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ABSTRACT

Offshore aquaculture—operating out of the sight of land—will have the logistic requirements
associated with near shore operations, plus a new set of issues associated with the higher energy
of the site and increased distance from shore. The Gulf of Mexico Offshore Aquaculture
Consortium has been confronted by these challenges and has developed a suite of components to
manage offshore aquaculture systems. This manuscript will present a system design—integrating
all developed components—that meets the logistic requirements of offshore aquaculture.
Emergency preparedness in the event of an approaching tropical front will be discussed that helps
ensure the survival of farm capital and fish stock while maintaining system integrity and worker
safety. Distance communication and monitoring of the farm is explored for situations having
decreased human presence and during severe storm events. We also include a discussion of poten-
tial site configurations and production planning that can be realized by using the logistic allevia-
tion methods described. Finally, a list of future engineering and logistics needs are provided.

INTRODUCTION

The Offshore Aquaculture Consortium
(OAC) chose a site having a depth of 26 m
approximately 40 km off the coast of
Mississippi in federal waters (29° 58.649′N,
88° 36.297′W). This specific location was not
chosen for its convenience to Offshore
Aquaculture Consortium (OAC) researchers
or its suitability for grow-out of any candidate
species in the Gulf of Mexico. Given the shear
size of the Gulf of Mexico and heavy marine
traffic deploying a cage near an existing struc-
ture offshore would decrease the likelihood of
vessel-cage collisions and subsequent damage.
To this end, the research operation was sited
adjacent to a ChevronTexaco manned gas pro-
duction platform, which minimized user con-
flicts with fishing and shipping activities while

providing continuous surveillance of the cage
to monitor for vandalism and storm damage.

1Portions of this chapter have been reprinted from: Goudey,
C.A., T. Boaz and C.J. Bridger. 2003. The design, installation,
and performance of a single-point mooring for an offshore
cage. Pages 191–195 in C.J. Bridger and B.A. Costa-Pierce,
editors. Open Ocean Aquaculture: From Research to
Commercial Reality. The World Aquaculture Society, Baton
Rouge, LA. ISBN: 1-888807-13-X/MASGC-03-008 with per-
mission from the World Aquaculture Society and Bridger, C.J.,
C.A. Goudey, D. Good and G.T. White. 2002. Development of
a lift-boat suitable for offshore aquaculture logistics. Pages
121-125 in Oceans 2002 MTS/IEEE. October 2002, Biloxi, MS
and Goudey, C.A. and C.J. Bridger. 2002. Evolution and per-
formance of a single-point mooring for an offshore aquaculture
cage. Pages 126-130 in Oceans 2002 MTS/IEEE. October
2002, Biloxi, MS with permission from the Marine Technology
Society.
2Present Address: Newfoundland Aquaculture Industry
Association, 20 Mount Scio Place, St. John's, NL CANADA,
A1B 4J9.
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To maintain constant volume and shape,
the net remains taut between a central spar
buoy and a mid-spar rim. The rim is octago-
nal; composed of eight flanged sections of
steel pipe that are individually sealed to pro-
vide positive buoyancy. The central spar buoy
has a lower variable buoyancy chamber that
allows the Sea Station to be submerged to
approximately 25 m (82 feet) in a 15-min
period. Submergence may be desirable to
avoid extreme storm events, dodge harmful
algal blooms, or to allow operation in areas
that are sensitive to visual aesthetics.

Submergence is accomplished by ballast-
ing the spar buoy with water that enters from
the bottom when air is released through a
valve located at the top of the spar buoy.
Raising the system simply requires displacing
the ballast water in the spar buoy with air

According to Loverich and Gace (1998),
coastal aquaculture cages may be classified as
gravity or Class 1 cages. This cage configura-
tion often experiences deformation and loss of
internal cage volume associated with water
movements due to wind, wave and current
action. Up to 80% of the expected growing
volume, used to base stocking density calcula-
tions, may be lost in currents of 1 m/s
(Aarsnes et al. 1990). Gravity cages also have
all their buoyancy located at the water surface
resulting in significant wave-induced motions
and internal forces. To endure the high-energy
environment found in the Gulf of Mexico and
to allow cage sinking to decrease hurricane
damage while maintaining possession of the
fish stock, a more rigid cage structure is called
for. For this reason, an Ocean Spar Sea Station
was chosen for the OAC research site (Fig. 1;
Loverich and Gace 1998).

Fig. 1. Schematic of the Ocean Spar Sea Station cage.
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introduced from a SCUBA tank. The experi-
mental size cage used by the OAC provides a
nominal growing volume of 600 m3. Sea
Station volumes up to 35,000 m3 have been
designed (Loverich and Goudey 1996)
although the largest used commercially to
date provides a 3,000 m3 internal volume.

The challenges presented to OAC
researchers, due mostly to its chosen site,
include the severity of the offshore environ-
ment particularly in the Gulf of Mexico.
These conditions challenge both work safety
and structural integrity. The distance from
shore limits workdays and increases operating
costs requiring innovative mechanization.
Separately, individual components have been
developed to mitigate these challenges includ-
ing an Aquaculture Support Vessel (Bridger et
al. 2002), single-point mooring (Goudey and
Bridger 2002), and Robofeeder (Goudey et al.
2002). Each component was developed to fit
within a coherent system design envisioned
for effective and safe farm management with-
in the Gulf of Mexico and other potential
regions requiring development of distant
aquaculture sites.

SYSTEM COMPONENTS

Developing an offshore aquaculture sec-
tor, in the absence of near shore operations,
allowed innovation that might otherwise have
been stifled by attempts to adapt existing
operations to more exposed high-energy loca-
tions. Offshore aquaculture will require inno-
vative technologies to support offshore opera-
tions, maintain cages on station even during
extreme storm conditions, allow appropriate
levels of feeding, provide long-distance com-
munication often in the absence of cellular
phone coverage, and carefully planned levels
of response to emergency situations.

Aquaculture Support Vessel
Due to the increased capital investment

and operating costs associated with offshore
aquaculture, economies of scale will be essen-
tial. This will, in turn, demand increased feed
inputs to large stocks of fish during grow-out.
Daily transport of feed, and other supplies,
might prove uneconomical due to transport
costs. In addition, daily visits could introduce
unacceptable risk due to the unpredictability
of offshore sea-state conditions.

A more reasonable approach to manage
offshore aquaculture operations involves
establishment of a permanent support struc-
ture near the cages that can handle these feed
requirements and other daily operational
logistics. Indeed, previous visions of offshore
aquaculture in the Gulf of Mexico placed
operations adjacent to existing (and future) oil
and gas platforms that would serve as support
structures to satisfy logistic needs (e.g.,
Chambers 1998; Kaiser 2003; Stickney 1999;
Waldemar Nelson Inc. 1997). However,
though an oil and gas approach may seem
intuitive, this strategy is burdened with
numerous constraints, including the operation
of both sectors simultaneously; requirement to
establish an Abandonment Bond to address
the removal of a decommissioned platform
(estimated at U.S. $2 to $5 million); and, inap-
propriate platform design and location for
aquaculture operations (Table 1). Although
the OAC cage is sited near a ChevronTexaco
gas structure, the benefits of proximity have
been achieved without the liabilities of con-
flicting use of an active oil and gas platform or
those associated with using an obsolete struc-
ture. However, this relationship does not pro-
vide any of the benefits of a dedicated nearby
platform for feed storage or crew housing that
a carefully designed facility would offer.
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• cage installation, towing, maintenance,
and repair;

• fish stocking, sorting, harvesting, and
transport;

• feed hopper re-supply;

• fish health monitoring and treatment labo-
ratory;

• environmental monitoring laboratory;

• diver and ROV support;

An alternative approach involves the
design and deployment of a purpose-built
Aquaculture Support Vessel (ASV) to meet
the requirements of offshore aquaculture. An
ASV could be economically competitive with
approaches that use existing oil and gas struc-
tures owing to the required abandonment
bond. The operational requirements of such an
ASV would include:

• cage fleet communications and control;

• mooring system installation and removal;

Table 1. Comparison of scenarios for integration of oil and gas (O&G) platforms in the develop-
ment of offshore aquaculture in the Gulf of Mexico.

