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A B S T R A C T
l

With aquaculture steadily expanding, the need for suitable space has been fol-
lowed by the development of more efficient, cost-effective, and environmentally sus-
tainable methodologies. Avoiding possible conflicts between the development of
commercial aquaculture operations and the environmental impact in coastal areas,
utilizing the offshore environment offers the greatest potential for expansion of the
industry in most regions throughout the world. Although currents and greater depths
generally increase the assimilation capacity and energy of the offshore environment
and offer many advantages for aquaculture, a number of challenges associated with
developing any activity in the open ocean environment must be taken into consider-
ation. This article summarizes these advantages and challenges, focusing on the first
and most crucial step for project development: site selection criteria for open ocean
aquaculture. Although most of the concepts and criteria are common to other marine
net pen aquaculture operations, we review and present those conditions that are in-
herent to the open ocean environment andmust be considered before developing any
offshore aquaculture activity. These encompass basic premises; assumptions; logis-
tics; infrastructure; availability of manpower, services, and materials; legal framework;
socioeconomic and political issues; and oceanographic, biological, environmental, and
technological criteria. There are no defined set of criteria, as most are interacting and
not fixed but interdependent (e.g., depth vs. current velocity). However, suitable sites
must meet basic crucial standards summarized here.

Site selection is one of the most important decisions for the establishment of a
fish farm operation. Satellite images, hydrographic charts, maps, Google Earth, and
Geographic Information Systems can all provide important information for prelim-
inary work on site assessment; however, a very careful in situ survey is mandatory
to evaluate the suitability of the area.
Keywords: Open ocean aquaculture, Offshore fish farming, Selection criteria for
ocean fish farming
30 years, the salmon industry has driven
Introduction
Recent technological advances in
offshore cage systems allow for the de-
velopment of aquaculture operations
in the open ocean. This offshore indus-
try is rapidly expanding throughout the
world. Indeed, during the past 20–

such technological advances, reaching
a point where state-of-the-art aqua-
culture cages with 100 m of diameter
or more, capital cost under US$7/m3,
and widespread applications have been
extensively exposed to high-energy en-
vironments (Scott and Muir, 2000).
The technology is in place, as over
the past decade a variety of modern
submersible, semisubmersible, and
floating cages have been designed
and built to “conform” with waves
and strong currents associated with the
high-energy environment generally
associated to offshore areas.

In addition to the attainable benefit
of higher potential profits, offshore
aquaculture may provide the benefits
of (1) overall reduction in conflicts
with other users and in objections
from adjacent landowners, (2) avoid-
ance of the ecological carrying ca-
pacity limitations of inshore waters,
(3) access to larger volumes of high-
quality water for finfish or filter-
feeding organisms, (4) reduction of
overall ecological impacts, (5) possible
reduction of regulatory and permit
requirements, and (6) ability to cul-
ture high-value, open ocean species
(Stickney and McVey, 2002). Al-
though the economical feasibility of
such operations is still being evaluated,
the potential benefits described signal
the feasibility of raising a variety of
marine finfish species in offshore envi-
ronments to increase production while



reducing environmental impacts. Im-
portant reviews on nearshore and open
ocean cage aquaculture are provided
by Beveridge (2004), Bridger and
Costa-Pierce (2003), and Halwart
et al. (2007).

Many existing open ocean aqua-
culture operations are currently located
within 3 miles from shore and thus
shoreward from theExclusive Economic
Zone (EEZ). EEZ is defined as the area
extending from 3 to 200 nautical miles
of coastal states in most countries (with
the exceptions of Texas, Puerto Rico,
and Gulf Coast of Florida in the United
States) (U.S. Commission on Ocean
Policy, 2004). However, there are
plans for expanding these activities to
the EEZ’s offshore areas in several
countries, including the United States.
Nonetheless, because of greater depth,
stronger currents, and distance from
shore, environmental impacts potentially
associated with aquaculture in coastal
areas are expected to be considerably
lower in the open ocean, suggesting
that offshore cage systems are among
themost environmentally friendlymeth-
ods for commercial marine fish culture.

Before the establishment of any
fish farming operation nearshore or
offshore using floating or submerged
cage or pen systems, a site assessment
must be conducted to carefully evaluate
parameters related to infrastructure, to-
pography, bathymetry, meteorology,
annual ranges of water quality param-
eters, and environmental and biolog-
ical information as well as the legal
framework. Most criteria also apply
for siting land-based facilities such as
hatcheries, which are required to sup-
port cage culture operations.

