& frontiers | Frontiers in Aquaculture

@ Check for updates

OPEN ACCESS

EDITED BY
Kevin Gerald Heasman,
Cawthron Institute, New Zealand

REVIEWED BY
Jonathan Van Senten,

Virginia Tech, United States

Wolf Isbert,

Alfred Wegener Institute Helmholtz Centre
for Polar and Marine Research (AWI),
Germany

*CORRESPONDENCE
Carlos Carroza-Meza
chc99@miami.edu

RECEIVED 06 May 2024
AcCePTED 06 August 2024
PUBLISHED 30 August 2024

CITATION
Carroza-Meza C, Fuentes D,

Hurtado CF, Palacio F and Benetti D (2024)
Recommendations for facilitating

offshore aquaculture: lessons from
international experience.

Front. Aquac. 3:1428206.

doi: 10.3389/faquc.2024.1428206

COPYRIGHT

© 2024 Carroza-Meza, Fuentes, Hurtado,
Palacio and Benetti. This is an open-access
article distributed under the terms of the

Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Aquaculture

TYPE Review
PUBLISHED 30 August 2024
Dol 10.3389/faquc.2024.1428206

Recommendations for facilitating
offshore aquaculture: lessons
from international experience

Carlos Carroza-Meza“**, Derie Fuentes®, Carlos Felipe Hurtado?,
Felipe Palacio® and Daniel Benetti?

*Rosenstiel School of Marine, Atmospheric, and Earth Science, University of Miami,

Miami, FL, United States, 2Abess Center for Ecosystem Science and Policy, University of Miami, Coral
Gables, FL, United States, *Centro de Biotecnologia de Sistemas, Facultad de Ciencias de la Vida,
Universidad Andrés Bello, Santiago, Chile, “Escuela de Ciencias del Mar, Pontificia Universidad
Catdlica de Valparaiso, Valparaiso, Chile, SAbogado Especialista en Derecho Pesquero y de la
Acuicultura, Santiago, Chile

In 2017, the Chilean government through the Chilean Economic Development
Agency (CORFO) (an agency under the Ministry of Economy) launched a public
call for the execution of a Technological Program to adopt, adapt, and/or
developing enabling technologies for the development of Ocean Aquaculture
in places with high-energy (strong waves, winds and/or currents). The
consortium of companies, technology centers, and universities led by Ecosea
Farming (Ecosea), focused its efforts on aspects related to structural engineering,
mooring systems, sensors, Internet of Things (loT), and other integral
components, as well as essential aspects of regulation and standards. On this
last topic, intensive collaborative work was carried out between the technical
teams of the Andrés Bello University, the Undersecretariat of Fisheries and
Aquaculture (Subpesca), the National Fisheries and Aquaculture Service
(Sernapesca), and CORFO, with the aim of gathering relevant information from
international experience, and establishing the main differences between
aquaculture traditionally developed in the fjords, coast, estuaries, and inland
sea of southern Chile and aquaculture in the high seas — a practice not yet clearly
defined and still indistinctly known as offshore or open ocean aquaculture. This
document summarizes the main findings obtained and can be a useful guide for
future experiences in other countries with important aquaculture developments.

KEYWORDS

offshore aquaculture, ocean aquaculture, environment, spatial planning, mariculture

1 Introduction

In the last decade, aquaculture has been the fastest-growing food industry (Aanesen
et al,, 2023; Cantillo et al,, 2023). One of the factors contributing to this growth is the
efficiency of fish farming in terms of feed conversion rate (FCR) and carbon footprint.
Unlike other protein-producing industries fish farming maintains a low FCR
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(Cantillo et al.,, 2023), indicating that aquaculture can generate a
higher amount of animal proteins with less feed (Yi and Kim,
2020a). Another relevant factor is the increase in demand for
seafood products driven by population growth (Luna et al., 2023),
which has pushed the salmon industry toward rapid growth and
significant economic success (Garlock et al, 2020; Olsen et al,
2023). In Norway for example, remarkable changes have taken place
over 50 years. The industry has gone from being a small sector
guided by small entrepreneurs to becoming an industrialized,
science-driven sector with high social and economic impact,
currently being Norway’s third-largest exporting industry
(Hersoug, 2022). Another example is Chile, which has
significantly increased its production to become one of the
leading global producers of salmonids (Poblete et al., 2019), with
a production of over one million tons in 2023 (www.subpesca.cl/
portal/618/articles-120507_documento.pdf), focused mainly on
Atlantic salmon (Salmo salar), which represents about 55% of the
total national aquaculture harvest and approximately 75% of the
country’s salmonid production (Chavez et al., 2019; Lorena
et al., 2022).

Although the contribution of aquaculture to human
development is evident, negative perceptions of the industry have
proven to be a major obstacle to its growth (Mazur and Curtis, 2008;
Froehlich et al., 2021; Nathan Young; Whitmarsh and Palmieri,
2009). For example, in 2013 public scrutiny was partly responsible
for the provincial moratorium on new salmon farm leases in
Canada (CBC, 2015), societal interest in environmental
sustainability is in more demand than ever before, and marine
ecosystems and their interrelationships are better understood
(Garza-Gil et al., 2016). In many cases, mariculture is an
important ecosystem modifier in coastal areas, and one that can
bring enormous social and economic benefits while potentially
generating serious impacts on the health of marine ecosystems
and humans (Uglem et al., 2014). Therefore, understanding public
perception of the industry is crucial for policymakers and industry
actors seeking to improve societal support (Olsen et al., 2023).

One of the most important impacts of intensive aquaculture is
the release of large amounts of waste from fish cages in aquaculture
areas, which are transported by the water currents and eventually
settle on the sea bottom, consequently leading to deoxygenation of
the aquatic environment (Yokoyama, 2002; Troell et al., 2009).
Opposition groups have successfully slowed or even stopped the
development of the industry in protected areas, demonstrating the
importance of considering social dimensions when designing
development strategies (Noakes et al., 2003; Barton and Floysand,
2010; Knapp and Rubino, 2016). This criticism of social and
environmental issues has hindered the growth of the salmon
industry in several countries (Olsen et al., 2023). One example is
the present situation in Chile, where the Chilean government is
planning a new department for “Biodiversity and protected areas”.
The new department is expected to reduce the number of existing
aquaculture concessions and impose constraints on the growth of
this sector’. Consequently, there is a tense atmosphere between the
current government and the aquaculture companies.