Offshore Aquaculture
Operations Strategy Advantages Disadvantages
O&G Invest into and Integrate – Increase economic potential – Leasing modifications required 
Offshore Aquaculture Within of O&G structure – Present platform design will not allow
Operations mooring offshore cages to the structure

and not designed for safe aquaculture 
operations
– Future platform design criteria modified
for safe operations
– Potentially interfere with O&G operations

Offshore Aquaculture Investors – Offset costs associated with – Present platform design will not allow
Lease Abandoned O&G structure removal mooring offshore cages to the structure 
Structures – O&G industry are not direct and not designed for safe aquaculture 

investors to offshore aquaculture operations
– O&G industry will still have liability issues:

1) Maintenance of aids to navigation
2) Structural integrity of the structure
for its life

3) Injuries or property damage associated
with the structure

– O&G original operator may be
responsible for removal if new operator
neglects removal

Near O&G Platform but as a – No transfer of ownership required – No benefits of platform to the
Separate Operation – Passive protection to the aquaculture operator as a 'shore-base'

cage facility – Potentially interfere with O&G 
– Visual surveillance offered to operations
vandalism and storm damage – O&G operator potentially liable for

aquaculture mortality near its structure
Lift-boat within Marine – Eliminates all O&G concerns – Increased user conflicts if competing
Aquaculture Zone to aquaculture for new space with traditional use

– Specifically designed for
aquaculture operations
– Avoids storm impact
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• a helicopter-pad;

• sufficient living space for workers;

• maintenance and office space; and,

• a crane capable of lowering and raising a
farm workboat and feed.

The ASV may also be designed with a
central feed system onboard to feed cages in
its vicinity.

Loverich and Forster (2000) briefly men-
tioned a purpose built catamaran to service
offshore aquaculture cages in exposed sites to

meet these ASV criteria (Fig. 2). However, the
exploitation of proven approaches to operat-
ing in the Gulf of Mexico must also be consid-
ered. Therefore, the OAC, in conjunction with
Good Streak Marine (Slidell, LA), initiated
the design process for a lift-boat technology to
service offshore aquaculture cages in the Gulf
of Mexico (Fig. 3) and serve as the focal point
for a permitted offshore aquaculture site.

Within the present design, the lift-boat has
a total usable deck space of 500 m2 and four
hydraulic legs appropriate for water 26 m
deep. These legs can be lengthened according
to site specifics and appropriate levels of
available financing. The regular operational

Fig. 2. Conceptual design of a catamaran designed specifically to service offshore aquaculture
cages (Goudey 2001).
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A preliminary economic analysis has
revealed that a lift-boat ASV, supporting
twelve 3,000-m3 offshore aquaculture cages,
could be economically feasible (Posadas and
Bridger, this volume). Additional economic
returns could be realized by using the lift-boat
to service multiple cage clusters within the
operating range of the vessel’s home base. In
such cases, the lift-boat would serve as the
base for farm workers managing numerous
cage clusters. Effectively, this strategy would
decrease the distance to aquaculture sites fur-
ther offshore and allow more efficient use of
good weather windows frequently experi-
enced during the hostile winter season with
high seas more typical due to frontal move-
ments.

Single-Point Mooring
Single-point moorings are the favored

method for anchoring most floating marine
systems such as oceanographic buoys and
marine vessels. Use of a multi-anchor grid

mode would see the lift-boat jacked-up, per-
haps to 7-m above the water surface, to pro-
vide a stable working platform. In severe or
hurricane conditions, workers would sink the
fish cages prior to either raising the lift-boat
legs and moving to shore or keeping the lift-
boat in its operational mode and being evacu-
ated by a helicopter. The lift-boat may also be
designed with a central feed system onboard
to feed cages in its vicinity (Figs. 4a and b).

Lift-boats are designed to take on ballast
water during positioning to increase the
weight within the structure and set the legs
into the bottom. Once elevated, the ballast
water is removed and the setting into the sed-
iment provides the necessary stability during
high winds and poor sea-state conditions.
These same ballast chambers may be used to
provide a live-haul capability for fish stocking
and harvesting.

Fig. 3. A typical lift-boat used in the Gulf of Mexico oil and gas industry to service the needs of
the industry and lay pipelines.
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Fig. 4. A conceptual design of the lift-boat ASV in its operational mode elevated up to 7 m above
the water surface (A). Aerial view of the lift-boat ASV (B).

A

B

41

Bridger & Goudey



• Decreased environmental impacts com-
pared to a cage system fixed spatially
within a multi-anchor system. The SPM
allows the cage system to wander within a
watch circle of a diameter dependent on
the length of mooring line.

• Minimize the bottom area required for the
mooring system thereby decreasing the
costs associated with leasing of necessary
space especially in instances having deep
water and therefore requiring expansive
bottom area for multi-anchor mooring
systems.

• Minimize the potential impacts on and
entanglement with marine mammals in
the vicinity of open ocean aquaculture
sites by having fewer lines present in the
water column associated with the farm
mooring system.

Design Criteria
For many of the reasons provided above

we decided to deploy the OAC cage on an
SPM. However, fiscal constraints presented
the most compelling reason for this choice.
The greatly reduced complexity associated
with the SPM substantially reduced the costs
associated with the offshore mooring system.
Furthermore, anticipated costs for cage-moor-
ing installation would be far less compared to
deploying a multi-anchor array followed by
cage installation within such an array.

Based on empirical test data, the resist-
ance characteristics of the OAC 600 m3 cage
are known (Loverich and Gace 1998). A
worst-case storm current condition for the site
was estimated to be 1.03 m/s (2 knots). The
cage resistance in that current was determined
to be 9,091 kg. Two anchor types were deter-
mined to be appropriate for the site—a helical
anchor or a deadweight anchor (Taylor 1991).

arrangement commonly in sheltered water
aquaculture is a by-product of regulatory sit-
ing constraints that are not necessary in open
water. Baldwin et al. (2000) concluded that
deployment of grid mooring systems for open
ocean sites should be avoided if possible to
decrease installation complexity and costs.
Fredriksson et al. (2000) investigated the
potential for using a single-point mooring for
open ocean aquaculture applications.
However, in this case a multi-anchor grid sys-
tem was chosen owing to the risks involved
with a single taut line holding their experi-
mental systems and the need for unqualified
engineering success during the early stages of
a research program.

Goudey et al. (2001) first described bene-
fits associated with using a single-point moor-
ing, as we have developed, including:

• Decreased complexity associated with
requiring precise adjustment of multiple
anchors in typical grid mooring systems.

• Predictable location of loads that allow
appropriate engineering of the mooring to
ensure survivability during expected
storm events.

• Decreased costs associated with a single
mooring line compared to multiple lines.

• Decreased maintenance requirements
with a single mooring line.

• Improved accessibility to the cage or cage
array regardless of weather direction.

• Allowance for advanced production plan-
ning and cage arrangements for stocks
that require high oxygen levels and faster
water flow compared to other cage stocks.

Engineering & Logistics Alleviation
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Because of the depth of unconsolidated mud
at the site (Fig. 5), a single, vertical helix
anchor would present insufficient shaft
strength for omni-directional holding. A clus-
ter of three anchors angled in at 45° in a 120°
rosette would provide sufficient holding
strength to maintain the cage. However, the
installation costs of such an anchor array
would not be competitive with the dead
weight option. Likewise, helical anchor
deployment in 25 m water depth and extreme-
ly low visibility following seabed disturbance
was not considered appropriate compared
with dropping a dead weight mooring block
from the vessel to the seabed.