Basic Premises

■ There is no perfect site. Site selec-

tion is a compromise and a process
of elimination, in which the major-
ity of areas initially identified as
suitable are generally eliminated be-
cause of user conflicts.

■ Depending on project size, level of
investment, and timeframe for de-
velopment, it may be necessary to
create infrastructure.
The success of the operation will

depend to a large extent on a thorough
site survey and proper assessment with
regard to project development. Site
selection is done through a process of
elimination of areas of conflicting
uses. The process generally starts with
the identification of a general area that
is potentially interesting and suitable.
The most sensible way of getting
started is looking at available maps,
charts, and satellite images or on Google
Earth. Geographic Information Sys-
tems (GIS) and remote sensing and
mapping have become essential tools
in site surveying, development, and
management of open ocean aquacul-
ture (Figures 1A and 1B). Extensive lit-
erature is available on the use of GIS,
remote sensing/mapping, andmonitor-
ing models in aquaculture (Ervik et al.,
1997; Hansen et al., 2001; Kapetsky
and Aguilar-Majarrez, 2007; Kiefer
et al., 2008; Pérez et al., 2002; Rensel
et al., 2006; Stigebrandt et al., 2004).

Once all conflicting uses of the area
are eliminated and the site is identified,
detailed studies must be carried out
in situ. The process can be compared
with assembling a puzzle, where all
pieces must be identified prior to de-
velopment, and individual factors
must be carefully analyzed and com-
bined to estimate the whole picture.
However, one should keep in mind
that there is no perfect site and compro-
mising is required more often than not.
For example, an otherwise perfect site
from the biological standpoint may
lack basic infrastructure support. In
this case, depending on the size of the
May/J
project, the availability of resources,
and the timeline, a viable alternative
is to create the necessary infrastructure.

To evaluate the whole picture, one
can create a matrix by establishing
different weights to different inputs
regarding their relevance in the respec-
tive process, and the output generated
can provide an interesting support
for decision making. Such models al-
ready exist, including a modeling sys-
tem called Cage Aquaculture Decision
Support Tool and another called
Modelling-Ongrowing fish farms
Monitoring, which uses multi-criteria
analysis tools to create a decision sup-
port system not only for site assess-
ment and environmental monitoring
but also for stocking density and eco-
nomic feasibility as well (Ervik et al.,
1997; Halide et al., 2009; Hansen
et al., 2001; Kiefer. et al., 2008; Rensel
et al., 2006; Stigebrandt et al., 2004).

We present in Table 1 a list of cri-
teria that have been widely used in sev-
eral of our site assessment studies. Each
criterion should be studied and given
a “grade” (i.e., 1 to 10) according to
its suitability and importance. Fur-
thermore, each criteria should be
given a “weight” (say, from 1 to 3),
corresponding to its individual impor-
tance in the process—which vary in
different projects in different regions.
The “grade” of each criterion should
then be multiplied by its “weight,”
generating values that should be added
to one another resulting in an overall
grade for the site. This has proven to
be a practical and reliable tool in deter-
mining the suitability of sites for open
ocean aquaculture ventures.

A proper understanding of project
requirements will provide the knowl-
edge to establish the inputs and re-
spective weights to create a unique
hypothetical model. In general, experi-
ence shows that most potential areas
une 2010 Volume 44 Number 3 23
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IGURE 1

ase study location. (A) Aerial photo of Culebra Island, Puerto Rico, showing the cage site (“X”). (B) Vicinity map showing the cage site coordi-
ates (black square).
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TABLE 1

Site selection criteria.
Site Assessment Criteria for Open Ocean Cage Aquaculture

Feasibility Study/Site Assessment

Checklist
Yes
 No
May/June
In Progress
2010 Volume 44 N
Notes
GIS, Google Earth, satellite images
Maps, hydrographic/navigational charts
Areas of conflicting use (identify/eliminate)
Tentative site selected
Legal framework (local, state, country)
Acceptance of project by local government/public
Manpower available at all levels
Subcontractors for key services (net cleaning, diving)
Security
Accessibility—roads, dock, entertainment, etc.
Land-based facilities (comfortable housing for staff)
Communications (phone, computers, etc.)
Electricity
Freshwater
Proximity to processing plant, airport, port
Environmental baseline/assessment/monitoring
Bioremediation, mitigation needs
Depth profile; bathymetry (desirable 30–60 m)
Distance from shore (desirable 1–6 km)
Bottom type (desirable sandy)
Exposure to wind; fetch
Currents velocity (desirable 0.2–1.5 knots)
Maximum wave height (swell) (>3 m)
Tides (related to coastal-driven tidal currents)
Water quality in general (samples/analyze)
River runoff/stratification layers (seasonal)
Plankton occurrence and distribution
Red tides, plankton blooms
Predators—sharks, birds, seals, etc.
Potential for expansion—available adjacent area
Technological and economical feasibility
Understand commitment, investment, time required
Final site selected:

continued
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TABLE 1

Continued

Case study

Description of site selected for open ocean aquaculture using the criteria previously described. (Snapperfarm, Inc., Puerto Rico).