As an alternative to reduce competition for space in coastal
areas and increase salmon farm production, offshore aquaculture
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has gained increasing attention in recent years (Watson et al., 2022),
with this new way of production the farms will be moved farther off
the coast, into the less protected ocean environment (Froehlich
et al, 2017). Welch et al. (2019) conducted an environmental
assessment of a fish farm operating in an exposed area under
stronger currents and greater depths off the coast of Panama and
demonstrated that wholesome marine fish for human consumption
can be produced with minimal environmental impact. However,
moving the farms to the open ocean can still present several
challenges, such as fish escapes and the spread of disease (Jacquet
et al.,, 2024), moreover, offshore aquaculture will not be free from
ecological risks, which may be very similar to those associated with
coastal aquaculture (Fujita et al., 2023).

Despite the increasing interest in offshore aquaculture, there is
no clear consensus on the definition of “offshore aquaculture”
(Holmer, 20105 Fujita et al., 2023), but it clearly involves activities
located in open waters several kilometers from the coast (Morro
et al, 2022). Recently, leading aquaculture countries (e.g., China
and Norway) have moved toward large-scale salmon farming using
offshore platform technologies, which would overcome
environmental constraints (Zhao et al., 2019). Thus, China
launched the Deep Blue 1 facility, which operates in shallow
marine layers (Yi and Kim, 2020b). Another example is Chile,
with the development of the offshore aquaculture consortium which
is working with a submersible copper net pen (The Fish Site, 2021).
Therefore, much of the current interest in aquaculture expansion
has been stimulated by the development of infrastructure capable of
containing marine organisms in waters with strong currents, bigger
waves, and technology capable of supplying feed and monitoring
operations at facilities located offshore (Fujita et al., 2023). Thus, the
offshore aquaculture operation will require a review of the current
regulations and their update, which will include logistics,
environmental protection, and other relevant aspects (Watson
et al., 2022).

In this research, we address three questions that the Chilean
aquaculture and fishery authority has regarding offshore
aquaculture. As a major world producer of salmon in ocean cage
systems, Chile can simultaneously contribute and benefit from
interacting with other major producing countries. The
questions are:

1. What limitations does the current legislation have in
granting aquaculture farms in offshore zones?

2. What do we understand by offshore aquaculture? Which
term to consider in its definition?

3. What parameters should be considered in evaluating the
suitability of future offshore aquaculture areas?

1 https://cooperativa.cl/noticias/pais/medioambiente/industria-
salmonera-afirma-que-proyecto-de-areas-protegidas-seria-un/2023-05-
26/091039.html
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2 Materials and methods

For the first question, we analyzed the current regulation of
aquaculture activity in Chile, especially those carried out in
maritime areas under aquaculture concessions granted by the
administrative authority. Although there are extensive regulations,
for the purposes of this study, we focused on the norms found in the
following regulatory bodies: a) General Law of Fishing and
Aquaculture and its main regulations; b) Law of Maritime
Concessions and its regulation; ¢) General Law of Environmental
Bases and its Regulations; d) United Nations Convention on the
Law of the Sea (analysis of the powers of coastal states in the
Exclusive Economic Zone).

For the other two questions, the main methodology employed
in this research involved conducting literature searches across two
databases: Scopus and Google Scholar. The review process is
outlined in Figure 1. The keywords used for the literature search
were “Offshore aquaculture” and “Ocean aquaculture”. To refine
the search results further, the search was restricted to ‘Title’ for the
Google Scholar database and “keywords” for the Scopus database.
The search yielded 172 articles for Scopus and 20 for Google Scholar
for the keyword “offshore aquaculture”, and 4 articles for Scopus
and 10 for Google Scholar for the keyword “ocean aquaculture”.
Out of these initial papers, 72 were discarded due to duplication,
with only incidental mentions of “offshore aquaculture or ocean
aquaculture” without being the main topic of research or being
inaccessible. Ultimately, 134 articles were analyzed. We thoroughly
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examined each article to determine if they provided a definition of
“offshore aquaculture” or “ocean aquaculture.” In our research, we
did not search the keyword “Open Ocean” as it could excessively
broaden the scope of studies to analyze, given its wide use in various
research topics such as fisheries (Gordon and Shipley, 2019; Joseph
et al, 2019), microplastics (Pham et al., 2023; Sambolino et al.,
2023), nutrient cycles (Bonelli et al., 2022; Baumas and Bizic, 2024),
and migratory route studies (Hays et al., 2020), among many others.
In addition, by searching the term “open ocean aquaculture,” we
found the studies we had already considered evaluating with the
other keywords.

In parallel with the literature search, we conducted a search for
documents from governmental agencies, bill proposals, or laws that
defined “offshore aquaculture” or “ocean aquaculture” around the
world. Each definition was coded using the software NVivo 14 to
explore the main concepts and relevant words. We categorized the
definitions into two groups: “literature” for definitions from
scientific papers and “government documents” for definitions
from government agency files, bills, or other documents required
from a legal authority. In conjunction with the above analysis, we
identify the main features that are mentioned in each definition.

Our research on Chile’s legal framework is restricted to laws,
decrees, norms, and other legal documents in force until April 2024.
The literature search encompasses works in Spanish or English. The
exploration for definitions of ocean aquaculture or offshore
aquaculture in legal documents of countries other than Chile is
limited to four countries: Norway, the United States, Australia, and

*Scopus: 172
*Google Scholar: 20

Publications collected from the initial database searches
“Offshore Aquaculture”

“ Ocean Aquaculture”
4
10

!

Total initial paper: 206

*Scopus: 116
*Google Scholar: 13

Publications relevant, aquaculture related and not repeated
“Offshore Aquaculture”

“ Ocean Aquaculture”
4
1

!

Total paper reviewed: 134

FIGURE 1
Overview of the literature search.
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New Zealand. In a previous (unpublished) study conducted by our
team for the Chilean authority, additional countries were analyzed.
However, the aforementioned countries have research programs in
offshore aquaculture that are relevant to Chile’s interests, and a
form of oftshore aquaculture is expected to be more aligned with
Chile’s development. Therefore, we decided to confine the search to
these four countries.

