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Pro duc t ion f rom
aquaculture is in creas -
ing and in per cent age
terms this has been the
fast est grow ing sec tor
of world ag ri cul ture in
re cent years (Ta ble 1).

The pro jec tions for
fu ture global aquacul-
ture pro duc tion (Fig ure 
1) as sume a flat rate of
pro duc tion in crease of
about 3.5 mil lion met -
ric tons per year, which
is what was achieved
be tween 2000 and
2005. How ever, to as -
sume that this rate of in crease can be sus tained may be over-op ti mis tic. It is equiv -
a lent, for ex am ple, to cre at ing 2.3 new global salmon farm ing in dus tries ev ery
year for the next 25 years. While there is no de ny ing the achieve ments of the past,
it is sug gested that most of the easy de vel op ment op tions for aquaculture have
now been taken, and from here on ex pan sion will be more dif fi cult.

If this is right, it will have pro found im pacts on the sea food in dus try and on the
po ten tial for off shore aquaculture, since other trends in the global econ omy point
to ward con tin ued ex pan sion of sea food de mand. The num ber of peo ple and their
rel a tive af flu ence is in creas ing in many coun tries, and his tory shows that in creas -
ing af flu ence leads to in creased con sump tion of an i mal pro tein; es pe cially sea -
food pro tein in some Asian coun tries. At the same time, age ing pop u la tions in
west ern coun tries are in clined to eat more sea food and less red meat, en cour aged
by a con tin u ing stream of in for ma tion that sup ports the health ben e fits of sea food
con sump tion. It seems prob a ble that the world is headed into a pe riod of sig nif i -
cant sea food un der sup ply.

Gen er ally, this must be good news for all aquaculture, in clud ing off shore
aquaculture, since it will lead to higher prices. In the United States this trend will
be fur ther ac cen tu ated by the de creas ing value of the U.S. dol lar and the in creas -
ing costs that ex port ers of sea food to the U.S. have to in cur in ship ping, es pe cially
for the air freight of fresh prod ucts.

 How ever, such op ti mism should be tem pered with the cau tion that sea food
short ages will also leave a mar ket gap, as peo ple find them selves no lon ger able or 
will ing to pay higher prices for the seafoods of their choice, while still wish ing to
avail them selves of the nu tri tional ben e fits of ma rine oils. Mar ket gaps are al ways 
filled and in this case two out comes seem prob a ble.

 First, sea food buy ers and dis trib u tors will re vise their at ti tude to frozen sea -
food, since this of fers nu mer ous op por tu ni ties for cost sav ings through out the
value chain. In turn, this will make it less ex pen sive for pro duc ers over seas to ship 
prod ucts to the U.S. thus con tin u ing to ex pose do mes tic pro duc ers to global com -
pe ti tion.

 Sec ond, de mand for fish oil pills and omega-3 fatty acid for ti fied foods will in -
crease. The re al ity is that there is not enough and likely never will be enough sea -
food avail able to meet fu ture global de mand. More over, much of what is avail -
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Ta ble 1. In creases in global aquaculture pro duc tion by weight and by
per cent age. Source: NOAA Aquaculture, J. Cho, per sonal com mu ni ca tion.

Year To tal Pro duc tion

met ric tons  ('000's) 

In crease in Pro duc tion

     met ric tons  ('000's) 

Rate of

In crease

%

1980 7.3 2.1 6.4

1985 11.4 4.1 8.7

1990 16.8 5.4 10.1

1995 31.2 14.4 11.2

2000 45.7 14.5 9.2

2005 63.0 17.3 6.8



able is not rich in ma rine oils and sooner or later con sum ers will re al ize this. ‘Two
serv ings of sea food per week’ pro vides vague and even mis lead ing nu tri tional ad -
vice, if its pur pose is to en cour age peo ple to con sume ad e quate lev els of these
valu able nu tri ents. Even tu ally, this will be come clear and gov ern ments will then
be un der pres sure to make sure that their cit i zens have ac cess to the nu tri ents they
need. The only fea si ble so lu tion is sup ple ments and, as they be come gen er ally ac -
cepted, they will pro vide a new and for mi da ble com pet i tor for global sea food
sup pli ers.