Site Coordinates:

Northern Boundary: 18° 16.67N

Southern Boundary: 18° 16.4N

Eastern Boundary: 65° 19.72W

Western Boundary: 65° 20W

Site area: 500 × 500 m = 250,000 m2

Characteristics: Oceanic

Temperature: 25°C–32°C

Salinity: 32–36 ppt

Dissolved oxygen: 6–7 mg/L

Currents: 0.25–1.5 knots

Current direction: NW to SE, tidal driven, NW net transport

Tidal variation: 0.3 m

Depth: 28 m

Fetch

North: 1.6 km (Luis Peña Island)

South: 14.5 km (Vieques Island)

East: 3.2 km (Culebra Island)

West: 27 km (Puerto Rico)
initially identified turn out not to be
suitable because of some unforeseen
issues related to some of the selection
criteria described below.

Infrastructure
When evaluating a site, the first and

foremost aspects to consider are infra-
structure support and logistics. A site
may meet all of the other criteria, but
if it is inaccessible and completely cut-
off from a major city, the rest of the
world, and all the elements required
for the operation, a number of pro-
blems will arise.

Although several remote salmon
farms in Southern Chile are entirely
based on barges and served by boats,
26 Marine Technology Society Journa
it is assumed that any open ocean
aquaculture operation will need a
land-based facility nearby. Thus, an
important factor is accessibility. How
close is the land site to main roads,
three phase power lines, public trans-
portation, ports, docking facilities, air-
port, and air cargo freight? Both people
and shipments should be able to come
and go relatively easily. The communi-
cations infrastructure is also extremely
important. Does the area have an
acceptable satellite and telecommuni-
cations infrastructure? This will de-
termine how well telephones, faxes,
computers, mobile phones, and e-mail
will operate. Without these basics,
both the staff and the business itself
l

will suffer. There should also be reli-
able access to postal services like mail,
FedEx, DHL, and UPS.

Another important item is the
availability and costs of electricity and
fuel. The ideal scenario includes a reli-
able and affordable energy supply and
does not require fuel to be transported
over large distances. Finally, the avail-
ability and quality of freshwater should
be considered. The importance of this
cannot be overstated. Good quality
freshwater must be readily available
from public services for the land-
based supporting facility. Potable
water can also be obtained from wells
or trucked in, and both alternatives
should be analyzed.



Services and Materials
The items in this section are par-

tially related to infrastructure as well
because they deal with accessibility to
elements that are crucial for any aqua-
culture operation. First, what is the
site’s proximity to a city? This involves
access to things like housing, schools,
hospitals, police, entertainment, cul-
tural resources, sports, and so forth.
Also, what is the proximity to shop-
ping and markets? This is important
because a supply of ice, food, cleaning
materials, and utensils will always be
required and staff will need a break
form the work of the farm. Next, the
access to construction materials such
as lumber, concrete, steel, fiberglass,
polyvinyl chloride pipes, and tools
should be studied along with the avail-
ability of qualified mechanical, elec-
trical, plumbing, well drilling, and
general contractor expertise.

Manpower/Personnel
It is extremely important to evalu-

ate the workforce situation. Where are
the people who are going to run the
operation? What is the availability of
skilled and unskilled labor at all levels
(laborers, technicians, divers) in the re-
gion?What is the availability of admin-
istrative and technical staff (managers,
biologists, hatchery managers)? It is
well known that in aquaculture, as
with any other production activity,
the success of the operation depends
on the qualifications of those who
will run it. This should be analyzed
closely because any number of arrange-
ments to fill essential jobs are possible.
A careful study will involve dividing
available manpower into local/state/
national/international personnel and
determining availability and con-
straints before deciding on the best sce-
nario. It is likely that at least a few
workers with certain levels of expertise
will have to be brought up from other
regions or even from abroad.