The current methodology confines itself to literary research
conducted between January 1, 2010, and April 1, 2024. Our scope is
restricted to English language materials accessible for download in
any format that permits complete readability.

3 Results

3.1 Main laws and regulations in the
aquaculture sector in Chile

The aquaculture sector in Chile is a highly regulated industry.
Through the analysis carried out, various regulatory bodies
dedicated to each aspect of the sector’s activity were identified. A
summary of the most important ones can be seen in Figure 2. As
evident, all regulations stem from the political constitution of the
country, which establishes rights leading to the creation of other
rules and laws. For instance, Article 19, paragraph 8, establishes “the
right to live in an environment free of pollution. It is the duty of
the State to ensure that this right is not affected and to protect the
preservation of nature.” Additionally, numeral 21 establishes “The
right to develop any economic activity..., respecting the legal norms
that regulate it.” Law 18,892 regulates this economic activity in its
Title VI, “On Aquaculture,” outlining the legal norms to be

The Constitution of
Chile

10.3389/faquc.2024.1428206

observed for its development. This includes aspects such as the
concession title granted for carrying out this activity on national
public property and the operation and exercise of the
farming activity.

At the same time, another relevant norm is the Law on General
Bases of the Environment, the law 19.300 established a system
whereby various economic activities outlined within it are required
to undergo an evaluation of their environmental impacts prior to
their execution or modification. The National Policy for the Use of
the Coastal Border created by the Supreme Decree 475 of the year
1994, applies to fiscal beach lands situated within an eighty-meter-
wide strip, measured from the highest tide line of the coastline. This
policy encompasses the beach, bays, gulfs, straits, inland channels,
and the territorial sea under the control of the Ministry of National
Defense and, Undersecretary of the Navy. This area is referred to as
the Coastal Border of the Littoral.

Other, more specific laws and decrees stem from the
aforementioned regulations, addressing matters such as the
procedure for allocating concessions. For instance, Supreme
Decree No. 290 of 1993 establishes the regulations for
aquaculture concessions. In 2001, the Ministry of Economy,
Development, and Reconstruction issued Supreme Decree No.
320, approving the Environmental Regulations for Aquaculture
(RAMA). These regulations stipulate that aquaculture concessions
must operate within the capacity limits of the water bodies in which
they are situated. Simultaneously, the Regulation of Protection,
Control, and Eradication Measures of High-Risk Diseases for
Hydrobiological Species (RESA) was established through Supreme
Decree 319 of 2001. This decree sets forth measures to protect and
control against the introduction of high-risk diseases affecting
hydrobiological species, whether originating from aquaculture

The United Nations
Convention on the

Law of the Sea
(UNCLOS)

General Law in

General Bases of the

Fisheries and
Aquaculture ( Law N°

18.892) 12.300)

Environment (Law N°

National Policy for the
Use of the Coastal Edge
(S.D. N 475/1994)

Regulation of Measures for the
Protection, Control and
Eradication of High Risk
Diseases for Hydrobiological

Species

Regulation on
Hydrobiological Pests

FIGURE 2
Main laws and norms in the Chilean framework.
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activities for any purpose or in the wild. It mandates the isolation of
any such diseases, prevention of their spread, and efforts toward
their eradication.

3.2 Literature review

Only twenty-three out of the total articles reviewed included
definitions of offshore aquaculture or ocean aquaculture,
accounting for 17% of the total. Conversely, we found only seven
government documents that define offshore aquaculture or ocean
aquaculture. Consistent with Figure 1, we found more definitions in
the literature search that used the term “offshore aquaculture” over
“ocean aquaculture.” Legal definitions tend to use “marine
aquaculture” over “offshore aquaculture”, the main term used in
each group of definitions could be observed in the word cloud
in Figure 3.

Similarly, scientific publications’ definitions of offshore
aquaculture often mention environmental and/or oceanographic
attributes, including “energy” (1.17%), “depth” (1.17%), and
“water” (1.87%), with the latter term typically referring to depth.
In contrast, legal definitions tend to focus on distances or specific
locations, such as “miles” (2.11%), “nautical” (2.11%), and “areas”
(1.41%). Regarding the main term in Figure 4, we observe that the
distance from the coast is the primary term in both literature and
legal definitions. Simultaneously, the term “open ocean” or “open
sea” is the second most relevant. Furthermore, definitions derived
from literature often encompass a broader array of environmental
characteristics, including depth, currents, and waves, while also
considering technological attributes. In our examination of
government documents, we identified 24 relevant sources,
comprising five from the Australian government, seven from
Norway, seven from New Zealand, and five from the United States.

Of all the research and scientific papers reviewed from the
countries surveyed, 37 describe the need to develop a maritime
spatial planning process for offshore areas that consider other
interests such as fishing, energy production, tourism, national
defense, or conservation. However, only 9 of these documents
conduct an empirical study to identify suitable areas for ocean
aquaculture, providing criteria, parameters, and methodologies that

including conducted generation
accordance place adapting federal

schedule commencement technology
exceeding Offshore existing
hieh within . coastal gy
pased " open MaArNE pjjeg ight
aquaculture 200 means

zone areas

regulations fa rming S€a ;cean

allocation delfll"l.ed nautlcal economic common
EXCIUSIVE ¢ astline granted farm

initially takes . .
described permlts according
considered

FIGURE 3

farms harbors

10.3389/faquc.2024.1428206

can be replicated or adapted to other locations. The parameters used
in these studies, along with the sub-models, specific weightings
assigned to each criterion, and the target species for each study, are
detailed in Table 1.

4 Discussion

4.1 Internal limitations to grant offshore
aquaculture farms

It is necessary to determine if there are any limitations in the
current legal framework for moving forward with offshore
aquaculture in Chile. The General Fisheries and Aquaculture Law
(LGPA) stands as a pivotal legal framework for regulating
aquaculture activity in Chile. Under this law, aquaculture is
defined as “the production of hydrobiological resources organized
by humans” (LGPA, Article 2, paragraph 3) and is subject to specific
legal standards for its development. Recognizing various forms of
aquaculture, including concessions on national public assets, private
waters, and private lands, the LGPA establishes a comprehensive
regulatory mechanism.