General design rules for deadweight
anchors on mud bottoms (Taylor 1991) sug-
gested a 22,727 kg block would be required.
However, the installation barge to be used had
a maximum lifting capacity of 11,364 kg.
Therefore, with this as a weight limitation, an
anchor geometry was developed that would
offer some embedment capability should the
deadweight resistance to movement be
exceeded. A 175 cu. ft. block was designed in
the form of a 10.5’ x 10.5’ x 2.8’ truncated
pyramid (Fig. 6). This design would be resist-
ant to tipping and its upper corners are resist-
ant to line tangling. Also, the form for casting
this anchor could be built from four pieces of
4’ x 8’ plywood.

Cage-SPM Deployment
Although deploying any cage and moor-

ing is site and environment specific, siting a
cage and mooring in a distant offshore loca-
tion poses new challenges to overcome.
Perhaps the most efficient mode of deploying
the cage and mooring 40 km from shore
would have involved carrying the assembled
rim, central spar buoy, ballast weight and sin-
gle-point mooring components to the site on a
barge. This strategy would have decreased the

Fig. 5. Soil profile of the offshore aquaculture
site illustrating the depth of unconsolidated
sediment.
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The cage rim sections were assembled at
the NOAA National Marine Fisheries Service
dock in Pascagoula, MS. This dock provided
sufficient workspace to assemble the 15 m
octagonal rim and stage the various cage and
mooring components, near the water, for effi-
cient transfer to the water surface.

On October 28, 2000, a crane was con-
tracted to lift the 12,275 kg (27,000 lbs) moor-
ing block in position, approximately 3 m
below the surface and well clear of the IX
508’s propellers and rudders, and supported
by its A-frame. The mooring block was sus-
pended by the lower mooring chain, which
had been embedded into the concrete during
casting and welded to its rebar armature.

The central spar buoy was hoisted to the
water surface and allowed to float in a hori-
zontal position for towing. The assembled

necessary travel time associated with towing
system components, similar to other project
deployment strategies (Baldwin et al. 2000).
Further, the OAC research team expected use
of a lift-boat, with sufficient working deck
space, would have created the safest and opti-
mal deployment conditions by jacking the lift-
boat out of the water and creating a stable
work platform, offshore. However, just days
prior to the scheduled cage deployment, the
northern Gulf of Mexico experienced approx-
imately 2.5 m waves which delayed access to
a lift-boat, creating the necessity to explore
alternative methods for cage and mooring
deployment. At this time, The University of
Southern Mississippi research vessel IX 508
was chosen for towing the cage and mooring
block to the site and subsequent system
deployment following careful consideration
and discussion.

Fig. 6. The OAC SPM 12,273 kg deadweight mooring block.
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octagonal rim was hoisted to the water surface
and positioned around the central spar buoy to
ease towing and cage assembly. Finally, the
ballast weight, harvest ring, work platform
and netting were placed on the IX 508, prior
to departing Pascagoula.

To ensure site arrival at sunrise, towing
began at approximately 1800 hrs. At a maxi-
mum towing speed of 1.54 m/s (3 knots), the
IX 508 arrived on station at approximately
0400 hrs, at which time the vessel remained in
the vicinity of the ChevronTexaco gas plat-
form until sunrise.

Mooring deployment commenced at sun-
rise, October 29, 2000. The octagonal rim and
central spar buoy components were released
from the IX 508 prior to lowering the mooring
block to the sea floor to increase safety and
maneuverability of the vessel. The mooring
block and single-point mooring chain were
slowly lowered to the desired location, fol-
lowed by divers descending to inspect the
block on the seafloor and release the lowering
IX 508 rope. The octagonal rim and central
spar buoy were then retrieved and connected
to the single-point mooring line.

The central spar buoy had to be in a verti-
cal position to create the taut netting, double-
cone configuration of the Ocean Spar Sea
Station. The ballast weight, a circular concrete
block weighing approximately 3,181 kg with
a toggle through its middle to attach it to the
bottom of the spar buoy, was lowered to the
water surface, attached to the bottom of the
spar buoy, and further lowered until the spar
buoy was vertical and divers could release the
crane cable. Once in a vertical position, the
harvest ring was lowered over the spar buoy.
The netting was attached to this harvest ring,
which could later facilitate fish harvesting by
raising it up the central spar buoy and effec-

tively decreasing the internal cage volume.
The netting was further lowered over the spar
buoy and attached to the top of the spar buoy,
followed by the work platform, positioned on
the top of the spar buoy.

The spar buoy was then floated to the cen-
tral portion of the octagonal rim. The netting
was stretched to each flanged region of the
octagonal rim and shackled to the inside cor-
ner of the rim section. This completed forma-
tion of the upper-cone section of the cage and
created a very taut net. The lower portion of
the net was attached to the harvest ring and
tightened as much as possible. The cage and
netting were secured for the night and the ves-
sel departed the site.

The following morning the deployment
team returned to the aquaculture site in a
smaller research vessel (RV Tom McIlwain)
and completed cage assembly. The net was
further tightened over the central spar buoy
and the netting, mooring shackles and connec-
tions were inspected. This entire deployment
(cage and mooring) required a total of 2-days.

SPM Tension Member Evolution
• Initial SPM Deployment

Our mooring system design goal was for
all tension member components to have a five
to one safety factor over the design cage
resistance of 9,091 kg (i.e., 45,455 kg tensile
strength). We also sought proven technology
and low lifetime costs. Shock load damping
was provided by the use of chain as a tension
member. The only exception to the tensile
strength requirement was the suspended por-
tion of the chain, which was proof tested at a
9,091 kg safe working load and a 36,360 kg
tensile strength.

Following SPM deployment, the cage was
connected to the SPM using bridles running
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heave motion of the surface float was trans-
mitted to the submerged attachment intersec-
tion, where the two shackles resisted heave
due to the horizontal drag of the synthetic bri-
dles. Based on this experience, a specially
designed rigging plate was incorporated into
the SPM system, replacing the pear link,
which will properly capture the tension mem-
bers leading from the anchor, float, and cage,
and preventing impacts among them.

• Three-point Mooring System
Initial redeployment utilized a three-point

mooring system incorporating the original
SPM deadweight and tension member and
adding two new anchor legs consisting of
454-kg Danforth-type anchors and chain/ten-
nex tension members (Fig. 9).

This system proved very problematic in
the environmental conditions experienced at
the site, with the Danforth-type anchors fre-
quently dragging in the soft seabed and moor-
ing lines subsequently tangling in the cage.
Prior to removal, the new three-point mooring
system caused the formation of several large

horizontally from the submerged cage rim and
intersecting the SPM chain in a pear link con-
nection 3 m below the 1.5 m diameter spheri-
cal mooring buoy. The overall length of chain
and bridles provided a “watch circle” radius of
approximately 70-m (Fig. 7). The costs of this
SPM, installed, were determined to be equal
to or less than a single anchor element of a
multi-anchor array (Table 2).

The original SPM was regularly inspected
and it had endured several northerly fronts,
considered typical for the Gulf of Mexico dur-
ing winter (Fig. 8). However, just 50 days
after deployment (on December 18, 2000), the
cage broke free of the SPM and was adrift in
the northern Gulf of Mexico for a period of 40
days prior to its recovery and being safely
towed to shore for inspection and to await
redeployment. Inspection of the intact SPM
and the recovered cage determined that the
failure was due to the bridle shackles connect-
ed to the mooring pear link that has not been
welded. Impacts between the shackles dis-
lodged the shackle pin keeper and allowed the
pin to drop out. We later concluded that the

Fig. 7. The original SPM highlighting the deadweight, tension member, and horizontal synthetic
bridles.

40 m, 1-1/8" chain

15 m, 3/4" chain

5 m, 1/2" chain

10 m, 1-1/4" Dacron (x2)

58" dia. foam-filled sphere

25 m

600 m3 Sea Station

Swivel
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holes in the cage netting, from chafing with
the additional tension members and one of the
new floats actually finding its way into the
netting of the cage.