Legal Framework
Access to ocean locations to place

cages for offshore aquaculture in
most countries involves the application
of a marine concession permit from
the government. Notably, the United
States does not currently have a per-
mitting and leasing process for the
EEZ, although Congress is consider-
ing the issue. A marine concession per-
mit provides the applicant with the
legal right for the use of public domain
property or resources for private pur-
poses. Usually, the government agency
or agencies responsible with managing
this process require a yearly usage fee
(rent) for the concession. Depending
on the country, this fee can be waived
for the initial years in which the project
is being started until the company be-
gins reporting a positive cash flow. As
part of the concession application pro-
cess, an environmental assessment or
an environmental impact statement
may be required, and it usually in-
volves hiring a local consulting firm
registered or certified as competent
with the appropriate government
agency to perform the environmental
assessment or environmental impact
statement document. The application
is usually reviewed by all the gov-
ernment agencies required by the
country’s law to do so, which varies
between countries. Applications can
take between 8 months and as long
as 5 years to process, depending on
the country’s permit process bureau-
cracy. Shore side property on which
to base a support facility for the off-
shore cage site usually is also required.
The issue of coastal land ownership
(private, communities, government
easement, etc.) in that specific area
should be carefully evaluated. Is the
May/J
site itself up to date and in accordance
with all local regulations, permits, and
laws? If not, how easily can this be
addressed?

It is important to become familiar
with the local, state, and country gov-
ernment regulations because both the
land and the ocean sites will deal
with a particular set of regulations
and laws. These of course are different
from country to country. It is also im-
portant to carefully look into all local
labor laws and regulations. Moreover,
it is important to check the availability
of lawyers, attorneys, and facilitators to
consult on these previously mentioned
items and any others that will inevita-
bly arise. The best solution is to always
hire a local lawyer or a consulting com-
pany that is registered to provide the
documents and expertise and has ac-
cess to government officials, regula-
tors, and permit grantees.

The timing of permit application
also needs to be considered. Submit-
ting an application between a national
election cycle can delay the evaluation
of the permit substantially. In some
countries, national election laws limit
the ability of permitting agencies to
make decisions for 6 months before
or after an election cycle. In addition,
the shift of agency political appointees
can take longer, hindering the approval
of permits. Local, regional, and/or na-
tional government support and politi-
cal connections are crucial. Submitting
applications in synchrony with the
election cycle may be carefully consid-
ered as they can either help expedite or
curb permit approval.

Social and Economic Factors
Local social and economic factors

will have a great impact on the success-
ful long-term execution of a project.
The benefits and impact of generat-
ing employment in the area should
une 2010 Volume 44 Number 3 27



be understood in advance. Some other
elements of which to be aware include
public and government acceptance/
perception of the project, existing
and potential tourism in the area, and
population demographics, such as
standard of living and income levels
of people. Also, it is important to
know if there are there any competing
activities in or near the offshore site,
such as fishing, whale watching, freight
vessel transit, or oil exploration, which
could negatively impact your project.
Another important socioeconomic
factor that could negatively impact
any operation is site security. A careful
evaluation of risks regarding piracy,
theft, and vandalism is imperative.

Any open ocean or coastal aquacul-
ture operation will have to count on
the approval and support of local com-
munities of fishermen (if any) and fish-
ermen organizations such as associations,
colonies, community centers, and so
forth. To this effect, operators must en-
sure that the farm will bring social and
economic advantages to the region by
employing directly and indirectly a
number of local individuals and generat-
ing benefits one way or another. Some
countries will exempt the company
from marine concession lease fees if
an agreed number of local jobs are gen-
erated. Again, public perceptions are
pervasive and quite often more impor-
tant than the reality, and project opera-
tors will have to deal with them on a
daily basis. Having a local community
endorsement for establishment of the
project helps the government agencies
in deciding to favor the granting of the
permit because politically it is difficult
to not grant a permit that meets all
other requirements established by law.

Hydrography
Assuming that the open ocean op-

eration will rely on a land-based facility
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for its hatchery supply of fingerlings
and nursery, specific site surveys will be
required for both land-based and open
ocean grow-out facilities. Figure 2
illustrates materials, methods, and
instrumentation used for collecting
basic data required for site assessment
studies. It is important to understand,
to the maximum extent possible, fac-
tors pertaining to the region’s hydrog-
raphy and oceanography. Among the
most important factors that need to
be taken into consideration at both
the land and ocean sites are water
source (quality and quantity), seasonal
variations in water quality parameters
such as temperature, dissolved oxygen,
l

salinity, and turbidity, and tidal ranges
under both normal and storm condi-
tions. For the offshore site, current pat-
terns onshore, offshore, upstream, and
downstream are very important, as are
depth profiles for the area. For the land
site, the seasonal flood levels and the
potential danger of flooding during an-
nual rainy season are very important
as well as the water intake situation
(height/distance between intake and
pumps, hydraulic head, etc.).