According to the LGPA, aquaculture concessions, granted by
the Ministry of National Defense, have a duration of 25 years and
are renewable subject to environmental and location requirements
(LGPA, Article 2, paragraph 12). The process for obtaining a
concession entails the submission of a technical project and
compliance verification by the Undersecretariat of Fisheries and
Aquaculture (Subpesca) and the maritime authority.

Moreover, the LGPA integrates with the Law on General
Principles of the Environment (Law No. 19.300), which mandates
environmental impact assessment for various economic activities,
including aquaculture. Specifically, Article 10 of the LGPA, in
conjunction with Article 3 of the Environmental Impact
Assessment System Regulation, outlines the types and magnitudes
of aquaculture projects subject to environmental evaluation.

The United Nations Convention on the Law of the Sea
(UNCLOS), provides a comprehensive framework delineating the
rights and jurisdictions of states across diverse maritime zones.
Within territorial waters, internal waters, the territorial sea, and

equipment .
farming approach directly

cultures definition elnviror:ments
wave define seQq close place coastline
waters OCean ENErgY oo d
ae 199, aquaculture Fheze

currents

cage depth offshore coast taking

marine locations
caser . ShOTe gpen water S0
distance 'S g located

exposure defined depths f;ep

coastal conditions activities
production farm

Word cloud for the two groups of definitions: (A) Government document definitions, and (B) Scientific literature definitions.
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Main concepts in the definition of offshore aquaculture for literature review and government document.

contiguous zone states exercise full sovereignty, in these areas the
coastal state extends its sovereignty to the air space over the
territorial sea as well as to its bed and subsoil. This authority is
explicitly stated in UNCLOS, which underscores states’ rights in
these areas (UNCLOS, Articles 2 and 3).

Moving beyond these areas, the Exclusive Economic Zone
(EEZ) emerges as a distinct domain where coastal states possess
sovereign rights for various economic activities, including
exploration and exploitation of natural resources. However, it is
essential for coastal states to acknowledge the rights of other states
and ensure their actions align with the provisions of UNCLOS.
Specifically, Articles 56 and 58 of UNCLOS outline the scope of
these sovereign rights within the EEZ and emphasize the need for
compatibility with international norms and agreements.

Moreover, UNCLOS acknowledges the exclusive right of coastal
states to regulate activities such as exploration, exploitation,
conservation, and management of hydrobiological resources,
allowing to coastal state to construct and install structures for
diverse economic purposes within the EEZ. This provision, as
articulated in Article 60 of UNCLOS, extends to potential
activities like aquaculture, providing a legal basis for coastal states
to engage in such endeavors within their EEZ. However, it is crucial
for any regulations governing aquaculture within the EEZ to adhere
to the principles laid out in UNCLOS, particularly regarding the
rights freedom of navigation, as stipulated in Article 87, thus
preventing any undue interference or infringements on this
fundamental right.

Based on the preceding analysis, the primary constraint
hindering the progression toward offshore aquaculture in Chile
pertains to the jurisdiction of the Ministry of National Defense,
specifically delegated to the Undersecretary of the Armed Forces,
which is limited to granting aquaculture concessions within the
territorial sea. Consequently, Chile’s ability to extend its
aquaculture operations into offshore regions is restricted, limited
to a distance of only up to 12 nautical miles. Article 47 of the LGPA
law designates the first five nautical miles, measured from the
coast’s baseline, for artisanal fishing. This allocation does not
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restrict the granting of offshore aquaculture farms. However, to
prevent potential conflicts with this economic activity in the future,
it is advisable to explore areas beyond the fifth nautical mile to the
west. Based on the current legal framework, offshore aquaculture
farms can be granted in Chilean maritime areas within the
territorial sea, located west of the 5 nautical miles measured from
the normal baselines, spanning from the country’s northern to
southern limits. Figure 5 provides an example of the recommended
area for advancing offshore aquaculture, we showed potential areas
for zones in the south, center, and north of Chile. Aquaculture could
be promoted according to the environmental characteristics of each
zone. Finally, the Chilean authorities should incorporate additional
criteria, to determine the definitive suitable areas.

4.2 Legal definition of offshore aquaculture

Terminology is important for streamlining marine policy,
communication, and research. A better understanding of how
words or terms are used can help identify key areas of overlap
and/or differences and help make terms more tractable to
stakeholders. Indeed, communication between the public,
managers, and scientists requires better elucidations of terms,
particularly at a global scale (Froehlich et al., 2017). Within this
context, the definition of offshore aquaculture holds considerable
significance for the prospective industry and its regulatory
framework. The delineated terms within this definition possess
the potential to delineate permissible operational zones for
industry and requisite technological infrastructures. In our search,
we discovered that literature predominantly discusses terms
associated with the physical conditions in the environment,
technological characteristics of the equipment and infrastructure
used for farming, and political terms related to the spatial planning,
in which offshore aquaculture farms operate. For a better
understanding of the results, we classified the different terms used
in the definitions into three categories: physical-environmental
terms (such as current speed, wind, waves, depth, and distance to

frontiersin.org
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TABLE 1 Parameters, their specific weights, and sub-models utilized in determining suitable areas for offshore aquaculture as per the literature.

Sub
Parameters Sub model model Weight Target species Author
Military areas 0.33
Special Use Ai 0.33
pecia’ Lse Alrspace National Security 0.25
Military
Training routes 0.33
Cargo Vessel Traffic 0.5
Industry & Navigation 0.25
Touristic Traffic 0.5
Sensitive Habitat 0.5 Natural & 0o
Protected Species 0.5 Cultural Resources .
Without target species Riley et al., 2021
Commercial Fishing 0.5
Fishing & Aquaculture 0.25
Recreational Fishing 0.5
Shipping lanes 0
Environmental sensor
& Buoys 0
Constraints 0
Coral &
Hardbottom habitat 0
Active Oil & Gas wells 0
Current Velocity (m/s) 0.3
Salinity (PSU) 0.1
In total, 21 species of seaweed, bivalves, fish, and
Sea surface Not sub model cmstaFeans were ide.ntiﬁed as e}dequ.elte aquaculture Gimpel et al, 2015
temperatures (°C) 0.3 candidates accounting for their native occurrence
in the German North Sea
Wave Height (m) 0.3
Military areas 0.1
Underwater pipes 0.1
Bottom trawling 0.3
Pelagic trawling 0.1 Socio-Economic
Net fishing 0.1
Touristic traffic 0.3 0.33/0.125/0.75/0.125
Total oyster weight 0.75
Optimal Growth Pacific Oyster (Crassostrea gigas) Barillé et al., 2020
Coefficient of variation 0.25 0.33/0.125/0.125/0.75
Bottom current 0.1
Surface current 0.1
Natura 2000 zone 0.4 Environment
Bottom type 0.3
Sole nurseries 0.1 0.33/0.75/0.125/0.125
Bathymetry
Slope
Marine Protected Area
D 1
Marine SICs Constrains Finfish Aquaculture apucto
et al,, 2015
Diving sites
Offshore sewage pipes
Main harbors
(Continued)