• “Redundant”-SPM
In addition to the connection plate, the

final SPM design includes a redundant bridle
system that will serve to retain the cage should
the primary bridles detach under excess storm
stress, wave-induced chafe, or damage from
vessel impact or vandalism. Both sets of bri-
dles are connected to the mooring line by a
specifically designed rigging plate to allow
independent connection of shackles not previ-
ously allowed using an open pear link. The
redundant bridles are longer than the primary
bridles and are connected to a second rigging
plate approximately 1.5 m below the primary

Fig. 8. Typical northerly front wave heights experienced during winter in the northern Gulf of
Mexico (http://www.ndbc.noaa.gov/station_page.phtml?$station=42007).
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Table 2. SPM costs.

Item Description Cost

Mooring block Form $341.71
Rebar $43.05
Concrete 6 yd $300.00

Bottom chain 135’ - 1 1/8” $1,087.50
Chain connector 1 1/8” $145.00
Jaw-jaw swivel 1 1/8” $135.00
Middle chain 50’ - 3/4” $510.00
Buoy chain 15’ - 1/2” $52.50
Conn. Hardware Asst. $308.41
Foam-filled buoy 58” dia. $1,350.00
Bridles 35’ - 1 1/4” x 2 $445.80
Total $4,718.97

Typical wave height at 42007
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Fig. 9. Three-point mooring system utilizing the original SPM deadweight and tension member
and incorporating two additional mooring legs with Danforth-type anchors and chain/tennex ten-
sion members.

New mooring legs to 
create 3-point fixed 
mooring system
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mooring system
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one (Fig. 10). Additional improvements over
the original SPM include use of a rope tension
member between the primary rigging plate
and surface buoy to dampen the heave motion
and bridles that have only one connection
point to the rigging point and split to the cage
approximately 2 m from the rigging plate.

This “redundant-SPM” system is consid-
ered a significant improvement to the first
SPM system and as worked without problems
in the Gulf of Mexico through the 2003 hurri-
cane season, including two tropical storms
and two hurricanes. The system provided
trouble free performance prior to cage
removal during the summer of 2003. Sea
Station cages can be maintained at the water
surface for day-to-day operations and sub-
merging only in the event of extreme storm
conditions, such as strong northeasterly gales
or tropical frontal systems. Submergence
could occur directly by the fish farmer by de-
ballasting the spar buoy as discussed earlier.
Alternatively, the cage-mooring complex can
be adjusted to a specific bouyancy that will
allow the cage to submerge due to anchor line
tension from high currents associated with

storm events. Once the storm-induced current
subsides, the cage would passively return to
the surface. This latter approach was used
operationally by the OAC and the system
behaved predictably during passage of both
hurricanes.

While the cage-SPM complex was
deployed trouble free in the Gulf of Mexico,
numerous questions regarding the detailed
behavior of the cage-SPM during extreme
hurricane conditions remain. To better under-
stand the system, numerical modeling was
conducted. In cooperation with engineers
from the University of New Hampshire, a
model was developed to predict the cage
motion response (heave, surge, and pitch) and
tension at various points along the mooring
line under incrementally large hurricane
forces (Fredriksson et al. 2004). The numeri-
cal model uses the Finite Element Analysis
approach most recently described by Tsukrov
et al. (2003). In past simulations, the results of
the model have compared well with both
physical model tests and field measurements
for a variety of conditions (see for example
DeCew 2002; Fredriksson et al. 2003a;

Fig. 10. Illustration of the OAC SPM showing the position of the shorter primary bridles 1.5-m
above the longer redundant set of bridles and their respective connection points on the cage
rim.
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model results can be found in the final model-
ing report (Fredriksson et al. 2004). We will
present a brief overview of model findings
here for discussion purposes.

The mean vertical position of the cage
during these six hurricane situations was pre-
dicted. These values were computed from the
initial floating position of the cage. In gener-
al, it was observed that the cage vertical posi-
tion in the water column decreased slightly
with the current. The simulation performed
without current (load case #1) indicated that
average vertical position was unchanged.
While at a current velocity of 2 m/s (load case
#6), the value was –2.51 m.

Qualitatively, this trend is in keeping with
the design goals of the SPM. However, a side
scan sonar survey conducted after the hurri-
cane indicated that the ballast weight, sus-

Fredriksson et al. 2003b; Fredriksson et al.
2003c). No field data on cage motion or moor-
ing tension is available for comparison with
the numerical results.

One of the largest storms that occurred
during the deployment period was Hurricane
Isidore (September 26, 2002; Fig. 11).
Maximum wave data obtained from the
National Data Buoy Center moored instru-
mentation platform (#42007) located near the
site were used as input to the numerical
model. Ocean currents also dominate the ten-
sion and motion response of the cage and
mooring system. Since current measurements
were not made directly at the site, simulations
were performed using a range of values con-
sisting of 0, 0.25, 0.50, 0.75, 1.00 and 2.00
m/s (constant with depth). The ocean current
value was applied in the model superimposed
with waves. A complete description of these

Fig. 11. Hurricane Isidore wave height data (http://www.ndbc.noaa.gov/station_page.phtml?$
station=42007).
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pended beneath the cage, touched the bottom
during the hurricane passage and created div-
ots in the sediment. Additional drag experi-
enced by the system could be responsible for
this discrepancy by changing the dynamic
response of the system causing it to sink fur-
ther than what the model predicted (this situa-
tion was further corroborated by the fact that
the cage was barely floating following the
hurricane). Additional simulations were there-
fore performed (using the same load cases)
but with the cage properties set at values so
the system was only slightly buoyant. Results
now indicated that indeed the ballast weight
would touch the sediment during a current
velocity of 2 m/s (load case #6) with the max-
imum vertical position of the cage being
–11.84 m.

Model results also indicated that the SPM
provided more tension to the secondary set of
bridles than previously anticipated. The simu-
lations also show the entire cage mooring line
becoming taut and completely off bottom.
However, we know that much of the larger
bottom chain remained buried in the fine mud
sediment. The consequence of having this
chain resisted by the mud was not included in
the modeling effort. Diving inspection prior to
and after hurricane occurrence indicated that
the mooring line might never have been pulled
from the sediment but rather the cage pivoted
from the point of exit from the mud and not
from the mooring deadweight. This situation
can be seen in the side scan sonar image pro-
vided in Fig. 12.

Fig. 12. Side scan sonar image of the cage and SPM arrangement illustrating the pattern of distri-
bution of the SPM chain along the seabed.
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surface area, and the presence of a central spar
buoy obstructing even spread. This situation is
exacerbated when the cage is moored below
the water surface. Near shore sites using Sea
Station cages (Hawaii and Puerto Rico) have
opted to make daily visits to the site and deliv-
er feed from the boat via a feed hose that
extends inside each cage. This approach is not
feasible at locations further from the home-
port because day trips are unreliable. Two
approaches are being developed within
regional U.S. open ocean aquaculture pro-
grams for specific use with the Sea Station—
the feed buoy at the University of New
Hampshire (Rice et al. 2003) and Robofeeder
developed at MIT and deployed in the Gulf of
Mexico (Goudey et al. 2002). Both systems
were built as experimental prototypes to
reveal their potential for commercialization.

The Robofeeder is an on-cage pellet stor-
age and dispensing system with a 225 kg
capacity. Having a multi-day feed storage
capacity only requires periodic site visits to
replenish feed thereby removing the necessity
for daily visits in the relatively hostile envi-
ronment experienced in the Gulf of Mexico.
Employing electronic control and pneumatic
actuation, the system relies on gravity dis-
pensing of feed. The on-board timer system
will allow dispensing of controlled amounts
of pellet feed up to 24 feeding times per day.
Other than the routine re-supply of pellets,
Robofeeder is relatively trouble free since its
one battery and one air tank are expected to
last at least three months.

