aggregated across all US aquaculture.
Values in percent of total regulatory cost.
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The greatest negative effects from regulations were on the smallest farm sizes, reflecting the high proportion of

regulatory costs that are fixed and not variable costs (Table 2). Fixed costs as a percentage of total production and

marketing costs ranged from 63% to 87% of regulatory costs across the various sectors. The regulatory compliance

burden, therefore, largely affects US aquaculture businesses through increases in fixed costs that create additional

TABLE 3 Lost revenue from regulations, adjusted to 2023 values.

Sector
Total lost revenue Lost markets

Lost opportunities and
thwarted expansion Lost production

($) $ $ $

Pacific Coast shellfish 360,580,257 142,038,412 218,541,845 –

Salmonids 66,691,213 9,008,963 50,945,840 6,736,409

Catfish 41,560,703 4,987,284 2,493,642 34,079,777

Tilapia 38,423,032 – 33,428,824 4,994,209

Hybrid striped bass 36,859,870 7,406,231 565,895 28,887,744

Ornamentals 29,078,826 – 14,539,413 14,539,413

Baitfish/sportfish 22,491,297 22,491,297 – –

Redfish 16,075,439 14,699,008 – 1,376,430

Atlantic Coast shellfish 9,361,237 – 9,361,237 –

TOTAL 621,121,875 200,631,196 329,876,697 90,613,982

Adjusted for coverage 806,651,785

F IGURE 7 Lost revenue as a result of regulations by major sector of US aquaculture.

F IGURE 8 Lost revenue by category of loss. Values in percent of total lost revenue.
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cost inefficiencies for all farms, but are especially onerous for small businesses. Greater fixed costs also increase

costs on larger-scale farms, but the greater production volumes across which fixed costs are spread result in lower

cost increases than on smaller-scale farms. The resulting per-unit production costs from greater fixed costs reduce

competitiveness, increase the likelihood of business failure, and increase the number of farms that exit the industry.

The disproportionately greater effect of regulations on small-scale farms likely explains the on-going trend of

increasing farm size in aquaculture (USDA-NASS, 2019).

Regulatory costs on redfish farms also demonstrated a trend of decreasing costs with larger farm sizes, but data

were not shown because of low numbers of farms (Engle & van Senten, 2023). There was no clear effect of farm size

on hybrid striped bass farms, likely because of the low number of observations combined with a high percentage of

responses from a state that restricted production to a low level.

4 | DISCUSSION

Rules and regulations are promulgated by governments in efforts to meet the desires of its citizens for a healthy

environment, and safe food, highways, and places of work. US citizens enjoy a quality of life that has resulted from

(a) (e)

(f)

(g)

(b)

(c)

(d)

F IGURE 9 Effects of regulatory costs on farm size by major sector:(a) catfish ($/kg); (b) salmonids ($/kg);
(c) tilapia ($/kg); (d) baitfish/sportfish ($/ha); (e) Pacific Coast shellfish ($/ha); (f) Atlantic Coast shellfish ($/thousand
dollars of sales); and (g) ornamentals (% of total sales).
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the implementation and enforcement of regulations developed to achieve such quality (OMB, 2017, 2024). Regula-

tions come at a cost to society and are worthwhile as long as the benefits exceed those costs. However, the evi-

dence that the costs of US regulations have exceeded benefits has increased (Beales et al., 2017). Factors reported

in the broader research literature on regulatory effects that contribute to excessive costs include inadequate atten-

tion to the best available science, lack of independent scientific review, and the continuous accumulation of regula-

tions, particularly given the absence of sunset clauses, among others (Coffey et al., 2020).

US aquaculture producers have long reported regulations as a serious constraint (Gibson, 1979). This study

offers the first estimate of the total national regulatory compliance burden on US aquaculture farms and confirms

that regulatory costs have had substantial negative effects.

Environmental regulations generated the greatest regulatory costs. US citizens enjoy improved air and water

quality as a result of regulatory actions, but the lack of parity in regulatory stringency between the United States and

developing countries that export large quantities of farmed seafood to the United States (Abate et al., 2016;

McDorman & Ström, 2006) can produce perverse results. By not holding imported seafood to the same regulatory

rigor, the United States could be viewed as encouraging pollution of the environment from unregulated farms in

other countries (Engle, 2019; Froehlich et al., 2020; Helvey et al., 2017). Decreased competitiveness of US aquacul-

ture producers from the lack of equivalency in regulatory rigor was evidenced in catfish, tilapia, hybrid striped bass,

and redfish sectors (Engle et al., 2023; Engle & van Senten, 2024; Hegde et al., 2023; Sun et al., 2023). The effect on

competitiveness of US aquaculture is of concern given that the United States is one of the largest seafood markets

in the world with the majority of its seafood supply imported with products that are less expensive because they are

raised under less rigorous regulatory constraints. The resulting US seafood trade deficit was $20.3 billion in 2023