A fu ture off shore aquaculture in dus try in the U.S. will there fore have to be vig i -
lant about keep ing costs down so that it can pro vide con sum ers with sea food
prod ucts that re main af ford able. In this re spect, such an in dus try has two ad van -
tages that may prove to be sig nif i cant. 

First, it may be pos si ble to lo cate off shore farms rea son ably close to the mar kets
they serve. As off shore farm ing tech nol ogy de vel ops, this may also al low for con -
cen tra tion of ac tiv ity within a de fined area that will make it pos si ble to op er ate ef -
fi ciently. It is pos si ble to en vis age, for ex am ple, a fu ture off shore fish farm ing
com pany with, per haps, 20,000 met ric tons of pro duc tion spread among sev eral
farms within a 100 square mile area and lo cated within rel a tively easy reach of its
mar kets. At this level of pro duc tion such a com pany would also be able to jus tify
in vest ment in on shore feed man u fac ture and fish pro cess ing, so that its op er a tions 
and sales ac tiv i ties would be both in te grated and stream lined. Cost sav ings that
re sult from such ef fi ciency might be more than enough to com pen sate for higher
costs in other ar eas such as the cost of la bor, es pe cially as re gards the sup ply of
fresh prod ucts, which, de spite prob a ble fu ture re po si tion ing of frozen sea food,
are likely to con tinue to com mand a pre mium.

Sec ond, there is a plau si ble case to be made that be cause of better wa ter qual ity
off shore fish per for mance will be better. Since feed is the larg est cost in most
finfish farm ing and looks set to be come even larger as prices of feed com mod i ties
rise, even a small im prove ment in per for mance is sig nif i cant. Also, since the U.S.

is a pri mary pro ducer of the in gre di ents used in fish feed, there are likely
long-term ad van tages to U.S. grow ers of be ing able to source raw ma te ri als do -
mes ti cally.

So, these are rea sons to be op ti mis tic about the pros pects for off shore
aquaculture in the U.S. How ever, it must still main tain a fo cus on keep ing costs
down in or der to cre ate value. A fac tor that is of ten over looked in this re spect is
the fil let yield (the pro por tion of whole body weight that is ed ible fil let meat) of
spe cies that are se lected for aquaculture. U.S. con sum ers in creas ingly de mand
that sea food prod ucts of fer con ve nience. For finfish this means of fer ing skin-off,
pin bone out fil lets and, there fore, a fish like salmon that yields up to 60% of
whole weight as fil let has a sub stan tial pro duc tion cost ad van tage over a spe cies
such as cod, for ex am ple, that yields less that 40%.

 Also, since costs mag nify as sea food prod ucts move through the value chain be -
cause mark ups are usu ally cal cu lated as a per cent age of cost, a prod uct that en ters
the chain at a high price will at tract cor re spond ingly higher costs as it moves
through it. When it is still pos si ble to buy fresh chicken breast meat at $1.99/lb,
fresh fish at $12.99/lb(1) looks aw fully ex pen sive, es pe cially if, in fu ture, equiv a -
lent nu tri tional value can be ob tained by tak ing a fish oil pill with the chicken or
feed ing chick ens so that the meat con tains omega-3 fatty ac ids. 
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These and other vari ables in clud ing the rel a tive strength of the U.S. dol lar, en vi -
ron men tal and trade reg u la tions, pos si ble fu ture car bon taxes and the pur chas ing
power of peo ple in de vel op ing econ o mies will all in ter act to de ter mine the vi a bil -
ity and suc cess of U.S. off shore aquaculture. Pri mary pro duc ers can do lit tle to
man age these forces other than to try and en sure that their prod ucts are cost com -
pet i tive through out the value chain. 