The OAC Robofeeder was installed in
December 2001. The silo is designed to
specifically fit on top of the Sea Station work
platform (Fig. 13). Feed is dispensed via a
pneumatic-controlled gate-valve that opens to
a 2” Y-fitting. All electronic components are
contained in a submersible housing. The ini-

Robofeeder
Feeding fish in any aquaculture venture is

arguably the most important task to ensure
profitability. Offshore aquaculture ventures
are unlike near shore operations located with-
in the confines of protected bays and fjords
where inclement sea states are episodic.
Relying on daily site visits for feeding would
certainly ensure the fish stock are not fed on a
continuous basis, and jeopardize farm worker
safety in unfavorable conditions. Offshore
aquaculture must therefore rely on mecha-
nization and automation for many of its day-
to-day operations to be feasible. Feeding is
one such task and without cost-effective, reli-
able unmanned feeding systems, offshore
aquaculture is commercially impractical.

Feeding fish in a Sea Station cage using a
surface spreader is particularly challenging
given the shape of the cage, the resultant small

Fig. 13. Schematic of the automated, mecha-
nized on-board Robofeeder system deployed
by the OAC within the Gulf of Mexico.
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tial configuration had a 2” diameter hose con-
nected directly to the Y-fitting and exiting the
spar through 2” holes cut below the structural
bar of the spar but above the upper bulkhead
weld. However, this arrangement resulted in
some feed settling in a slight bend in the hose
and eventual clogging. Feed settling was
remedied by reducing to 1½” PVC pipe that
exited straight through the holes from the Y-
fitting and then connected to the 2” hose.
From this fitting, sinking pellets fall through
tubes into the cage volume.

Throughout development, some lessons
regarding feed type and size were also
learned. Initial thoughts were to move finger-
lings offshore at a very small size, 8–10 g in
weight. However, to do so would require the
ability to feed a crumble feed which has
proven difficult given the high humidity in the
Gulf of Mexico and use of the 2” hose that
easily clogged with damp crumble feed. With
a feed size limitation, fingerlings must now be
moved offshore at a larger size, 40–80 g,
which can be fed 1/8” feed pellet. Initially, we
used a slow sinking pellet to increase the res-
idence time of the feed in the cage thereby
minimizing the amount of potentially wasted
feed. However, slow sinking feed absorbs
water while in the 2” hose and again resulted
in clogging. A faster sinking pellet was even-
tually used to ensure feed is dispensed to the
fish in the cage. Observations have deter-
mined that even this faster sinking feed has
sufficient residence time to allow efficient
feeding without expensive wastage. If neutral
or floating pellets are used in future opera-
tions, then the dispensing tubes would be pro-
vided with a flow of seawater to propel the
pellets into the cage.

The Robofeeder can be modified to oper-
ate in a submerged mode, which may be pur-
posely chosen for operations or periodically

occur during times of tropical frontal move-
ment (i.e., hurricanes). Modifications for sub-
merged feeding will include pressure compen-
sation of the feed hopper at depth. Techniques
for the re-supply of a submerged pressurized
hopper have also been developed but we have
not needed to implement them. 

INTEGRATION OF SYSTEM COMPO-
NENTS

There is no doubt that risks increase with
distance from shore and greater exposure of
an aquaculture site to natural elements.
Economic, environmental, and management
risks might best be avoided through a systems
approach that integrates the numerous individ-
ual components of farm infrastructure and
management into a holistic design. It is pre-
cisely this approach that has been adopted by
the OAC for developing an offshore aquacul-
ture system by evaluating farm components—
cages, moorings, nets, feeders, service and
logistics support, applicable regulations, eco-
nomic inputs, and market outputs—and con-
sidering the interactions of these components
to create the system. All of the system compo-
nents described have been designed while
maintaining a vision for an operating offshore
farm and how best to service cages offshore in
a safe and efficient manner.

Normal operation would have cages posi-
tioned at the surface and necessary farm
chores completed while sea state conditions
allow (Fig. 14). An essential chore will be to
maintain adequate feed levels within the
Robofeeder hoppers sufficient to cover
extended periods of inclement weather.
Operators would be urged to feed fish using
Robofeeder at all times and not by other
means during favorable conditions. This
method will ensure that fresh food is always
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in the Figure) and ballasted with water to
facilitate sinking.

Of course cages submerged in this fashion
will also require active de-ballasting to again
bring them to the surface. The OAC has over-
come this issue by designing its single-point
mooring to have excess reserve buoyancy in
its surface float that does not immediately
sink with the ballasted cage. Instead the bal-
lasted cage remains just below the water sur-
face, avoiding the building waves. As storm
conditions increase and wind driven currents
rise, the surface float will be pulled underwa-
ter by the added tension in the mooring line.
Its depth will therefore be dependent on the
storm intensity.

As the storm passes or subsides the cage
reappears at the surface in the same position
as prior to the storm event. This configuration
allows immediate communication and moni-
toring of the cage systems once the storm
passes rather than relying upon return to the

placed within Robofeeder and fed to the fish
during poor conditions thereby not providing
rancid feed that may have been held over a
long duration in the hopper.

The lift-boat would serve as the central
point of operations for the farm, which might
service cages both within its immediate vicin-
ity and some distance from the lift-boat. Feed
would be stored in air-conditioned sections of
the hull. Cages near the structure might have
feed replenished directly through a hose run-
ning between the lift-boat and Robofeeder
during very calm conditions. Alternately, feed
pellets could be transferred to farm workboats
that ferry feed to each Robofeeder as neces-
sary.

In severe or hurricane conditions, workers
would sink the fish cages prior to either rais-
ing the lift-boat legs and moving to shore or
preferably keeping the lift-boat in its opera-
tional mode and being evacuated by a helicop-
ter (Fig. 15). The single-point moorings will
be independent of the lift-boat (as illustrated

Fig. 14. Normal operational configuration of the ASV, cage/SPM, feeder, and mooring monitor.
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site, which might be a few days following the
storm for conditions to be safe again.

Lack of, or decreased, human presence,
particularly for cages some distance from the
lift-boat or following severe storm events, will
require a substantial change in the mindset of
both owners and managers of offshore aqua-
culture ventures. These individuals will need
to rely more on technology to communicate
with the farm site particularly during storm
events. Indeed, as Muir (2000) points out “a
major challenge for future systems may be to
overcome the psychological dependence on
human-based management, allowing greater
reliance to be placed on automatic monitoring,
control and management systems.”

To this end, the OAC partnered with
Brightwaters Instrument Corporation to initi-
ate the development of a remote monitoring
and communication system for offshore cages
(Fig. 14). The basis for this system is a
GPS/ARGOS mooring monitor that checks
the cage position at a user-defined time inter-
val and compares determined positions with a
defined ‘watch circle’ of where the cage
should be located (e.g., the cage position

could be checked every 30 minutes). An alarm
will be activated, emailing those involved of
present cage positions should the determined
and defined positions not correspond based on
three successive position fixes. The instru-
ment also possesses a depth sensor that will
notify the operators when a cage is sinking,
potentially due to structural failure or excess
biofouling. An additional data port is available
on this unit to monitor feed levels within the
hopper and provide an alarm should levels
extend below a predetermined level needed to
meet daily feeding requirements.

The mooring monitor is invaluable during
hurricane conditions. A cage would be expect-
ed to submerge during hurricanes if deployed
on a single-point mooring in the configuration
described above. During hurricane passage
the lift-boat would likely be evacuated for
worker safety. While submerged, no commu-
nication with the cage would be possible
through satellite systems. However, once the
cage resurfaced, an email message would be
expected as the mooring monitor again locates
its position and communicates with the satel-
lite. Feeding would continue to the fish fol-
lowing hurricane passage with food main-

Fig. 15. Submerged position of the cages and evacuation of the farm operators during severe
storm events.
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fish health issues to the entire stock. A further
complication for near shore operations is the
need to allow a site to fallow for a minimum
period of time (generally one year) to mitigate
negative environmental and fish health
impacts to the production process and local
ecosystem (McGhie et al. 2000). Combined,
species requiring multiple years of grow-out,
single year class management systems, and
fallowing requires a single corporation to
apply for grow-out sites in groups of three
(i.e., to ensure access to a fingerling site, a
harvest site, and a fallow site) to ensure con-
tinuous production and harvesting schedules
can be met.