(Davis, 2024). Moreover, such an unintended consequence of the regulatory burden on US aquaculture businesses

could potentially increase total global pollution. The decreased competitiveness results from greater production costs

in the United States as compared with imported products that are not held to the same environmental management

rigor as in the United States. The lower production costs from lack of adequate environmental controls allow impo-

rted products to be offered at a lower price, thereby increasing the quantity demanded and sold in the

United States. Such increased demand for products without adequate environmental controls potentially increases

the overall volume of global pollution above what it would be if greater US consumption was from US farms oper-

ated under its stringent regulatory and enforcement systems. More efficient approaches are needed that provide

adequate oversight over environmental management but that do not threaten the economic sustainability of US

aquaculture (Cochrane, 2022; Mandel & Carew, 2013; Noe, 2016). One such approach is delineated in recommenda-

tions made in the European Union (EU) to require countries that export seafood to the EU to meet all EU food safety

and environmental regulations (European Commission, 2022). A similar approach could be considered in the

United States for imported seafood.

Eighty-five percent of US aquaculture farms are small businesses (USDA-NASS, 2019). Despite guidance from

the Office of Management and Budget to consider distributive impacts in rule-making processes (Executive Order

14094, 2023), smaller-scale aquaculture farms experience much greater regulatory costs than larger farms. Of equal

concern is that regulations prevented small-scale shellfish producers from adopting new technologies with less envi-

ronmental impact (van Senten et al., 2020). Moreover, total regulatory effects tended to be greater in areas with

large farm clusters, such as catfish (Hegde et al., 2022), crawfish (McClain et al., 2005), tilapia (Engle et al., 2023), and

ornamental fish (Boldt et al., 2023) because of the greater numbers of farms and total production affected in those

areas.

Findings that regulatory costs were primarily fixed costs in aquaculture, as on California agriculture farms

(Hurley & Noel, 2006), may partially explain reports that regulatory compliance requirements have decreased farm-

level efficiencies in Norway (Asche & Roll, 2013). In the United States, a 10% reduction in manpower cost spent on

regulatory compliance was found to increase technical efficiency by 77.5% on US baitfish/sportfish farms (van

Senten et al., 2018a).
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Regulatory costs were found to have become one of the top five costs of production on US aquaculture

farms. Increased costs have economic consequences. Businesses that sell products with inelastic demand

and few close substitutes, such as oysters and live fish sold to live fish markets, may be able to pass

increased costs on to customers. Other sectors, however, such as catfish and trout that face more elastic

demand in foodfish markets, in which consumers readily substitute other species, cannot pass such

increased costs on to consumers. The result for those sectors is reduced price competitiveness as compared

with international suppliers who are not required to internalize environmental regulatory costs. There also

are economic consequences for sectors selling products with inelastic demand and few substitutes. Those

businesses may be able to continue selling products, but may lose low-income consumers who are unable to

pay the higher costs. Market intermediaries may similarly be affected by the increased costs that may force

businesses to reduce employment or make other adjustments as necessary. Increasing prices of goods tend

to result in lower quantities purchased overall. Given priorities of increasing seafood consumption for health

and food security in the United States, higher prices of seafood will have the opposite effect of reducing

the quantity demanded.

Listing farmed species in trade as injurious under the Lacey Act has negatively affected US farms by reducing

risk management strategies of production diversification and restricting access to markets. For catfish, effects

included: (1) reduced product diversification and economies of scope from listing bighead carp (Hegde

et al., 2023); (2) loss of the best control method for the Bolbophorus spp. parasite (Ledford & Kelly, 2006;

Thomas & Hanson, 2007) from listing black carp; and (3) closure of black and bighead carp hatcheries (Hegde

et al., 2023). Bighead carp sales provided additional revenue to catfish farms that have not been recovered

because there is no other commercially viable filter-feeding fish that can be raised efficiently in polyculture with

catfish. The use of black carp to minimize losses to a trematode parasite was the only effective treatment for the

trematode (Wui & Engle, 2007), and losses to the trematode have continued on catfish farms. While the US Court

of Appeals ruled in 2017 that the Lacey Act could not be used to regulate interstate movement of injurious spe-

cies, the losses on catfish farms have continued because of the absence of supplies of bighead and black carp fin-

gerlings (Hegde et al., 2023). On-going attempts to reinstate the authority of the United States Fish & Wildlife