Frontiers in Aquaculture 07 frontiersin.org


https://doi.org/10.3389/faquc.2024.1428206
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org

Carroza-Meza et al. 10.3389/faquc.2024.1428206

TABLE 1 Continued

Sub
Parameters Weight

Sub model model Weight

Target species Author
Area inside ports

Forbidden areas

Sea Ecological status 1st Environmental quality 0.176

River and Streams 2nd Optimal conditions for fish 0.164

Commercial &
industrial facilities

Distance

from highway Socio Economic evaluation

0.66
Port size

Distance to port (m)

Sea surface
temperatures (°C)

Sea bottom
temperature, SBT

Atlantic salmon (Salmo salar) and Rainbow trout (Oncorhynchus mykiss)
Sea surface

Yu et al., 2022
salinity, SSS

Sea bottom
salinity, SBS

Current Velocity (m/s)

Dissolved Oxygen
(mg/L)

Salinity (PSU)

Sea surface i
Unin d Environmental
o ninforme
temperatures (°C) Conditions

Wave Height (m)

Wave Period (s)

.
Uninformed Atlantic salmon (S almo sal ) Hasankhan
Bath? metry (Hl)

et al,, 2023
Distance to port (m)

Marine Protected Area

Military areas

Offshore wind Uninformed Contflicts

Shipping lanes

State and federal water

Bathymetry (m) 0.4

Current Velocity (m/s) 0.3

Finfish Aquaculture

Cosgrove
Wave Period (s)

et al., 2023

0.3

Bathymetry (m)

Wave Height (m)

Current Velocity (m/s)

Was not weighted due to the uncertainty in

Wave power density the relative importance of each parameter

G 1li
Finfish Aquaculture with wave energy aravellt
et al., 2022

Shipping lanes

Distance to port (m)

(Continued)
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TABLE 1 Continued

model Weight

10.3389/faquc.2024.1428206

Target species Author

Sub
Parameters Sub model
Salinity (PSU)
Sea surface Uninformed Biological suitability
temperatures (°C)
Current Velocity (m/s)

Uninformed Structural suitability
Wave Period (s)
Wave Height (m)

Uninformed Operational suitability
Bathymetry (m)

Uninformed

European seabass Dicentrarchus labrax; Gilthead
seabream Sparus aurata; Atlantic salmon Salmo
salar; Atlantic Bluefin tuna; Meagre Argyrosomus
regius; Greater amberjack Seriola dumerili; Cobia

Rachycentron canadum
Weiss et al., 2018

Bathymetry (m)

Sea surface
temperatures (°C)

Current Velocity (m/s)

Wave Height (m)

Salmon migrations
Spawning areas
Fish migration

Vulnerable
marine ecosystems

Marine
mammal observation

Spread of Diseases
Shipping lanes

Military areas

the coast), technological terms (such as the type of naval structures
and vessels used), and legal terms (such as borders and definitions
into UNCLO).

This group contains the largest number of terms, including
distance to the coast, depth, current speed, wave height, and wind,
on the one hand, the last three being particularly influenced by
factors such as lunar cycles, seasonal patterns, and temporal
variations. Froehlich et al. (2017) observed that the literature
indicates offshore conditions typically commence with current
speeds ranging from 0.1 m/s to 0.5 m/s. In our investigation, we
encountered only three studies incorporating “current” as a
component in their definition of offshore aquaculture. These
studies describe the currents as “strong currents” (Holmer, 2013),
“high-energy currents” (Morro et al, 2022), and “strong ocean
current circulation” (Fukae et al., 2021). However, none of these
definitions specify a particular threshold to define what constitutes a
“strong current”. In the case of waves, Froehlich et al. (2017)
identified twelve distinct studies that referenced “waves” as a
component within their definitions of offshore aquaculture, with
reported wave heights ranging from 0.4 to 12 meters. In our
investigation, we encountered five studies incorporating “waves”
as a term in their definitions. Similar to the term current, four of
these studies referred to “high waves” without specifying a
particular threshold. (Silva et al., 2018; Morro et al., 2022; Visch
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The weight of each parameter in the final model is not reported.

Fiskeridirektoratet,

Atlantic salmon (Salmo salar) 2019

et al, 2023) and “expose to waves” (FAO, 2013), Only one research
provided a specific value for high waves in offshore conditions,
indicating a threshold of 5 meters (Holmer, 2010). Moreover, there
is no mention of the wave period, which is an important factor to
consider. Because the increase in wave height and period leads to a
non-linear increase in drag forces on the net pent (Martin et al.,
2021), this can cause deformations and damage to the structures
under extreme oceanographic conditions (Lopez et al., 2024).
Some definitions of offshore aquaculture also mention the term
“winds” as a differentiating factor, but to a lesser extent than the
previously mentioned terms, in the study by Froehlich et al. (2017),
only four research studies were identified that provided values for
winds in the context of offshore aquaculture, with reported ranges
spanning from 4 m/s to 35 m/s. In our investigation, only two
definitions included the term winds. However, both instances
merely indicated that winds in offshore areas are described as
“strong” (Holmer, 2013) and without specifying numerical values,
or farms are “exposed” (FAO, 2013). Including these terms in the
definition of offshore aquaculture may introduce more uncertainty
than clarity when delineating an offshore aquaculture site, a concern
amplified by the potential impact of climate change on these
physical phenomena. Furthermore, projections indicate that by
the end of the century (2100), sea surface temperature (SST) will
have increased by an average of 2.58°C and pH will have decreased
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FIGURE 5

Potential offshore aquaculture zones within the current limitations of the legal framework in Chile

by 0.32 units (IPCC, 2022; de Almeida et al.,, 2023). Consequently,
potential future climate change scenarios could alter physical-
environmental terms such as ocean currents (Bhanu Deepika
et al, 2024) and waves (Liu et al, 2024). As a result, ranges
previously defined as “high” or “strong,” which were
characterized as sporadic, could become the new “normal.” This
shift may necessitate redefining offshore aquaculture according to
these new ranges.