Offshore aquaculture in the Gulf of
Mexico could differ considerably from this
near shore model. The majority of species
considered will only require a single year to
attain a suitable market size, because the
water temperature will facilitate better growth
rates for a larger portion of the year and the

tained in the hopper and which would be
replenished a few days later when sea condi-
tions again allow.

SITE CONFIGURATION & PRODUC-
TION PLANNING

Near shore aquaculture operations have
established site configurations and production
planning protocols that are reasonably consis-
tent throughout the world. Aquaculture cages
are typically moored together in a large group
or array of cages within a submerged multiple
anchor grid system (Fig. 16). Numerous indi-
vidual arrays generally comprise an aquacul-
ture site. The majority of species grown in
cages require a minimum of two years of
grow-out to attain a suitable market size.
Single year class management systems are
frequently applied to ensure that odd and even
year class fingerlings are not retained on a sin-
gle site to minimize the impact from potential

Fig. 16. Nested cage arrangement creating an array of cages typically used throughout the world
for finfish aquaculture.
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market size for many candidate species can be
attained within a one year grow-out cycle. The
offshore environment will also provide con-
siderably greater assimilative capacity owing
to greater volumes of water flowing through
the site thereby potentially removing the need
for site fallowing to minimize environmental
impacts. However, site fallowing might be
required from a fish health management per-
spective (Blaylock and Whelan, this volume).
Likewise, some indication for the benefits of
short-term site fallowing in the open ocean
has been observed in Hawaii (Bybee and
Bailey-Brock 2003). Finally, Bay
Management Areas are becoming increasing-
ly popular to mitigate fish health concerns and
must also be addressed when siting and set-
ting production volumes for offshore aquacul-
ture. All of these considerations, coupled with
integration of farm technologies as discussed,
provide numerous potential permutations for
commercial-scale production planning.

Economic modeling has demonstrated
that a single ASV servicing 12 aquaculture
cages is feasible for all three candidate
species—red drum, red snapper and cobia –
having a stocking density of 30 kg/m3

(Posadas and Bridger, this volume). A likely
site configuration for this base investment
would use the ASV as the site focal point and
surrounded by the 12 offshore cages for effi-
cient farm management (Fig. 17).

However, traditional economic realities in
global aquaculture industries require that a
larger volume of water be used and serviced
by a single ASV structure. Any offshore aqua-
culture venture adopting the proposed system
design will therefore likely require deploy-
ment of many more offshore cages to benefit
from economies of scale. We have designed
the ASV with this point in mind and to have
the ability to service many more offshore

cages. Deploying more than 12 cages poses
the challenge to effectively arrange these
cages while allowing efficient farm manage-
ment. One obvious extension on the basic
configuration would be to site all cages in a
circular fashion within the immediate vicinity
of the ASV. This approach, however, could
potentially exert additional pressure on the
local assimilative capacity of the offshore
environment. Therefore, a more suitable con-
figuration might have the cages spatially sep-
arated to into numerous, multiple cage sites,
all being serviced by one ASV. 

Applying the rules associated with site
fallowing and potential Bay Management
Areas might require the offshore aquaculturist
to also apply for sites in groups of three.
However, in the case of offshore aquaculture
in tropical and sub-tropical regions requiring a
single year to reach market size, two sites
could conceivably be used for each grow-out
season while leaving the third site to fallow in
a standard crop rotation format (Fig. 18). A
reasonable configuration for this approach
would have the ASV positioned equidistant
from each site and serving as the focal point
within an equilateral triangle arrangement of
the sites.

Fig. 17. Schematic illustrating a hypothetical
arrangement to operate 12 offshore cages with
one ASV as the site focal point.
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will interact with one another and cause
unnecessary damage.

LOGISTICS ALLEVIATION

Throughout its research operations in the
Gulf of Mexico, OAC researchers encoun-
tered numerous situations that demanded crit-
ical thinking and innovation to mitigate chal-
lenges before situations developed into cata-
strophic events. Below we describe some of
the solutions that have been developed to meet
the requirements for operating in the Gulf of
Mexico offshore environment.

Net Maintenance and Cleaning
Spectra knotless netting, comprised of

Dyneema fiber, is the netting of choice for
Ocean Spar cages. This supplier has noted
reduced drag, biofouling resistance, and
reduction of overall cage weight by 0.3 times
when compared with equal strength nylon net-
ting (Loverich 1999). Knotless netting has
become more prevalent in the cage culture
industry because of several key attributes: a)
up to 50% reduction in weight due to reduced
material in the absence of knots, b) ease of
handling as a direct consequence of having
less weight, c) less material (decreased costs),
d) smoother surface (less abrasion to con-
tained fish), and e) higher breaking strength
(Christensen 2000). However, knotless nets
tend to be more difficult to repair, having the
requirement to place new twine in the netting
prior to mending the net (referred to as double
salvage) to prevent further or recurring dam-
age. Weighing these attributes makes the use
of knotless netting more useful with gravity
class cages given the higher likelihood for fish
abrasion when the net is bagging in high cur-
rents. To the contrary, anchor-tensioned or
(semi) rigid cage systems prevent such bag-

The general assumption here is that all
offshore cages are moored using a single-
point mooring system. Each SPM will either
retain a single offshore cage, two cages
attached in tandem, or possibly numerous
cages held in a line. Use of the SPM will also
decrease the total required space for offshore
sites by allowing cages attached to different
SPMs to swing over adjacent mooring
anchors. This is possible because the local
oceanographic conditions will interact with all
moored cages in comparable fashion, thereby
removing the probability that adjacent cages

Fig. 18. Production planning scenario requiring
each offshore aquaculture enterprise to
acquire sites in groups of three to allow a
schedule that uses two sites for each grow-out
cycle and one year for a site to fallow follow-
ing two years of use. The production schedule
table further illustrates this plan of use and
fallowing.

Engineering & Logistics Alleviation

58



ging of the net and therefore reduce some of
the justification for knotless netting.

Fouling of the net mesh is undesirable in
cage aquaculture. During peak settlement,
fouling organisms may rapidly clog net mesh-
es and subsequently limit the flow of high
quality oxygenated water. Net cleaning may
be required as often as every 5–8 days for
each cage during peak summer fouling
(Hodson and Burke 1994) and can require up
to 20–38% of the total aquaculture labor
requirements (Huguenin and Ansuini 1978).
Aarsnes et al. (1990) demonstrated that the
water flow to interior cages in an array might
be 10–20% of that outside the cages due to
increased structural complexity and extensive
biofouling. Stresses on cultured animals will
increase, growth decrease, and removal of
metabolites will be limited to the point that
biofouling may be detrimental to fish health
(Brown 1993). In addition, fouling organisms
may contain fish pathogens (Kent 1992) that,
coupled with increased stress due to poor
water quality, could result in disease out-
breaks. Increased biofouling could also lead to
structural failures and sinking of aquaculture
cages (Huguenin 1997), leading to fish escape
and subsequent adverse environmental, eco-
nomic, and social implications.

Coastal aquaculture ‘gravity’ cages, hav-
ing a surface collar structure to hang an appro-
priate netting and using weight to maintain the
overall cage structure, can easily have a fouled
net replaced with a clean net to minimize the
impact of biofouling. However, cages used in
the offshore environment do not rely on grav-
ity in this hostile environment but rather are
commonly internally tensioned and independ-
ent of gravity or mooring lines to maintain its
volume and shape. Self-tensioning cages rely
on heavy hardware, such as large shackles and
other components, throughout the system that

will not be taken apart until the net is replaced
only at the end of a grow-out cycle.
Maintaining the same net in the offshore envi-
ronment for upwards of a year at a time
requires innovative methods to clean the net in
situ thereby providing the most optimal grow-
ing environment for the fish.