Service to regulate interstate movement of injurious species listings to various pieces of federal legislation that

continued in 2021–2022 (See Engle et al., 2024a for specifics) create potential risks to hatcheries that once sup-

plied bighead and black carp fingerlings. On-going proposals to add blue catfish, tilapia, red swamp crawfish, grass

carp, koi, guppy, and goldfish, all aquaculture species in trade in the United States, to the List of Injurious Species

were found to potentially result in losses of $452 million in total economic output, nearly 5000 jobs, and $35 mil-

lion in tax revenue (Engle et al., 2024a).

Severe actions by enforcement officers such as heavy fines, threats of felony charges, or mandatory jail time

have a chilling, deterrent effect on aquaculture. For example, a paperwork violation under the Lacey Act resulted in

felony charges with threatened fines of up to $500,000 and 5 years in jail (Rumley, 2010). Engle et al. (2019)

reported that onerous regulations in a state that had been a major trout-producing state resulted in the exodus of

more than 25 trout farms in that one state.

One of the limitations of this study was the nature of the underlying survey data. The data from each survey

reflects a snapshot of events in the specific year of data collection. A regulatory action that resulted in substantial

effects the year following the survey would not have been captured. Moreover, the surveys were conducted in dif-

ferent years, with some of the data handled differently in earlier than in later years. This analysis re-visited the raw

data to aggregate responses in a consistent manner and adjusted USD values to constant 2023 equivalents. As a

result, specific values in this analysis differ from those in the original publications. Finally, the response and coverage

rates in the Atlantic Coast shellfish survey were noticeably lower than those in the other surveys. Regulations were

likely of less importance to Atlantic Coast shellfish producers, but it is also possible that there were other reasons for

the low response rates that were unknown to the authors.
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4.1 | Pathways towards more efficient regulations

Are there pathways toward more cost-efficient approaches to regulation of aquaculture in the United States that still

provide adequate oversight? The literature on the effects of regulations has identified key elements required for

more efficient approaches to regulations that further suggest pathways for more efficient, lower-cost regulation of

US aquaculture.

4.1.1 | Key elements of more efficient regulatory approaches

Regulations are developed with the intention to enhance the wellbeing of society (Beales et al., 2017). A growing

body of research, however, has raised concern over the inefficiencies created by the rate of increase of regulations

that compound negative effects on businesses (Mandel & Carew, 2013) through unreasonable compliance costs

(OMB, 2017), reduced economic growth (Dawson & Seater, 2013), decreased productivity (McGrattan &

Prescott, 2012), reduced adoption of technological innovations (Oster & Quiglay, 1977; Porter & van der

Linde, 1995), and increased income inequality (Chambers et al., 2018). Economic growth was reduced by 0.8% per

year from 1980 to 2012 and by 2% per year from 1949 to 2005 because of regulations according to Coffey et al.

(2020) and Dawson and Seater (2013), respectively. The growing literature on negative effects of the growing regu-

latory framework in the United States has led to calls for “smarter” (Cochrane, 2022; Mandel & Carew, 2013;

Noe, 2016), more cost-effective, approaches to regulation (Beales et al., 2017; Hahn, 1996). The following summa-

rizes key elements of more efficient approaches to regulation from research literature.

Beales et al. (2017) argued that regulators should follow a “First do no harm” approach. Benefit–cost analysis is
the tool required for federal rules (Executive Order 12866, 1993) to determine whether private markets, the required

trigger for rule-making, have failed (Executive Order 12866, 1993). Few rules, however, adequately assess whether

private markets have failed. The common use of benefit–cost analysis appears to have had little effect on the accu-

mulation of unreasonable regulatory compliance costs (National Center for Environmental Economics, 2014). Indus-

tries that are not well understood and are changing rapidly, such as aquaculture, are at greater risk of substantial

harm from regulatory action, particularly if insufficient effort is made to identify and estimate potential unintended

consequences (Beales et al., 2017; Osmundsen et al., 2017). Avoiding greater harm than good through well-designed

regulations requires that the rules developed be tailored to the issue at hand, and the potential costs to the regulated

sector studied and analyzed in detail.

Well-designed regulations should: (1) avoid precautionary approaches and focus on the best available scientific

information; (2) adopt collaborative and participatory approaches throughout; (3) include sunset clauses that require

periodic review to determine whether the need still exists followed by removal of outdated regulations; and (4) allow

for flexibility by favoring market-based over command-and-control approaches (Beales et al., 2017).