On the other hand, physical environmental terms such as depth
and distance from the coast do not exhibit significant seasonal or
temporal variation. Consequently, these two terms systematically
emerge as constants in the literature. Froehlich et al. (2017) and
Watson et al. (2022) highlight the prevalence of these terms across
various definitions of offshore aquaculture. Additionally, in our
research, these terms exhibited consistent mentions, with 19
references to distance from the coast and 10 references to depth
(Figure 4). For depth, the ranges presented in the literature
mentioned oftshore starting from 20 meters deep (Lester et al,
2018; Wu et al.,, 2024). Furthermore, other studies mention that the
offshore condition begins at 30 meters (Froehlich et al., 2017), or
even at 50 meters deep (Holmer, 2010; Sanz-Lazaro et al., 2021;
Zheng et al., 2024).

In the Chilean context, the depths indicated as starting points for
offshore conditions are often found within coastal aquaculture.
According to current legislation, aquaculture farms are classified
into seven categories according to the depth, production level, and
characteristics of the seabed. Salmon farms with a depth greater than
60 meters are classified as category 5 (resolution No. 3612 of 2009 of
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the Ministry of Economy), these categories apply exclusively to farms
located in channels and fjords. In the years 2021 and 2022, at least 168
and 153 category 5 salmon farms operated, respectively. This means
that more than 150 farms each year were operating in sites deeper
than 60 meters (SUBPESCA, 2023). In our analysis, we found that
various definitions suggest distances ranging from two (Holmer,
2010; Nam et al, 2014; Zheng et al, 2024) to three kilometers
(Sanz-Lazaro et al., 2021). Froehlich et al. (2017) also noted
discrepancies, in his results he reports that different studies
determine the distance from the coast that characterizes an offshore
farm and that they can start from 0.38 nm to 25 nm, with an average
of 3 nm. Although there is no clear consensus on the distance from
the coast or depth at which the offshore zone begins, it is possible to
state that this term refers to areas without large seasonal fluctuations.
The small temporal fluctuation allows for terms such as depth and
distance to the coast to be used in the definition of offshore
aquaculture without major limitations, while simultaneously
differentiating offshore aquaculture from coastal aquaculture.
Another term included in the definition of offshore aquaculture
pertains to the technology utilized for operations in offshore
aquaculture areas. Morro et al. (2022) state that specialized
equipment and practices are necessary for accordance with the
environmental conditions of offshore areas, additionally, Fukae
et al. (2021) mention that offshore aquaculture has the ability to
install larger-scale cages compared to coastal aquaculture, because,
farms will have more physical space (will be larger in size) allowing
for bigger farms (Fukae et al., 2021). Due to the more dynamic
conditions in offshore areas, efforts have been made to design new

frontiersin.org


https://doi.org/10.3389/faquc.2024.1428206
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org

Carroza-Meza et al.

structures that ensure reliable and safe farming, thereby preventing
fish escapes and safeguarding human lives (Morro et al., 2022), The
new offshore aquaculture infrastructure and equipment must
withstand or be resilient to strong offshore waves, winds, and
currents as well as resist corrosion and fouling (Fujita et al,
2023). In order to achieve that, there are 15 initiatives worldwide
evaluating technologies to enable offshore aquaculture at the
experimental level, and 18 at the commercial or pilot commercial
level (Fujita et al., 2023). Consequently, today offshore aquaculture
farms vary significantly in scale (Fujita et al., 2023). Among these
designs, the famous Ocean Farming 1 by SalMar stands out,
comprising a structure of 110 meters in diameter and 69 meters
in height (Yi and Kim, 2020b), or the more traditional design used
by Open Blue in Panama with submerged net pens measuring 35
meters in diameter and 24 meters in height (Welch et al., 2019). As
a result, considering that offshore aquaculture technology is still in
development, it would be unwise to include any technological term
in the legal definition of offshore aquaculture.

The last group of terms used in the definition of offshore
aquaculture is the political terms, as those outlined in the UNCLOS
agreement could offer a viable alternative. This is exemplified by the
proposed legislation exclusively aimed at regulating offshore
aquaculture, as seen in the AQUAA bill 2023, which defines
offshore aquaculture as “aquaculture conducted in the exclusive
economic zone.” These political divisions would facilitate the
differentiation between traditional aquaculture, typically conducted
in territorial or inland sea waters and offshore aquaculture. Today the
National Oceanic and Atmospheric Administration (NOAA)
classifies “Oceanic Aquaculture” as the aquaculture “which takes
place in Aquaculture Opportunity Areas, in federal waters (from mile
3 to 200)” (Riley et al., 2021). In the case of New Zealand, offshore
aquaculture is defined under the Resource Management (National
Environmental Standards for Marine Aquaculture) Regulations 2020
as follows: “Offshore marine farm means any of the 5 existing marine
farms initially granted coastal permits before the commencement of
these regulations and located according to Schedule 2, and marine
farms granted coastal permits after the commencement of these
regulations but not located within 500 meters of mean high-water
springs or within harbors and other areas described in Schedule 3.” In
Schedule 2, the government of New Zealand provides the geographic
coordinates of the five offshore aquaculture farms, while Schedule 3
outlines the geographic boundaries in various areas of New Zealand
where offshore aquaculture farms can be located.