Changing a fouled net is not an option for
the tensioned Sea Station cage. Alternatively,
the net may be treated with an antifoulant to
mitigate fouling impacts. Fortunately, the Sea
Station rigid design is also conducive to
mechanized cleaning in situ. Cleaning nets
while they are maintained in the ocean may be
accomplished using specifically designed
underwater pressure washers, such as the
Ideama pressure washer (http://www.quadra-
services.com/net_home.html) with its rotating
disc that allows safe and efficient use by farm
workers from a workboat or along the cage
walkway, or scuba divers in the water. In situ
net cleaning of ‘gravity’ cages has proven dif-
ficult owing to the non-rigid nature of the net-
ting (Hodson et al. 1997). Even with taut net-
ting, failure to entirely remove fouling debris
could result in farm wastes accumulating
inside the cage, resulting in decreased oxygen
concentrations and increased stress to the fish
stock.

Net cleaning during offshore aquaculture
research in the Gulf of Mexico became a rou-
tine and efficient farm task. The pressure
washer engine/pump unit is mounted in the
bow of the maintenance vessel while a diver
orients the washer head on the net surface.
The boat tender starts the pump allowing the
diver to move slowly over the net surface and
clean the netting in an effortless motion. We
have found net cleaning to be most optimal
when stretched over a 2-day period. The first
day concentrating on the upper surface of the
offshore cage from the outside while the lower
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some of the advantages compared to net
changing in exposed sites.

Innovative methods to develop unmanned
in situ net cleaning devices, comparable to
automatic swimming pool vacuums, repre-
sents an area of research showing much tech-
nological promise for open ocean applica-
tions. Such technologies could continuously
or intermittently move around the net of an
aquaculture cage, either from the inside or
outside, to remove biofoulants and prevent
substantial buildup prior to affecting the
growing volume within the cage. Taut netting
designs (including use of a rigid mesh on
gravity cages) would be most suited for
unmanned net cleaners. Fortunately, the Sea
Station cage design has spoke lines that could
serve as tracks for automatic net cleaners and
could become part of the farm system to con-
tinuously clean the net surface of biofoulants,
although such technology has yet to be devel-
oped

Net Deployment
Offshore aquaculture sites have no protec-

tion from the natural elements and may expe-
rience relatively poor sea-state conditions on a
consistent basis. These conditions may be
amplified when large work vessels are posi-
tioned alongside offshore cages causing
reflection of local waves, in a pattern compa-
rable to an oceanographic seiche. Worker
safety might be compromised in these condi-
tions, especially when a crane is required dur-
ing the operation. This situation was evident
while installing the net to the OAC Sea Station
cage. Further, increased water motion resulted
in the net being twisted while lowering it over
the spar buoy. In this case, the net had to be
removed from the water and re-bundled for
another attempt. OAC researchers subsequent-
ly developed a method of installing a net to
the offshore Sea Station cage from the bot-

surface is cleaned on the second day from the
inside of the cage. This approach allows
resultant debris from the upper surface to set-
tle overnight and subsequent removal of that
which settles through the cage volume to be
effectively removed on the second day. The
lower surface is cleaned from the inside to
optimize our diving effort by using gravity on
the washer head and to also push the lower
fouling through the netting to the outside and
not back within the cage volume. In total, one
diver can accomplish net cleaning using this
approach, over the 2-day period, and requiring
just 4 dive tanks and 2 tanks of gas within the
pressure washer. We further found that the
diver should always wear a hood to minimize
risks associated with fauna removal from the
netting, particularly amphipods, that are sent
in a plume around the diver and attach them-
selves to any nearby surface, or body part
including entry into the ears.

Even with the efficiency experienced in
the Gulf of Mexico, only one offshore cage
was maintained and working a commercial
scale farm would likely become unmanage-
able in very short order. In situ net cleaning
will also likely be prohibited in locations hav-
ing fish health issues to minimize unnecessary
spread of pathogens throughout the grow-out
region. Fish in any cage design will be
exposed to fine particulate matter during in
situ cleaning that may irritate fish gills and
disperse potential pathogens (Hodson et al.
1997). Researchers have also reported that
some fouling organisms will re-colonize
quicker from remnant rhizoids and reproduc-
tive cells following in situ cleaning (Nickels et
al. 1981), this is especially the case with
macroalgal remnants surviving in the netting
crevices (Hodson et al. 1997). Finally, in situ
net cleaning will require acceptable sea state
conditions for the safe deployment of scuba
divers to perform this task thereby removing
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tom-up, as opposed to the standard top-down
deployment method, using a smaller boat, no
crane, and scuba divers to negotiate the net
and mitigate unwanted water motion situa-
tions. A bottom-up strategy takes advantage of
the more favorable work conditions at depth
and neutral buoyancy of the spectra net.

Critical to this deployment method is
properly bundling the net to secure all loose
ends and to ensure twisting does not occur
once the net is placed in the strong offshore
currents. The net is placed in the water orient-
ed such that the top of the net leads to the bal-
last weight. One rope is tied to the ballast
weight, passed through the middle of the net,
and tied to the boat to ensure divers can main-
tain control of the net in the strong current. A
second rope is also tied to the boat, passed
through a shackle on the ballast weight, and
tied on the other end around the net. The latter
rope is used to pull the neutrally buoyant net
to the ballast weight while divers guide the
descent. Once to the ballast weight, the ropes
are untied and divers place the net over the
ballast weight. Two new ropes were lowered
down the length of the spar and tied around
the netting. As the divers moved the net up the
spar, two other workers standing on the spar
kept these ropes taut thereby maintaining
position of the net as it moved up the spar
while relieving divers of this duty in the water.

Eventually, the net is moved up to the
water surface and shackled to the top of the
spar. The net is attached initially to the up-cur-
rent side of the cage to take advantage of the
strong current as the net becomes more taut
and eventually the entire net is secured to the
rim with all 16 shackles. Securing the harvest
ring to the bottom of the spar creating the
desired taut netting completes the deploy-
ment.

Changing the Ballast Weight
The ballast weight is a circular concrete

block weighing approximately 3,181 kg for
the OAC 600 m3 cage and having a toggle
through its middle to attach it to the bottom of
the spar buoy. In its proper position, the bal-
last weight provides necessary weight to
maintain the cage upright and at the proper
position in the water column in spite of high
seas and wind (Fig. 19a). Initial deployment
of the ballast weight is performed while
uprighting the spar and therefore not having
any netting to impede the attachment proce-
dure. However, periodically a farm operator
might have the need to exchange an existing
ballast weight or deploy a new ballast weight
should the existing one fall off during extreme
storm conditions. This would have to be com-
pleted without disrupting the fish or other
operations of the farm and without requiring
the complete breakdown of the cage. The
OAC was faced with a situation whereby the
ballast weight fell off the spar during tropical
frontal movement requiring quick response to
the replace the ballast weight to prevent fur-
ther damage to the very vulnerable cage.

Upon arrival to the site, the cage was
noticeably listing to one side on the single-
point mooring system due to the absence of
the ballast weight (Fig. 19b). The OAC was
forced to develop an innovative approach to
replace the ballast weight while retaining sim-
plicity and keeping diver safety in mind even
in relatively high seas. The University of
Southern Mississippi research vessel IX 508
was tied to the cage rim and divers attached a
block to the spar edge closest to the vessel
(Fig. 19c). Next the new ballast weight was
lowered to the seabed using the vessel winch
and U-frame (Fig. 19d) and divers re-entered
the water to move the lowering rope to the
block and secure it (Fig. 19e).
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Fig. 19a–j. Sequence of events required to deploy a new ballast weight on an already deployed
and operating Sea Station cage.
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Once the lowering rope was secured with-
in the block, the vessel slowly lifted the new
ballast weight using its winch (Fig. 19f) until
the ballast weight was eventually close to the
bottom of the spar (Fig. 19g). In this position,
divers could easily maneuver the ballast
weight line in position at the bottom of the
spar and insert the shackle pin for attachment
(Fig. 19h). Following attachment, the vessel
slowly let the lowering rope back out until the
cage begins to take the weight (Fig. 19i) and
eventually stabilizes in the water column (Fig.
19j). Divers enter the water for the final time to
release the vessel rope and retrieve the block
from the bottom of the spar. Upon completion,
the cage is back to its proper position in the
water column and properly upright (Fig. 19a).