Precautionary approaches to regulation that are not based on detailed analysis and understanding of the best

available scientific information can lead to mistakes with serious consequences for the economic sectors affected

(Beales et al., 2017; Foster et al., 2000). Regulatory agency staff rarely have in-depth expertise across the many sub-

ject matter areas relevant to any particular issue and are unlikely to have time to fully digest the relevant scientific

knowledge. Engaging teams of independent experts to provide comprehensive technical reviews would reduce the

chances of missing critical data or a final determination that potentially reflects biases of individual agency staff

(Abate et al., 2018; Beales et al., 2017).

Collaborative, participatory approaches (as specified in Executive Order 14094, 2023 and earlier by Executive

Order 12866, 1993) of active engagement among farmers, regulators, and independent experts lead to practical rules

that are more effective at meeting societal goals (Carr, 2015; Osmundsen et al., 2017; Palmer et al., 2013; Rubino &

Wilson, 1993; Stead, 2005). As an example, the US Environmental Protection Agency (USEPA) chose a participatory

approach to develop the 2004 rule on effluents from aquaculture (USEPA, 2004). The rule-making effort was
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triggered by pressure from environmental Non-Governmental Organizations and a subsequent court decree to add

additional industries, including aquaculture, to the National Pollutant Discharge Elimination System permitting pro-

cess (Tucker & Hargreaves, 2008). The Aquaculture Effluents Task Force (AETF) formed in 1999 consisted of approx-

imately 200 individuals including scientists from various disciplines, producers, Extension personnel, and NGOs

organized into 11 technical subgroups. What began as a contentious matter resulted in a final rule widely viewed to

be reasonable because the agency made final decisions based on the data, analyses, and suggestions provided by

AETF participants (Engle et al., 2005; Tucker & Hargreaves, 2008).

The lack of a specified timeline for evaluation of the continuing need for a specific regulation (Dudley, 2014) has

led to a substantial accumulation of regulations (Noe, 2016) with the size of the Federal Register alone increasing by

12% from 2022 to 2023 to 90,402 pages. The cumulative increase in pages in the Federal Register from 1976 to

2023 was 58% (Crews, 2023). Without removal of outdated rules, such continuous accumulation has contributed

to redundancy and inefficiency (Beales et al., 2017). Retrospective review of all rules is needed to seek ways to elimi-

nate overlap, and to streamline and simplify rules and compliance requirements (Asche & Smith, 2018; Hishamunda

et al., 2012).

Flexible approaches that create incentives for business innovation are likelier to result in more efficient regula-

tory approaches than a single generalized approach (Ambec et al., 2011; Porter & van der Linde, 1995). Inflexible

rules were found to quickly become obsolete from the rapid pace of technological development in aquaculture

(Osmundsen et al., 2017). The diversity and variability of aquaculture farms by geographic region, size, scope, and

business model (Engle et al., 2020; Johnson et al., 2014; Kumar et al., 2020) requires a more flexible, market-based

approach than the more common command-and-control approaches that often produce unintended consequences

(Engle & Wossink, 2008; Hishamunda et al., 2012).

4.1.2 | Specific pathways with potential to improve the efficiency of US regulations with
respect to aquaculture

The evidence of the negative effect of the US regulatory framework on the competitiveness of US aquaculture has

grown substantially (Engle & Valderrama, 2002; Engle & Stone, 2013; Abate et al., 2016; Engle et al., 2019; Engle &

van Senten, 2022, 2023) and has decreased the overall economic contributions from aquaculture (Kumar

et al., 2024). This body of work has pointed to a clear need for reform and efforts to develop “smarter,” more effi-

cient regulations. Table 4 lists specific pathways suggested by research on farm-level effects on aquaculture farms

that could lead to reduced regulatory costs, improved competitiveness, and growth of US aquaculture.

Renewed recognition of the potential benefits to the United States of expansion of commercial aquaculture is

evidenced by the Executive Order requiring federal coordination of aquaculture (Executive Order 13921, 2020),

“Promoting American Seafood Competitiveness and Economic Growth”, issued in 2020. This Executive Order called

for a series of national plans for aquaculture that were subsequently developed by the US federal interagency Sub-

committee on Aquaculture. The 2022 National Strategic Plans for Aquaculture Research and to Enhance Regulatory

Efficiency in Aquaculture, and the 2024 National Strategic Plan for Aquaculture Economic Development were

designed to support growth of US aquaculture (USDA-ARS, 2024). Additional work has continued on the develop-

ment of a national aquatic animal health plan along with the development of a variety of tools intended for use by

those seeking to navigate the permitting process for marine aquaculture farms (NOAA, 2024).