Gov ern ments, on the other hand, must plan for the fu ture and al lo cate re sources
ac cord ingly. In the con text of  U.S. off shore aquaculture, this means mak ing space 
avail able in the U.S. EEZ (Ex clu sive Eco nomic Zone) for aquaculture to de velop.
Since this is con ten tious, al lo ca tion de ci sions must be sup ported by rig or ous jus -
ti fi ca tion of the costs and ben e fits and, given the wide range of vari ables in -
volved, this is dif fi cult. A sug gested ap proach is to cre ate a ‘Sys tem Dy namic
Model’ that would in clude sub-com po nents that model each of the vari ables in -
volved and which then in ter act with each to show the con se quences of gov ern -
ment ac tions or changes in as sump tions. This would pro vide a more in formed and 
per haps less con ten tious ba sis for gov ern ment de ci sion mak ing than is pres ently
avail able.

The U.S. im ports 80% of its sea food. In this re spect it is as de pend ent on for eign
sea food as it is on for eign oil. As the global econ omy evolves, it is pos si ble to en -
vis age a sit u a tion where Amer i cans will no lon ger be able to af ford to im port the
sea food they want and will de pend for their sea food sup ply on do mes tic on shore
and off shore aquaculture. Pres ently, this is a pos si bil ity that can not be sub stan ti -
ated by any thing other than in formed spec u la tion. A model that could be used to
sup port or re fute such spec u la tion could be a pow er ful tool in ar gu ing the case
that the U.S. off shore aquaculture in dus try must be given the space it needs in the
na tion’s wa ters if it is to de liver on its prom ise.

Au thor

John Forster (e-mail jforster@olypen.com), Forster Con sult ing Inc., Port
An geles, Wash ing ton, is an aquaculture con sul tant with a spe cial in ter est in the 
ap pli ca tion of ex pe ri ence from the farmed salmon in dus try to new aquaculture
spe cies. He is a di rec tor of four aquaculture com pa nies and serves on NOAA's
Ma rine Fish ery Ad vi sory Com mit tee. 
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Build ing the Tech no log i cal Bridge to

Open Ocean Aquaculture

M. Cham bers, R. Langan, B. Celikkol, W. Howell, 

R. Swift, K. Baldwin and J. DeCew

Open ocean en vi ron ments around the globe pres ent both op por tu ni ties
and chal lenges for aquaculture de vel op ment. North Amer ica, with its
enor mous sea food econ omy, scar city of ac cept able sites in pro tected
wa ters, and lead er ship in tech ni cal in no va tion, is well suited for off -
shore de vel op ment. Wind and wave con di tions in the open ocean pre -
clude the adop tion of proven tech nol o gies for nearshore cul ture; there -
fore, new en gi neer ing ap proaches must be de vel oped to in sure struc -
tural in teg rity, op er a tional ca pac ity and worker safety. In ad di tion,
eco nomic un cer tain ties of off shore farm ing must be re solved for de -
vel op ment to take place at a mean ing ful scale.

The Uni ver sity of New Hamp shire’s At lan tic Ma rine Aquaculture
Cen ter has been at the fore front of de vel op ing the nec es sary tools and
knowl edge to move the aquaculture in dus try off shore. Math e mat i cal
mod el ing, scale model test ing and field ver i fi ca tion of new moor ing
and cage de signs have greatly ad vanced the un der stand ing of these
sys tems in ex posed sites. Re mote feed ing, te lem e try con trol, op er a -

tions and hus bandry of cold wa ter
finfish and bi valves have been dem -
on strated at their sub merged test
plat form 10 km off shore. 

The Cen ter’s ex pe ri ences over the
past de cade in man ag ing an ex per i -
men tal off shore farm have made it
clear that au to ma tion of many rou -
tine op er a tions in clud ing clean ing,
in spec tion, feed ing and har vest ing is 
needed to re duce cost and risk to
per son nel. There fore, user-friendly
cage sys tems that min i mize div ing
and are ca pa ble of be ing har vested
in 3 m seas will be nec es sary. In ad -
di tion, ser vice ves sels will need to
be de signed with greater ef fi ciency
and mech a ni za tion to re duce staff
and li a bil ity. 
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Fig ure 1

A 500 m
3
 Aquapod cage be ing

de ployed.  