Transport of Fingerlings Offshore
Three general methods to transport large

numbers of fingerlings to distant offshore
aquaculture sites are possible: a) hauling fin-
gerlings in live-haul trucks from the nursery,
transferring these fish to barge tanks thereby
keeping the fingerlings safely on deck during
the offshore transport, and a final transfer to
the awaiting cage; b) craning fingerling tanks
from a flatbed truck to a barge deck can elim-
inate one handling step while maintaining safe
transport offshore; and, c) towing fingerlings
in a cage to the offshore aquaculture site elim-
inates the need to transfer fingerlings to the
cage offshore. (The economics for each of
these methods are compared within Posadas
and Bridger, this volume.) Throughout its
existence the OAC only moved a number of
cobia fingerlings offshore (provided by Dr.
Joan Holt, University of Texas). In this specif-
ic case, OAC researchers decided to move
these fingerlings to the offshore cage using the
first option presented.

Cobia fingerlings were being maintained
within tanks at the Gulf Coast Research Lab
(GCRL). These fingerlings were compro-
mised by the presence of Amyloodinium spp.,
which is a prevalent dinoflagellate species
common in warm saltwater environments and
all along the Gulf of Mexico coast (also see
Blaylock and Whelan, this volume). This par-
asite attaches to the gills and skin and causes
severe pathology at the point of attachment
leading to hemorrhaging, inflammation, and
extensive epithelial hyperplasia (Southgate
1993) eventually compromising the overall
health of affected fish. Copper sulphate has
been shown to destroy dinospores found in the
holding water and actively searching for new
fish hosts. Throughout their time spent at the
GCRL, cobia fingerlings were treated with a
copper sulphate solution to reduce the poten-
tial impact of Amyloodinium spp. on those fin-
gerlings. These fish were heavily infected
regardless, causing the gills to be much less
efficient than would be anticipated for a nor-
mal healthy individual. The infection had its
greatest impact during passage of Hurricane
Isidore, which caused a power failure at the
GCRL and resultant deteriorating water qual-
ity within the cobia holding tanks. The cobia
stock prior to this event suffered zero mortali-
ties but this record rapidly changed following
the power outage with consistently high mor-
tality recorded on a daily basis. A decision
was then made by OAC researchers that since
the compromised cobia fingerlings were
dying within their holding tanks, we would
transport the remaining fingerlings to the off-
shore aquaculture cage to provide insight
related to long-distance transport logistics
issues.

Fingerlings were initially stocked within
transport tanks on trailers to move the cobia
from their holding tanks to live-haul tanks
secured on the deck of the transport vessel.
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strong swimmers and consistently resisted the
downstream water flow into the hose once the
baffle was opened to release the water, with
the fingerlings. Once in the hose, the finger-
lings further resisted transport to the nursery
net by swimming against the water current
and back up the hose to the tanks. The finger-
lings were eventually removed from the tank
and hose and manually transferred to the nurs-
ery net in dive bags. This experience illustrat-
ed the need for several adaptations necessary
for transporting this species offshore includ-
ing: a) a metal screen grate was constructed
that fit snugly within the tank to decrease the
space available to the fingerlings prior to
opening the baffle to facilitate transport; and,
b) a pump to actively move the fingerlings to
the nursery net would have better facilitated
transport. We do not anticipate that these same
observations would have been experienced
during transport of less active candidate
species, such as red snapper and red drum.

Both tanks were aerated during the entire
transport to the offshore cage site. Once
reaching the site, the vessel was secured to the
cage in preparation to transport the fingerlings
to the nursery net. The nursery net was placed
within the cage prior to moving fingerlings to
ensure it could be installed and not waste pre-
cious time doing so with fish held in tanks on
the deck of the vessel. The nursery net had a
volume of 43.7 m3 (equivalent to 46.3
m3–2.57 m3 of space occupied by the central
spar) and was constructed of 2.5 cm (1”)
stretch mesh. The nursery net was designed
such that each bottom portion would rest on
the cage netting along its bottom so that the
fingerlings were maintained as deep in the
water column as possible and away from the
energetic surface waves (Fig. 20).

The initial thought was to transfer the
cobia fingerlings to the nursery net through a
hose connected to each live-haul tank. This
proved difficult when transporting cobia fin-
gerlings to the cage. Cobia are extremely

Fig. 20. Shape and location of the nursery net placed within the larger grow-out cage.
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Realizing that the OAC operated at a scale
much smaller than commercial ventures, each
general option was extrapolated to transport
commercial fingerling numbers for economic
analyses. These results are discussed in
Posadas and Bridger (this volume) with other
economic modeling activities.

FUTURE RESEARCH NEEDS

While we have made great strides towards
the eventual reality of establishing an offshore
aquaculture industry in the U.S. EEZ, there is
much engineering and logistics research nec-
essary prior to fully commercial operations.
Specific research and development issues
requiring attention include:

1. Although regional projects in the U.S.
have opted to deploy the Ocean Spar Sea
Station cage, more engineering would
also be welcome to design and test addi-
tional cage configurations. Additional
modeling efforts, however, would be
more beneficial if focused on a holistic
system that integrates cages/moorings
and feed systems to ensure these compo-
nents are appropriately designed to mini-
mize interactions between them.

2. Coupled with holistic system design is the
choice of containment material for off-
shore cages. Our Ocean Spar Sea Station
was deployed with knotless spectra net-
ting. The knotless design proved problem-
atic to mend in the open ocean environ-
ment (requiring double salvaging the net
to maintain the new netting) and could
have been replaced with knotted netting
to alleviate these issues. Further, use of
rigid mesh material, such as AquaMesh
(welded, galvanized, vinyl coated steel
mesh; http://www.riverdale. com), would

likely result in decreased maintenance
issues compared with spectra netting.

3. During the design process, other consid-
erations might be accounted for such as
the species to be raised (pelagic species,
groundfish species, or flatfish) and the
ability to service the farm site efficiently
and safely.

4. Development of suitable ROV technolo-
gies and practices that decrease the pres-
ent reliance of offshore aquaculture oper-
ations on scuba diving would be wel-
come. In some sense our heavy usage of
diving in the more energetic offshore
environment (compared to near shore
aquaculture practices) represents a back-
ward step in aquaculture progress.

5. Dependable feeding technology is critical
for success. Adapting commercially
available feed systems to survive in
exposed conditions is necessary prior to
establishing commercial offshore sites. In
the absence of completing this task, mov-
ing aquaculture to the offshore environ-
ment is not warranted at this time.
Alternatively, new innovative feeding
approaches deserve additional attention.

6. Some consideration should be given to
designing a feed system that also has the
ability to rapidly provide medications to
compromised fish. An optimal solution
might be having a separate, unused feed
bin that is only used when necessary.
This removes the need to empty the main
feed bin, with the possibility of feed
wastage, prior to providing medications.

7. While the OAC has studied fish health
management (Blaylock and Whelan, this
volume) additional consideration is
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CONCLUSIONS

Developing innovative technologies to
mitigate offshore aquaculture logistics in the
absence of a system design strategy would be
remiss. Without effective and safe integration
of all components, the entire system would
likely prove to be too inefficient to support
economically feasible aquaculture in the off-
shore environment. Operating within the Gulf
of Mexico, the Offshore Aquaculture
Consortium has developed numerous individ-
ual components—a lift-boat Aquaculture
Support Vessel, a single-point mooring, an
autonomous feeder, and a cage/mooring mon-
itor—that meet the demands of foreseeable
issues associated with operating a farm in a
distant and harsh environment. Offshore aqua-
culture operations can now be considered
through use of these engineering innovations.
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