Rule-making process pathways to improve the efficiency of regulations

Each rule developed should include a sunset clause that specifies a date that triggers an evaluation of whether objec-

tives have been met, whether the rule has become outdated and whether it is time to remove or amend the rule.

Rule development should include specific guidelines for reward incentives for those producers who can demonstrate

a record of compliance. An example of a strong incentive would be specified reductions in the frequency of testing
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for fish health status or effluents that would reduce time and associated costs for those farms with a record of com-

pliance over time.

Fish health testing rules should be standardized across states to specify the sample size and require farm- rather

than lot-level testing. Testing should be required only for species and size and age classes that are most susceptible

to the pathogens of concern. Methods of non-lethal fish health status testing are needed to avoid sacrificing healthy

fish, as well as development and approval of multi-pathogen testing methods to further reduce fish health testing

costs.

Programs are needed to compensate private fish farmers for suffering related to losses from the reverse exter-

nalities of federally protected avian predators. Compensation should include the costs of managing bird predation to

attempt to reduce losses using non-lethal methods and the value of the losses themselves.

Appropriate risk management strategies are needed for rules related to aquatic invasive species and responses

to disease outbreaks. Risk management approaches, when applied appropriately, have mitigated negative impacts on

the environment, economy, and human health (Hill et al., 2018; Hill & Zajicek, 2007). Risk-based approaches similar

TABLE 4 Pathways identified for improving the efficiency and reducing compliance costs of regulations.

Recommended pathways Regulatory category

Rule-making

• Add sunset clauses that specify a date that triggers evaluation of

whether objectives were met, whether the rule is outdated and should be

removed.

All rules

• Build incentives for producers with good records of compliance that

would include reduction in the frequency of testing and other cost-

reduction actions.

Fish health and effluent testing

• Reduce fish health testing costs by restricting testing to the most

susceptible species and life stages, developing nonlethal inspection

methods for health status determination.

State permits to import fish that require

proof of health status

• Compensate aquaculture producers for losses from the reverse

externalities of avian predation.

USFWS, USDA

• Develop appropriate risk management approaches that carefully evaluate

costs, and benefits rather than highly prescriptive or precautionary

approaches.

Aquatic nuisance species, actions

involving fish health

Implementation

• Training programs for regulatory personnel. All rules

• Develop clear, transparent appeals procedures communicated to

producers by inspectors.

All rules

• Reduce delays in permitting. All rules

• Develop educational programs for state agriculture, natural resources,

fisheries & wildlife agencies, environmental agencies on current state of

science and knowledge with respect to aquaculture generally but also on

pathogens, disease risk, and risk management.

All rules

• Develop a mechanism to form teams of experts available to assist states

to make timely, appropriate, and economical decisions related to

interventions on aquaculture farms, whether for fish health, invasive

species, or other concerns.

All rules

Research needed

• Develop nonlethal inspection methods to avoid killing healthy fish to

prove health status.

Fish health testing

• Development and approval of multipathogen testing methods Fish health testing
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to those used in other livestock sectors that carefully evaluate costs and benefits (Häsler et al., 2011; Oidtmann

et al., 2011), if developed appropriately, have potential to substantially reduce fish health testing costs (van Senten

et al., 2018b; Engle et al., 2021). Surveillance of aquatic pathogens in the wild is critical to understanding risks associ-

ated with aquatic animal health diseases and choosing effective intervention methods. Risk management approaches,

however, require detailed analysis, training, and specific skills rarely available in many regulatory agencies. Without

the required expertise, regulatory agencies tend to default to overly risk-adverse, precautionary approaches that

may not reflect realistic assessments of the level of risk to the environment. Mechanisms to provide the necessary

scientific expertise are needed through cooperation across regulatory agencies, aquaculture associations, and

research institutions.

Pathways related to implementation of rules for aquaculture

Training programs are needed for regulatory personnel at the state and federal levels on the current state of scien-

tific knowledge of aquaculture generally but also on specific current issues of concern. Survey respondents generally

reported a high amount of turnover among state agency personnel tasked with implementing rules for aquaculture.