Water temperature and its correla-
tion with fish growth is a major profit
driver to commercial farming (Benetti
et al., 2010; Person-Le Ruyet et al.,
2004). And depth profile and currents
FIGURE 2

Site assessment for open ocean aquaculture requires a wide range of studies using a variety of
both simple and sophisticated instrumentation. The pictures show some of the materials and
methods used during a site selection study conducted for an open ocean operation off the coast
of Culebra Island, Puerto Rico. (A and A.1) Current surface velocity was measured with a simple
drifter or drogue. (B) The towable underwater video camera permits inspection of benthic com-
munities. The video images are recorded to a portable recorder. (C) A digital fathometer with a
paper recorder was used to determine site depth. (D) All survey positions were recorded with a
12-channel Global Position System with differential corrections and stored to instrument mem-
ory (photos by Brian O’Hanlon, Snapperfarm, Inc.).



patterns are considered limiting phys-
ical factors; all must receive high
weights in determining hypothetical
site models. Current velocity is likely
the most important factor for both the
carrying capacity of the farm and the
management of adverse water quality
and benthic impacts and must be thor-
oughly studied. As most open ocean
aquaculture farms currently operating
throughout the world are located with-
in only a few miles from shore, tidal
currents often play major roles in de-
termining current patterns (velocities
and directions). Indeed, within au-
thors’ experiences, the current veloci-
ties in these successful open ocean
farms range from 0.2 to 1.5 knots—
with slacks and change in directions in-
variably observed in synchrony with
the tidal variations. Examples of current
meters commonly used for measuring
current velocities and directions are
shown in Figures 2, 3, 4, and 5.
Topography/Geology
Important elements of the land site

are the availability of land, including
possibility for expansion through gov-
ernment or private ownership, eleva-
tion of land and its contours, which
should be a minimum of 2–3 m
May/J
above high tide, drainage, and soil tex-
ture and composition (construction
and/or compactibility to hold water—
sandy, clay, silt, etc.). These criteria
are related to construction of the land-
based facility needed to support the
open ocean grow-out cage operation.
FIGURE 3

Water column current velocity and direction
measurement instruments. (A) RDI Sentinel
acoustic Doppler current profiler (ADCP)
sends four acoustic rays from ocean bottom
to surface. Instrument measures Doppler shift
in frequency reflected back from sediment or
other particles in water column at programmed
distance intervals until surface is reached.
(B) Depiction of mooring buoy for a single
point current velocity and direction measure-
ments. (C) RDI Sentinel ADCP mounted on
frame at ocean bottom. (D) InterOcean S4
current meter, which also measures at a single
point using the Doppler shift principle.
FIGURE 4

Example of typical data sets obtained from current studies in site surveys for open ocean aqua-
culture. (A) An InterOcean S4 single point current meter data for speed in centimeters per second,
direction in degrees, and water depth in meters. (B) Current rose. (Data from South Eleuthera,
Bahamas. Courtesy of Aquasense, LLC, the Cape Eleuthera Research Institute and Ocean Spar,
LLC.) (C) RDI ADCP current mean speed profile for seven days sampled every 20 min.
une 2010 Volume 44 Number 3 29



Treece (2000) provided a thorough re-
view on site selection criteria for land-
based aquaculture facilities.

Climate/Meteorology
Seasonal variations of meteorologi-

cal parameters will greatly impact any
project. Other factors are prevailing
wind velocity and direction; average,
maximum, andminimum air tempera-
tures; average, maximum, and min-
imum rainfall; local waves, storms,
tsunamis, earthquakes, typhoons, and
hurricane history and frequency; and
solar radiation and evaporation rates.
Too much rain associated with the
presence of mountains and rivers will
likely create extensive runoffs will
cause lower salinities, heavy loads of
suspended solids, and nutrients that
may reach large areas comprising tens
of kilometers of coast waters. These
runoffs are known to affect the health
of the fish being raised, especially pe-
lagic species.
30 Marine Technology Society Journa
These are obvious but often over-
looked parameters. Even recently,
several cage farm operations were
developed in hurricane-prone areas
using traditional floating, gravity
cages. The risks of these farms being
hit by a hurricane were too high, and
within the few years that they have
been operating, some have lost their
entire infrastructure and stock with
enormous financial losses.