In tro duc tion

What is it that off shore fish farm ers are try ing to do? Ul ti mately, they want to
make money by rais ing a sea food prod uct. So to do so, they need to de liver a
healthy, nu tri tional and af ford able prod uct to the con sumer. They must max i mize
pro duc tion ef fi ciency by main tain ing stock se cu rity, en hance fish per for mance,
min i mize la bor re quire ments and in sure worker safety. At the same time, they
need to ex er cise en vi ron men tal stew ard ship and achieve reg u la tory and en vi ron -
men tal com pli ance.

In de vel op ing a busi ness plan, the right com po nents must be in place for a suc -
cess ful off shore farm. First of all,  prox im ity to com mer cial port fa cil i ties must be
taken into con sid er ation. The site has to have char ac ter is tics that are con du cive to
the spe cies of choice. Op ti mal con di tions would in clude cur rent speeds av er ag ing
no less than 20 and pref er a bly no more than 50 cm/sec ond. A depth rang ing from
30 to 50 m is pre ferred to avoid con cen trated de po si tion of wastes on the seafloor
be neath the cages. Other pa ram e ters such as wave cli ma tol ogy and sea sonal tem -
per a ture pro files must also be known. If you can only ac cess your site once per
week due to high wave con di tions, then this lim its your abil ity to main tain, feed
and har vest prod uct. 

Open Ocean Con tain ment Sys tems

A wide va ri ety of con tain ment sys tems for fish cul ture have been de vel oped for
nearshore, pro tected en vi ron ments. More re cently, sys tems have been de vel oped to 
en dure greater ex po sure to open ocean con di tions. The open ocean sys tems have
adopted a sub mers ible ap proach to es cape storm and wave con di tions, which at
some lo ca tions can ex ceed 9 m. Sev eral cages that are prov ing them selves in these
ex treme en vi ron ments in clude the Ocean Spar Sea Sta tionTM, Aquapod(1) (Fig. 1),
and OCAT (Fig. 2). These sys tems though, re quire al ter na tive feed ing sys tems that
can de liver feed hy drau li cally be low the sur face (Fig. 3 and 4) as op posed to the in -
dus try stan dard of pneu matic feed ers. 
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Fig ure 2

De ploy ment of a 100

m
3
 OCAT cage at the

Port Au thor ity in

Portsmouth, NH.
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Fig ure 3

De ploy ment of a 20 ton, auto feed buoy at the AMAC test fa cil ity.

 

Fig ure 4

Aquaculture En gi neer ing Group 100 ton feed buoy. 



So how can a con tain ment struc ture help farm ers achieve their goals of mak ing
money? This can be achieved by the fol low ing fac tors:

    1.  Fish Per for mance, Health and Wel fare
• Main tain max i mum vol ume in waves and cur rents
• Ap pro pri ate shape and con fig u ra tion for the spe cies
• Af ford suf fi cient wa ter re place ment (flow)

          – per size, con fig u ra tion and re sis tance to bio-foul ing
• Achieve pre cise depth con trol
• Eas ily con fig ured for au to mated feed ing
• Al low for prompt and ef fi cient re moval of mor tal i ties
• Abil ity to treat fish stock
• Al lows for ef fi cient and low stress har vest ing

    2.  Stock Se cu rity
• Struc tural integrity of the frame
• Trans par ency to waves and cur rents to re duce drag
• In teg rity of per me able bar rier

–  re sists abra sion/dam age by equip ment, hu mans, pred a tors and fish
• Main tain bio-se cu rity

–  does not har bor par a sites or dis ease or gan isms
• Ac com mo dates tech nol ogy for enu mer a tion and bio mass es ti ma tion