Turnover was reported as a factor leading to inconsistent and inappropriate (i.e., erroneous) instructions received

from inspectors, in some instances from within the same agency. The inexperience of inspectors combined with little

to no background or training in aquaculture in these instances led to high compliance costs on farms that included

unreimbursed legal expenses for successful appeals (Engle et al., 2019; Osmundsen et al., 2017).

Training programs could be organized by the federal interagency Subcommittee on Aquaculture by assembling

teams of experts in key regulatory areas, such as fish health, water quality, aquatic invasive species, and risk analysis.

Training programs for regulatory personnel would be enhanced by the development of published summaries of the

relevant scientific base of knowledge by research and Extension personnel. Provisions could also be made for

the teams of experts formed to assist with deliberations of regulatory agency personnel to better understand the

risks associated with issues of concern and to chart more effective pathways for managing those issues.

There is a strong need for clear and transparent appeals to be specified for each rule by each regulatory agency.

Survey respondents reported challenges in identifying the appropriate agency personnel for questions and follow-up

to inspector reports. Details on filing an appeal, including the name and contact information of the supervisor should

be included in any written correspondence received by the producer from a regulatory agency.

The frequency of extended delays in permitting must be reduced. Each rule should establish and adhere to dead-

lines by which relevant agencies make their determination and notify the producer (Abate et al., 2018). Second, rule-

making processes that involve more than one agency or entity, should be conducted concurrently, not sequentially.

The need to reduce delays includes the need to improve and expedite the approval mechanisms for drugs and

chemicals for non-food aquaculture products.

The need for reliance on the best available science to develop effective regulations combined with the general

scarcity of agency staff knowledgeable about aquaculture is problematic. The inter-agency Subcommittee on Aqua-

culture could form a series of teams of experts in various relevant disciplines (i.e., production practices, aquatic ani-

mal health, water quality, aquatic invasive species, and economics) who are willing to engage with regulatory

agencies in pragmatic rule-making, in responding to disease outbreaks or other events, and otherwise work to ensure

that deliberations are based on the best available science. The availability of expert advice during rule-making should

include in-depth consideration of potential unintended consequences.

4.2 | Other factors that contribute to the total regulatory burden and reduced growth
of US aquaculture and potential pathways for improvement

The total estimated regulatory burden on US aquaculture was based on data and responses from existing aquacul-

ture farm businesses, and does not include estimates of the size, scope, and scale of what US aquaculture could be if
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still other factors had not constrained its growth and development. This section discusses other factors that are

related to actions taken by regulatory agencies that may have contributed to the slower rate of growth of US aqua-

culture as compared with other countries, particularly with regard to marine finfish aquaculture. These other factors

can also increase delays in permitting, increase costs, prevent growth, and development of new US aquaculture sec-

tors, and result in additional unintended consequences. The following section will discuss some additional factors:

(1) general lack of understanding and knowledge of aquaculture on the part of state and federal agency personnel

(Osmundsen et al., 2017) and of the general public; (2) conflicts among user groups and special interest groups,

including “Not-In-My-Backyard” (NIMBY) effects (Alvarez, 2021); (3) the US legal system that provides incentives

for legal challenges to proposed investments in aquaculture (USEPA, 2024); (4) inconsistent enforcement of regula-

tions between publicly funded aquaculture (especially state and federal hatcheries) and private commercial aquacul-

ture farms, (5) unwillingness on the part of agencies to seek out or take advantage of scientific experts when

deliberating on a course of action; and (6) an inadequate regulatory framework for aquaculture in public waters,

especially marine environments (Rubino, 2022).

4.2.1 | Lack of understanding and knowledge of aquaculture

Aquaculture in the US, despite shellfish farms dating back to the late 1800s (Engle & van Senten, 2024), has been a

relatively unknown and unrecognized sector of agriculture among the general public and among agency personnel

charged with the development and enforcement of regulations. Many myths circulate among the general public (See

Zajicek et al., 2021 for examples related to marine aquaculture) that are contrary to scientific data. The widespread

misunderstandings of aquaculture are similarly found among agency personnel who have no training or background

in aquaculture (Osmundsen et al., 2017). Agencies charged with protecting environmental resources more frequently

are trained in environmental science, ecology, or natural resources and are often reported to be averse to allowing

even sustainable human uses of natural resources (Abate et al., 2018).