For hurricane- or storm-prone
areas such as the Caribbean Sea, for
example, it is advisable to deploy ad-
vanced cage systems that can be de-
ployed and operated submerged or
semisubmerged (e.g., SeaStation by
Ocean Spar, Aquapod by Ocean
Farm Technologies, OceanGlobe by
BYKS AS, Ocean Drifter (a concept
design by Cliff Goudey), Tension
Leg Cage by Refamed, Hoverflex by
Subflex, etc). Figures 6A, 6B, 7A,
and 7B depict SeaStation and Aquapod
submergible cages commonly used for
FIGURE 5

An RDI Sentinel ADCP depicting the four acoustic cones that collect the current speed and direction through the water column. The graph image
projected represents the results of the readings (image courtesy of Johnny Chavarria Viteri).
l

FIGURE 6

Ocean Spar, LLC Sea Station 6,400 m3 cages
deployed off the Caribbean Coast of Panama
(photos courtesy of Open Blue Sea Farms
LLC). These cages are submergible and are
only raised to the surface for cleaning, servicing
and harvesting.



open ocean aquaculture the world
over.

Pollution
Organic and inorganic pollution

sources must be carefully analyzed be-
fore completing the land and ocean site
surveys. It is important to study and
understand past, present, and future
sources of both organic and inorganic
pollution; oil, untreated sewage, bacte-
ria, and other pathogens present in
municipal (human) waste discharges;
heavy metals and chlorinated hydro-
carbons present in industrial waste
discharges; pesticides and fertilizers
present in agricultural waste dis-
charges; and organic and inorganic
aquaculture waste discharges such as
ammonia, chlorine, antibiotics, and
drugs. For example, installing a land-
based facility to support the offshore
farm at any location receiving nearby
effluent water from a large agriculture
operation relying heavily on pesticides
must be avoided. Oil pollution is an-
other major risk. A case in point is
the 2010 Deepwater Horizon/BP oil
spill in the Gulf of Mexico (GOM).
On the basis of current satellite imag-
ery taken around the GOM region
(http://www.cstars.miami.edu), it can
be presumed that had offshore cages
been located in the areas, which are
now covered with oil, significant loss
of crops and infrastructure would have
occurred because of the contamination
and mortality caused by the crude oil.
There would also have been a risk of
contamination and mortality caused
by the use of chemical dispersants at
the source of the oil spill (Kevin Polk,
personal communication, May 2010).

Biology
Although biological risks such as

harmful algal blooms (particularly red
tides) are generally associated with
eutrophic environments in shallower
areas, their historical occurrence in
the area must be studied for risk assess-
ment. Heavy mortalities can arise from
harmful algal blooms or red tides
(Anderson et al., 2001). It is also im-
portant to identify and avoid areas
where large numbers of predators
such as sharks, seals, and other large
marine mammals are known to
occur. This is often unpractical, but
one must beware that the presence of
predators can incur high costs from
damaged nets and escape of stock and
the need for predator avoidance tech-
nologies. Escapes because of shark at-
tacks on the nets of open ocean cages
in the Caribbean have been reported
to cause significant losses of crops in
recent years. However, problems with
escapements have been brought under
control upon the establishment of
May/J
better management practices, such
as efficient collection and removal of
mortalities from cages, and cage sys-
tems with improved antipredator
devices (Benetti et al., 2010). In addi-
tion, for both the open ocean site and
the adjacent land-based facility, proper
identification and knowledge regard-
ing abundance and seasonality of na-
tive phytoplankton and zooplankton
organisms, such as those associated
with toxic or harmful algal blooms, is
crucial to counteracting the clogging
of filters and pipes at the hatchery
and negatively affecting the cage site
(Anderson et al., 2001).

Environment
The importance of the environ-

mental sustainability of the operation
and of minimizing any environmental
impact to local ecosystems must be
emphasized. Perceptions play a role,
and all efforts must be made to educate
all stakeholders about the positive im-
pacts that the operation will have in the
region and how potential negative
impacts will be mitigated. Is the area
in which your site is located already
being utilized to its maximum extent
by other users and uses? Competing
uses of the environment, such as recre-
ation, tourism, navigation, fisheries,
oil and gas platforms, and others,
must be taken into careful consid-
eration. It is advisable to avoid close
proximity to marine protected areas
(reservations, parks, etc.) or environ-
mentally sensitive coastal areas such
as mangroves. Known areas of migra-
tion of sea turtles and marine mam-
mals should be avoided to minimize
conflicts with conservation agencies
and nongovernmental organizations.