    3.  Min i mize La bor Re quire ments

• Clean ing is ei ther not needed or is fully au to mated
• Bar rier re quires re duced time for in spec tion and main te nance
• Sam pling and har vest ing are fully au to mated

    4.  In sure Worker Safety
• De sign and con struc tion that can ac com mo date user-friendly

au to ma tion to re duce or elim i nate the need for div ing for rou tine
op er a tion and main te nance. (e.g. inspection, clean ing, har vest ing and
mort re moval)

• Easy (safe) in gress and egress
• Vi sual and ver bal com mu ni ca tions

    5.  Reg u la tory and En vi ron men tal Com pli ance
• Pre vent/min i mize escapement and con se quences of escapement on

na tive spe cies
• Re duce ben thic or ganic load ing from cage clean ing
• Cap ture and re cy cle un eaten feed
• Re duce the need for treat ments and therapeutins

–  elim i nate par a site “res er voirs”
–  stress-free con di tions

• Re duce at trac tion to pred a tors and scav en gers
–  au to mated re moval of mor tal i ties 

• Ac com mo date cul ture of an ex trac tive spe cies
–  seaweeds and shell fish 

Open Ocean Feed ing Sys tems 

How do you feed your farm on a daily ba sis in the open sea? Com mer cial feed ers 
of the day are de signed for near shore or semi-ex posed sites, not the open ocean.
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UNH rec og nized this prob lem back in 2000 and ini ti ated the de sign and de vel op -
ment of re mote, fully au to mated feeders. These feed ers have pro gressed to the lat -
est sys tem that can hold up to 20 tons of feed (2) (Fig. 3). The new buoy is de signed
to with stand harsh win ter storm con di tions with seas greater than 9 m. This sys -
tem is moored on a ro bust, four point moor ing, ad ja cent to the ex per i men tal farm
and de liv ers feed hy drau li cally through a net work of un der wa ter HDPE hoses.
These hoses are integral with the sub merged grid sys tem. 

How can an au to matic feed ing struc ture help farm ers achieve their goals of
mak ing money? A feed plat form will:

1. Pro vide con sis tent, daily feed ra tions to the farm dur ing all weather con di tions

2. Uti lize feed re cy cling 

3. Pro vide a sta tion ary plat form for:
a. com mu ni ca tion
b. re mote con trol
c. bi o log i cal mon i tor ing
d. en vi ron men tal mon i tor ing

4. Increase growth, sur vival and get prod uct to mar ket sooner

5. Reduce la bor and safety is sues

6. Pro vide video sur veil lance and ra dar alarms for farm man age ment

Rec om men da tions

In sum mary, the de sir able at trib utes for a fish con tain ment sys tem would be ro -
bust, du ra ble and au to ma tion ready. This would in clude an in te grated feed dis tri -
bu tion, mort re moval and har vest ing sys tem. The sys tem should con sider com pat -
i ble de sign/ge om e try for the spe cific spe cies, re sist bio-foul ing and main tain vol -
ume un der all cir cum stances. The cage should be breach re sis tant, pred a tor proof
and pro vide a safe and stress-free en vi ron ment for the fish. It is also im por tant to
have the abil ity to con trol the depth of the cage to pro tect fish against storms and
place them in tem per a ture pro files to achieve op ti mal growth. The con tain ment
sys tem should be able to be ser viced (e.g. stock ing, har vest ing, in spec tion, mor -
tal ity re moval) from a sur face ves sel in wave con di tions of 3 me ters. Fi nally, sys -
tems should con sider in te grat ing a multi-trophic cul ture com po nent for ex trac tive 
spe cies. This will serve as an sec ond ary prod uct for sale as well as re duce the car -
bon foot print of the farm by uti liz ing all the outputs from the fish and feed.

De sir able at trib utes for auto feed ing sys tems in clude a sta ble, ro bust struc ture
that can with stand the high en ergy en vi ron ment of the open ocean. A sur face plat -
form will al low for re mote com mu ni ca tion, con trol and mon i tor ing of the farm.
The buoy should be readily sup plied with fuel and feed and dis trib ute feed to
cages that are at the sur face or be low sur face. Alternative power sources such as
wave, cur rent, wind and so lar power should be har nessed and in te grated into the
feed ing sys tem.