Pathways for alleviating the widespread lack of knowledge related to science-based facts of US aquaculture can

only be addressed through similarly widespread efforts to increase aquaculture literacy among the general public and

more specifically with public (local, state, and federal) agencies that play a regulatory role in aquaculture. Aquaculture

literacy programs need to include publishing the latest science-based information in the form of fact sheets, posting

videos on YouTube, Instagram, and other widely viewed platforms, through engagement at regional and national

conferences attended by natural resource agency officials, and stories posted across many readily available and

accessed platforms. Increasing aquaculture literacy is a long-term effort that will require active support and engage-

ment by the major agencies that fund aquaculture work, including the United States Department of Agriculture and

the National Oceanic and Atmospheric Administration (Office of Aquaculture and Sea Grant).

4.2.2 | Conflicts among user groups and special interest groups, including “not-in-my-
backyard” (NIMBY) opposition to aquaculture

Expansion of aquaculture in public waters of the United States has been thwarted by active opposition from special

interest groups. Some of the opposition is from local user groups such as landowners, commercial fishermen, and

those who enjoy recreation in public water areas proposed for aquaculture development. Some opposition stems

from Not-In-My-Backyard (NIMBY) perspectives of those who purchased expensive homes with a pristine view of a

public water body, and who oppose the location of aquaculture farms with buoys, cages, or other structures within

viewing distance of their homes. In other cases, opposition to specific proposed aquaculture farms has come not

from local residents but environmental activists from around the country who convene to openly oppose specific

proposed aquaculture farms (Alvarez, 2021). Widely publicized examples include opposition to a pilot net-pen farm
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in the Gulf of Mexico (Guthrie et al., 2024), and the 2018 ban on salmon net-pen farming in Puget Sound,

Washington (Engle & van Senten, 2024), among others.

Pathways and sustained action are needed to alleviate the escalation of conflicts among user groups that have

resulted in prohibitions of sustainable aquaculture development. An important, although long-term pathway is the

development and implementation of a long-term aquaculture literacy campaign that addresses the core issues raised

by those who oppose aquaculture development through summary reviews of the relevant scientific literature. On

the local level, a potential pathway is that of community-based engagement to develop and sustain a trust-based

social license to operate. Third-party honest brokers, such as land-grant Extension and NOAA-Sea Grant personnel,

university scientists, and aquaculture industry associations can be effective in facilitating community-based engage-

ment to seek common ground and work through potential conflicts before issues escalate.

4.2.3 | Legal system that allows/encourages lawsuits

The US legal system provides mechanisms for citizens to file lawsuits under the Clean Water Act (Title 33 Navigation

and Navigable Waters, Chapter 26 Water Pollution Prevention and Control §1365. Citizen suits) and further provides

reimbursement of legal fees if the plaintiff is successful (USEPA, 2024). Such lawsuits from opponents of aquaculture

development projects have the potential to force reduction of the scale of the business to one that is not feasible

and can add unnecessary and costly monitoring and reporting requirements. The possibility of such lawsuits creates

an incentive for regulatory agencies to be more conservative in decision-making and to rely on precautionary, rather

than science-based evaluation of the likely risks.

Pathways for improvement would include examination of the use of the Citizen suits provision of the Clean

Water Act to determine whether this provision has fulfilled its original intent and purpose. Lawsuits filed under this

provision have resulted in extensive and lengthy delays in permit approvals restricting growth and expansion of US

aquaculture. This provision of the Clean Water Act is often used as a mechanism primarily to obstruct aquaculture

development and not one that is adhering to the goals and intent of the Clean Water Act.

4.2.4 | Not all rules and regulations are enforced equally on publicly funded aquaculture
facilities as compared with private, commercial aquaculture producers

State and federal hatcheries in the United States have long histories of farming many species of coldwater and war-

mwater finfish and shellfish species for stocking into natural water bodies. While many stockings support recrea-

tional fishing opportunities across the continental United States, those in Alaska support the commercial salmon

fishery. Other publicly funded hatchery production is used for conservation goals related to threatened and endan-

gered species. State agencies with authority over stocking activities in waters of the state have been reported to

have enacted more stringent fish health inspection and other requirements for commercial private farms than what

is practiced on state-funded hatcheries under the jurisdiction of the same agency (Engle et al., 2019).

4.2.5 | Agency decisions are not based on the best available science

Most federal agencies in the United States are required to base decisions on the best available science, but few state

agencies are similarly required to seek out and utilize the relevant science related to rule-making processes.

State agency budgets frequently do not allow for hiring experts in the various industries and disciplines required.

However, US aquaculture producers further report that agency personnel are unwilling to take advantage of the

knowledge of recognized experts in relevant disciplines even when their service is offered at no cost to the agency.
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The combined effects of the lack of internal expertise and the apparent unwillingness to seek out expert advice

results in lengthy permit processing and a tendency for agencies to be unwilling to approve permits for projects that

have become controversial through public opposition.