With land-based facilities required
for supporting open ocean cage culture
operations, the infrastructure should
be in place or conditions should be
FIGURE 7

Aquapods Net Pens (3,000m3) cages deployed
off the Coast of Culebra Island, Puerto Rico.
These cages are also submergible and only
brought to the surface for cleaning, servicing,
and harvesting (photos courtesy of Snapperfarm,
Inc. and OceanFarm Technologies).
une 2010 Volume 44 Number 3 31



such that a suitable system can be built.
The facility should include systems to
control discharge water (waste water
disposal systems) and minimize envi-
ronmental impact. This can be accom-
plished by using sedimentation ponds,
filters, injection wells, buffer areas,
etc.). A study into local regulations re-
garding mitigation/treatment of waste-
water before discharging should be
carried out prior finalizing site se-
lection. Because of biosecurity and
environmental concerns related to ef-
fluent discharges, there is a trend to-
ward using recirculating aquaculture
systems in land-based facilities, in-
cluding marine fish hatcheries and
nurseries. This option should be con-
sidered, especially in areas where the
water supply is of questionable quality
and/or effluent discharges from the
facilities may represent a logistic or a
legal/permitting problem.

Because of high capital investment
and operational costs required, off-
shore aquaculture can be profitable
only if the farm can take advantage
of economies of scale (Benetti et al.,
2006). The carrying capacity of the en-
vironment and the suitability to imple-
ment a large-scale farm for economies
of scale are directly correlated. The
waste products generated by metabolic
processes and uneaten food are directly
proportional to scale of the farming ac-
tivity, and the accumulation of organic
matter beneath the cages and in sur-
rounding environment could drasti-
cally alter the seafloor fauna and flora
(Beveridge, 2004; Bridger and Costa-
Pierce, 2003; Gowen, 1991; Iwama,
1991; Karakassis et al., 1998; Pearson
and Black, 2001; Wu, 1995). This has
the potential to cause negative envi-
ronmental impacts and consequently
compromise the economic viability of
the project. Such adverse environmen-
tal consequences can be increased with
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poor quality food and feed utilization
(Huiwen and Yinglan, 2007). These
negative conditions are generally asso-
ciated with inshore situations and com-
paratively shallow or weak currents in
protected coastal areas (Goldburg
et al., 1996). Offshore and open
ocean sites with greater depth and
stronger currents considerably reduce
the effect of waste accumulation by al-
lowing an efficient dispersion of pen
effluent and its assimilation by the
surrounding environment (Benetti
et al., 2008, 2010; Colbourne, 2005;
Hansen et al., 2001; Pérez et al.,
2003; Stigebrandt et al., 2004).

A basic model to estimate the spa-
tial scale of nutrient dispersion on the
basis of organic material (uneaten food
and feces) settling velocity (v), water
depth (d ), and current velocity (V ),
uses the following equation D = dV/v,
where D represents the horizontal dis-
tance of waste dispersion (Gowen and
Bradbury, 1987). This model shows
the paramount importance of high-
energy conditions associated with
open ocean environments to overcome
these problems.

Besides the impacts on the benthos
underneath offshore farms and sur-
rounding area, fish meal and oil utiliza-
tion for aquafeeds ( Jackson, 2009;
Schipp, 2008), transfer of diseases and
antibiotics to environment (Smith
and Samuelsen, 1996), and genetic
impact on wild stocks due to escapes
(Triantafyllidis et al., 2007) have
raised most of the concerns with ma-
rine finfish aquaculture offshore.

Small losses (<1,000 individuals)
generally occur during harvesting,
whereas mass escapes (>10,000 in-
dividuals) are attributed to storms
(Dempster et al., 2002) or to predators
damaging nets (Benetti et al., 2008,
2010). Thus, the use of suitable cages
built for specific site requirements and
l

best management practices to main-
tain optimal conditions are crucial to
avoid escapes.