Similarly, Norwegian authorities utilize a distinct definition
when examining potential new offshore aquaculture sites.
Although this definition has not yet acquired legal status, it draws
a clear distinction between aquaculture operations in traditional
farming sites and prospective offshore farms. It defines offshore
aquaculture as “aquaculture that takes place further out at sea than
is common today. In accordance with the salmon allocation
regulations” (Fiskeridirektoratet, 2023). It is important to note
that this definition is directly translated from Norwegian and may
vary from an official translation provided by the Norwegian state.
Following the previous direction and the recommendations
outlined earlier, the definition of offshore aquaculture in Chile
could be “all aquaculture activities conducted west of the artisanal
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fishing reserve area, between the Exclusive Economic Zone and the
territorial sea”.

4.3 Parameter to determining the feasibility
areas for offshore aquaculture

The identification of appropriate areas for marine aquaculture
development is a critical concern for spatial planning. A site
selection study prior to determining the feasibility of offshore
aquaculture by Benetti et al,, 2010, addresses this issue. This
research outlines essential criteria for selecting offshore
aquaculture sites, including logistical, environmental, and
regulatory factors. Furthermore, the study recommends assessing
the economic and social conditions of potential locations,
examining the hydrography of the area, and utilizing numerical
models to estimate the environment’s carrying capacity based on
the food supplied to the fish (Benetti et al., 2010). Another pertinent
study in this field is the research conducted by Gentry et al. (2017).
They devised a comprehensive methodology that integrates
scientific analysis to aid spatial planning for offshore aquaculture
development. Their suggestions entail selecting sites characterized
by strong currents and deeper water to mitigate impacts on the
benthic ecosystem and minimizing connectivity between farms to
manage disease outbreaks (Gentry et al., 2017).

The criteria and priorities chosen by decision-makers strongly
determine the results of identifying suitable areas. For example, the
NOAA study in the Gulf of Mexico and Baja California evaluated
general criteria without targeting a specific species, aiming to open
marine spaces for all species that can utilize these areas (Riley et al.,
2021). In contrast, the study conducted by the Norwegian
government focused solely on Atlantic salmon as the target
species and could incorporate animal welfare criteria over
operational or structural criteria (Fiskeridirektoratet, 2019). All
the studies were multi-criteria, considering more than one
parameter or constraint to decide which site is the most optimal
for offshore aquaculture.

In studies that construct models for offshore aquaculture,
current velocity (m/s) is the parameter most commonly chosen to
explore the suitability (Gimpel et al, 2015; Weiss et al, 2018;
Fiskeridirektoratet, 2019; Garavelli et al., 2022; Cosgrove et al.,
2023; Hasankhani et al., 2023). In most of the studies, current
velocity is used as a limiting factor for the structures. For example,
in the work of Weiss et al. (2018) utilized a 50-year dataset to
determine suitable areas for cages, and the current was assessed to
evaluate whether the structure could withstand the conditions, they
employed a generic cage across three distinct environmental
scenarios: high exposure (more than 1.5 m/s), substantial
exposure (1.0-1.5 m/s), and moderate exposure (0.5-1.0 m/s).
The authors found that current velocities were not a limiting
factor, with percentages of suitable areas exceeding 95% across all
three conditions for each ocean (Weiss et al., 2018). The previous
findings are corroborated by Garavelli et al. (2022), who found that
current velocities were not a limiting factor. In their work, they
identified suitable areas for offshore aquaculture and wave energy
plants. Their research delineated suitable areas within the range of 0
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to 1 m/s, employing the HYCOM hydrodynamic model to estimate
currents in the study area.

Another point of view with respect to current velocity is in the
research of Fiskeridirektoratet (2019) on a study commissioned by
the Norwegian Ministry of Trade, Industry, and Fisheries, also
involving the Directorate of Fisheries in partnership with the
Institute of Marine Research. Their objective was to map and
identify areas potentially suitable for offshore aquaculture.
However, this mapping was confined to opportunity areas located
beyond one nautical mile outside the baseline and within the
exclusive economic zone, the baseline for the Norwegian authority
is the line that defines the political maritime territory, according to
UNCLOS technical requirements (Geirr Harsson and Preiss, 2012).
In this study, the authors utilized ocean currents as a constraint on
the swimming capacity of salmon. The aim of the Norwegian
authority is to maintain optimal conditions for salmon welfare.
They studied the Critical Swimming Velocity (CSV) for Atlantic
salmon, the CSV is the maximum prolonged swimming speed and is
obtained in laboratory trials by using swim tunnel systems (Hvas
et al,, 2021). Fiskeridirektoratet (2019) referenced the findings of the
report by Hvas et al. (2021). In their research, the authors observed
that the critical velocity varies with water temperature, oxygen
concentration, fish size, and feeding status because after eating the
fish reduces swimming capacity. The Norwegian authority’s model
aims to identify locations where ocean currents do not exceed 80% of
the salmon’s critical swimming velocity. With these criteria and the
other parameters of the model, the State of Norway was able to
identify 11 probable offshore aquaculture zones.

The second most selected parameters to study the suitability for
offshore aquaculture are bathymetry (m), wave height (m), and sea
surface temperature (°c) (Dapueto et al., 2015; Gimpel et al., 2015;
Weiss et al., 2018; Fiskeridirektoratet, 2019; Garavelli et al., 2022; Yu
et al., 2022; Cosgrove et al., 2023; Hasankhani et al., 2023). Bathymetry
appears to be one of the primary limiting parameters for offshore
farming structures, in the study conducted by NOAA to determine the
aquaculture opportunity areas in the Gulf of Mexico, it was
determined that the minimum depth to allow proper anchoring of
the cages was 36.5 meters (120 feet). Dapueto et al. (2015) considered
depths greater than 50 meters and less than 10 meters as limitations
for their model, since depths greater than 50 meters increase costs and
make anchoring more difficult. Garavelli et al. (2022) defined suitable
areas within the range of 25 to 100 meters, depths greater than 100
meters are unfeasible for combining offshore farms and wave energy
plants. Hasankhani et al. (2023), utilized a broader range of 0-250
meters, with a constraint over 250 meters. In general, depths over 200
meters are increasingly expensive as the depth increases (Gentry et al.,
2017), longer mooring lines will be required in deeper waters, and
optimal configurations may vary (Morro et al., 2022), with the
development of new offshore technologies, the range in which an
oftshore farm can be installed will expand to deeper waters.