A pathway towards improvement of this constraint to aquaculture development is for a federal agency engaged

with aquaculture, such as NOAA, USDA, or the Subcommittee on Aquaculture, to assemble teams of experts in disci-

plines relevant to the most common regulatory actions to respond to the need for access to the best available sci-

ence. Experts who agree in advance to serve on one or more response teams could potentially be available to assist

state and federal agencies by providing the best available science. The Aquaculture Effluents Task Force (AETF)

formed in 1999 by USEPA and USDA (Engle et al., 2005; Tucker & Hargreaves, 2008) is an example of a successful

initiative that could be implemented for on-going support.

4.2.6 | Inadequate regulatory framework for aquaculture in marine environments

The United States lags behind many other countries in the development of marine aquaculture (Engle, Boldt,

et al., 2024; Rexroad et al., 2021; Rubino, 2022). There are various factors that contribute to the lag in commercial

marine finfish in the US, but the foundational issue is that the current US regulatory framework is not adequate for

marine aquaculture. Marine waters are public resources with complex sets of jurisdictions. There is no clear pathway

for permitting aquaculture development in federal waters. Attempts to apply commercial fishing laws, such as the

Magnusson-Stevens Act, to aquaculture have been shown to be inappropriate. Other commercial fisheries laws

applied to aquaculture have led to prohibition of farming species such as striped bass that are harvested commer-

cially from federal waters. Citizen lawsuits allowable under the Clean Water Act have delayed permitting and dis-

couraged investment in marine aquaculture businesses. Other federal laws such as the Endangered Species Act, the

Marine Mammal Protection Act (i.e., the essential fish habitat review), apply to marine waters and often require addi-

tional expensive and lengthy studies and reviews such as those required by the US Army Corps of Engineers for per-

mits. Underpinning most environmental regulations is the National Environmental Policy Act that requires

Environmental Impact Statements (EIS) for new projects that can cost $1 to $2 million. New projects in marine

waters also require a series of additional studies to be conducted by engineering, environmental, and other consul-

tants that cost millions of dollars for the initial permitting process alone. Such upfront costs and delays reduce the

attractiveness of investments in the United States and often lead to multinational and other investors to develop

projects in less regulated countries, to the detriment of US mariculture development.

The key pathway needed is for a concerted effort to develop an efficient, streamlined, and coordinated permit-

ting and regulatory framework for marine aquaculture in the United States. The effort will require collaboration

among the regulatory entities with jurisdiction over marine environments, including the Department of Commerce,

the Department of the Interior, the US Fish & Wildlife Service, the US Army Corps of Engineers, and others. The

effort will need to include measures and engagement that avoids the pitfalls of lawsuits and other legal action

designed primarily to delay project initiation.

5 | CONCLUSIONS

Regulations have long been mentioned as a major problem by US aquaculture producers. This study is the first to

estimate the national economic effects of the total suite of regulations with which US aquaculture producers must

comply. The total national cost of compliance with regulations was $196 million annually and constituted one of the

top five costs of production across all major sectors of US aquaculture. Regulatory costs were found to represent

from 9% to 30% of total farm costs, with high percentages of regulatory costs fixed, rather than variable costs.

Increased economies of scale pose serious challenges for small-scale farms and threaten their economic
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sustainability. Environmental regulations generally resulted in the greatest costs overall, but there was substantial

variability as to which specific regulations imposed the greatest costs across aquaculture sectors. The negative

effects of regulations included lost revenue in addition to increased costs. Lost revenue resulted from markets and

production lost as a result of regulatory action, and lost opportunities of farms seeking to expand but prevented from

doing so by regulatory action. Total annual lost revenue summed to $807 million per year and indicated that US

aquaculture, if not constrained by regulatory action, could have been 36% greater than it was at the time of this

study. The total foregone economic contribution from lost revenue was estimated to be $1.4 billion along with more

than 8000 jobs foregone from farm effects alone, not including effects from supply chain partners.

This research on the US regulatory framework suggests that smarter, more cost-effective regulations that pro-

vide the same or greater oversight should: (1) avoid precautionary approaches and focus on the best available scien-

tific information; (2) adopt collaborative and participatory approaches throughout; (3) include sunset clauses that

require periodic review of continued need with removal of outdated regulations; and (4) favor flexible, market-based

rather than command-and-control approaches. This analysis concluded with suggestions for pathways for improving

regulatory efficiency and reducing compliance costs from regulatory actions.
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