Lessons to be Learned
From the Recent Oil Spill
in the GOM

Certain regions in oil-producing
countries present risks associated with
both weather and environmental disas-
ters. For example, aside from the ever-
present hurricanes and red tides, threats
in the Caribbean and recently in the
GOM,with the BPDeepwaterHorizon
oil rig sinking and oil spill, provide an
example of the greater risks and con-
flicts that these large-scale disasters
present to offshore aquaculture devel-
opment. In these cases, there are obvi-
ous advantages in deploying submerged
cages that can be maintained and safely
operated under water for extended
periods of time while the oil leaks or
red tides may be drifting over them.
For that action to be a management
tool, studies should be conducted to
precisely determine at what depths the
oil leaks, oil emulsions, and/or red tides
would affect the crop and farm infra-
structure. These data are essential for
planning the cage depth of offshore
deployments.

In addition, summarizing the sur-
face currents data for the GOMby sea-
son would help point out which areas
are more or less prone to oil spill im-
pacts. Accessing these data is impor-
tant for planning and zoning of ocean
uses and selecting suitable sites in the
GOM and elsewhere to develop fu-
ture offshore aquaculture operations.
Likewise, future mooring designs for
offshore cage systems should contem-
plate designing quick-release anchoring
systems so that cages can be released to
the surface and towed away from
harm’s way. Strategies to move and
anchor cages from harm’s way should



be conceived a priori to provide op-
tions should the need arise. Ocean
technology engineers face the chal-
lenge of addressing these concerns by
modifying or redesigning the cage
systems currently available (e.g., Ocean
Spar, Ocean Farm Technologies,
Aqualine, SubFlex, etc.). Offshore
cage system operators will also have
to implement quick harvest systems
to bring the fish to market before the
oil spill affects them. Again, a priori
contingency planning and employee
awareness of these harvesting strate-
gies can help operators harvest the
crop expeditiously.

As previously discussed, current
satellite imagery taken around the
area of the Deepwater Horizon oil rig
spill shows that had offshore cages
been located in the areas that were cov-
ered with oil, significant loss of stock
and capital would have occurred be-
cause of the contamination and mor-
tality caused by the crude oil and its
residues. There would also have been
a risk because of contamination and
mortality caused by the use of chemi-
cal dispersants at the source of the oil
spill (http://www.cstars.miami.edu).
This discussion highlights the im-
portance of selecting regions or even
countries that have minimum poten-
tial for conflict between their offshore
energy industries and locating offshore
aquaculture production. The assur-
ance that the ocean water quality will
be maintained becomes a real asset
for a company wanting to raise and
sell healthy and wholesome fish in a
worldwide market.
Conclusions
All considerations presented in

Table 1 and discussed here are to be
applied after general site evaluation
using GIS, available maps and hydro-
graphic charts, satellite images, and
preliminary information gathered on
site. Google Earth has become a most
useful tool for preliminary work on site
assessment. Although some of the
parameters discussed do not directly
apply when assessing an oceanic site
for cage culture per se, all are worth
considering when selecting a land site
because a successful offshore opera-
tion must rely on a land-based facil-
ity for logistic support and supply of
fingerlings.

The utilization of high-quality
feeds specific for each developmental
stage of the fish, best management
feeding practices to improve feed con-
version, and mathematical models to
predict and monitor environmental
impacts according carrying capacity
should be emphasized going forward.
Horizontal integration should also be
considered as a viable solution to re-
duce negative impacts while enhancing
production and economic efficiency
(Bunting, 2007). Furthermore, on a
broad scale, research to improve and
reduce fish meal and fish oil utilization
should be conducted to increase both
the profitability of marine farming op-
erations and the ecological sustainabil-
ity of the industry as a whole.

It is important to recognize from
the onset that public and government
understanding and acceptance of these
commercial projects is of great im-
portance to the future of the industry.
Likewise, industry must understand
that a successful site survey should nec-
essarily include a study of the flora and
fauna present in the area, focusing on
indicator organisms, to establish base-
line conditions. In this way, the aqua-
culture company, the public, and the
government will know if there are neg-
ative impacts from the project opera-
tion on the abundance of benthic and
water column organisms.
May/J
Lastly, companies invest a consid-
erable amount of time and expense in
assessing whether a land-based support
site and/or an offshore ocean produc-
tion site would be suitable for a com-
mercial fish farm. Although these costs
can be significant, the authors strongly
recommend that a comprehensive site
survey be carried out not only to deter-
mine the suitability of the site for the
species and the technology being con-
sidered but also to determine the eco-
nomic feasibility of the project as well.
Initial site assessment information and
costs should be on direct inputs to the
project business plan to provide the nec-
essary insight into the risk and the prof-
itability of the offshore aquaculture
venture.
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