In addition to bathymetry, areas previously designated for other
purposes have also been considered as restrictions. For instance,
Dapueto et al. (2015) incorporated areas such as marine protected
areas or diving sites as constraints into their model, this could be
particularly relevant for countries where there is a conflict between
coastal aquaculture and Marine Protected Areas (MPA). This is
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particularly relevant for Chile, where salmon farms often operate in
MPA areas and generate social conflict. However, certain uses like
military zones were not deemed as limiting constraints; instead,
they were assigned lower percentages in the models. For example,
Gimpel et al. (2015) and Riley et al. (2021) assigned weights of 10%
and 25%, respectively, to military areas compared to other
parameters considered in their models, as shown in Table 1.

Concerning the structure of the models used to estimate suitable
areas for offshore aquaculture, a balanced model is built with the same
weight for each parameter, an example of this is the model of Riley
et al. (2021) which assigns equal weight to each of its sub-models
(25%), which means that each of the four sub-models (National
Security, Industry & Navigation, Natural & Cultural Resources, and
Fishing & Aquaculture) is of equal importance. Conversely, Barille
et al. (2020) assess different scenarios by adjusting the values of their
sub-models to determine the best approach for allocating oftshore
oyster farms, in their study, Barille et al. (2020) evaluate which
submodel most limits offshore areas by considering three
submodels: socio-economic submodels, optimal growth, and
environmental conditions. Dapueto et al. (2015), meanwhile,
employ varied weights in their sub-models, with socioeconomic
factors carrying the most weight in the outcome of their model.

Regarding the constraints of the models, we found that there is a
wide variety of criteria. For example, Natura 2000, a network of
protected areas, emerged as the most limiting factor for offshore
aquaculture in Europe (Barillé et al., 2020), as strong environmental
studies are required in these areas. In the study by Weiss et al.
(2018), the primary limiting factors for offshore aquaculture areas
were biological criteria, specifically salinity and sea surface
temperature. Similarly, Yu et al. (2022) found sea surface
temperature to be the limiting factor in their model of the Yellow
Sea. On the other hand, Garavelli et al. (2022), explored suitable
areas for aquaculture and energy generation, for their research, the
most limiting factor was wave-generated power, which was not an
inherent parameter of farm structure or the biology of the target
species (Vazquez Pinillos et al., 2023). Similarly, Riley et al. (2021)
considered the presence of active oil and gas wells, shipping lanes,
coral and hardbottom habitats, environmental sensors, and buoys
as constraints for their model.

To structure the model for estimating suitable areas for offshore
aquaculture, it is interesting to analyze the two different approaches
used by Riley et al,, 2021, and Fiskeridirektoratet, 2019. The first
study emerged from Executive Order 13921, which aims to promote
competition and growth in the seafood production industry (Riley
etal,, 2021). Therefore, the model developed by the NOAA does not
have a specific target species and does not employ specific biological
parameters. On the other hand, the model developed by
Fiskeridirektoratet, 2019, aims to expand aquaculture in Norway,
specifically focusing on Atlantic salmon. Thus, significant factors
considered in this model include fish welfare, disease proliferation
among these fish, and their interaction with coastal aquaculture
farms. It is the responsibility of the legal authorities, who possess the
legitimacy to make decisions, to select the appropriate criteria,
parameters, and methodology to determine suitable sites.

If a new aquaculture industry is to be created, we should learn
from the past and consider the opinions of different stakeholders
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and local communities. Decision-makers should incorporate these
opinions to determine suitable areas in collaboration with these
stakeholders from the beginning. As outlined by Riley et al. (2021),
this participatory approach involves conducting workshops with
stakeholders to document the permitting framework and evaluate
opportunities for offshore aquaculture development. These
workshops also facilitated the establishment of initial parameters
essential for commencing the study of aquaculture opportunity
zones. Riley et al. (2021) indicate that over 175 one-on-one sessions
were conducted with stakeholders and experts to inform their
methodology and analysis. In the case of Norway, a new process
was developed with extensive participation from stakeholders to
determine the most suitable methodology for identifying offshore
areas (Fiskeridirektoratet, 2023), The process establishes at least
three instances where public consultations are deemed necessary to
define sampling methodologies and analyze the results. These
examples aim to foster greater social consensus during the
industry’s expansion.

5 Conclusions

In conclusion, the establishment of offshore aquaculture
encounters various domestic constraints and necessitates a
comprehensive understanding of legal frameworks, technological
factors, and environmental parameters, as well as social issues.
Chile’s legal framework, governed by the LGPA and supplemented
by international agreements like the UNCLOS, does not pose a
constraint for granting offshore farms within Chilean waters.
However, limitations arise from jurisdictional constraints within
the Undersecretariat of the Armed Forces, which can solely issue
maritime concessions in the territorial sea. If Chile intends to
expand its aquaculture activities beyond this zone, modifications
to the legal framework are imperative to broaden the jurisdiction of
the Undersecretariat of the Armed Forces.

The precise definition of offshore aquaculture holds paramount
importance for both effective governance and industry advancement.
While physical parameters like depth and distance from the shore
commonly serve as reference points, consensus regarding the specific
criteria marking the transition to open ocean conditions varies
considerably depending on the intended location of the offshore
farm. Nonetheless, employing criteria that remain constant over time,
unaffected by seasonal fluctuations, such as depth and distance from
shore, could facilitate the establishment of a legal definition applicable
uniformly across territories. However, incorporating technological
aspects into the definition might prove counterproductive due to the
dynamic nature of aquaculture technology, with diverse projects
worldwide proposing various technological solutions. Instead,
aligning with established policy frameworks such as the territorial
sea divisions delineated in the UNCLOS agreement could offer a
more standardized approach to defining offshore aquaculture.

Parameters for determining the feasibility of offshore
aquaculture include bathymetry, wave height, sea surface
temperature, and current velocity. These parameters vary in
importance depending on the specific objectives of the model and
the environmental conditions of the target area. Additionally,
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factors such as stakeholder and local community support, as well
as previous uses of the space, play significant roles in determining
suitable areas for offshore aquaculture. The structure of models used
to estimate suitable areas for offshore aquaculture varies, with some
employing a balanced approach while others prioritize specific
factors such as socioeconomic considerations. Understanding
these different approaches is essential for policymakers and
stakeholders involved in offshore aquaculture development.
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