Farms of to mor row may in clude sin gle point moor ings that can be used in deeper 
wa ter and have less of an im pact on the ocean en vi ron ment. Ten sion leg moor ings
have been dem on strated in the Med i ter ra nean that could also be considered for ex -
posed sites, thus re duc ing the foot print of the farm. As new en gi neer ing tech nol o -
gies come forth, mo bile fish farms may be de vel oped (Fig. 5) that could nav i gate
in deep wa ters close to large mar ket cen ters around the United States.
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Fig ure 5

A con cep tual ocean drifter de signed by MIT and Ocean Spar.

 



In te grated Sys tems to Al low Safe,

Ef fi cient and Cost-Ef fec tive Aquaculture

Op er a tions in the Open Ocean

En vi ron ment

Chris to pher J. Bridger and Phillip R. Dobson

Mod ern finfish farm ing, such as that op er at ing in Ca na dian wa ters to
raise At lan tic salmon, be gan a lit tle over 35 years ago in Nor way.
Nor way con tin ues to play the “model farm” role and Ca na dian
aquaculture finfish com pa nies are in un dated pre dom i nately with
Nor we gian tech nol ogy that was de vel oped for the rel a tively be nign
Nor we gian fjord en vi ron ment. While these tech nol o gies work well in
Nor way they tend to be gen er ally sub-op ti mal for use in the more
ro bust Ca na dian en vi ron ment.

In 2002, AEG was in cor po rated to de velop tech nol ogy and  man age -
ment so lu tions that are ca pa ble of safe, ef fi cient and cost-ef fec tive
op er a tions in me dium- and high-en ergy en vi ron ments while re main ing 
cost-com pet i tive for low-en ergy en vi ron ments. The AEG prod uct
port fo lio is driven by in no va tion, while our de sign phi los o phy re quires
that all AEG So lu tions must meet five sustainability cri te ria that en sure
prod ucts have a fo cused de sign and are so cially ac cept able, cost-ef fec tive, 
eco-friendly,  and ro bust for sur vival par tic u larly in higher en ergy
en vi ron ments.

Pro ject Ra tio nale and Ob jec tives

AEG was in cor po rated in No vem ber 2002 to de velop in no va tive so lu tions—
AEG So lu tions—to lim i ta tions im ped ing fur ther sus tain able growth of the finfish
aquaculture in dus try world wide. AEG So lu tions were orig i nally de signed for use
pre dom i nately in high-en ergy open ocean en vi ron ments and in di vid ual prod ucts
have been pro fes sion ally en gi neered and model tested at the Na tional Re search
Coun cil In sti tute for Ocean Tech nol ogy in St. John’s, NL in sim u lated high-en ergy
con di tions prior to fab ri ca tion and field-test ing of com mer cial-scale pro to types.
These tech nol o gies can be in te grated within a sin gle com mer cial op er a tion to al -
low safe and ef fi cient aquaculture in open ocean con di tions (Fig ure 1) and in clude:

• The AEG Feeder is de signed to pro vide wa ter-borne de liv ery of feed thereby
main tain ing the feed de liv ery pipes be low the ac tive ocean sur face. The AEG

Feeder is ca pa ble of feed ing us ing man ual con trol, au to matic ‘meal feed ing’ in -
di vid ual cages, or au to matic ‘pulse feed ing’ to feed 28 cages si mul ta neously.

• AEG Con tain ment Sys tems com bine sur face lo gis tics strat e gies com mon in
the aquaculture in dus try with subsurface moor ing con nec tions that are in creas -
ingly in te grated in novel ‘off shore’ cage de signs and sub mer sion ca pa bil ity in -
cor po rated where con di tions re quire it.
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• An ad vanced site data man age ment soft ware pro gram—Nep tune—for di rect
use with the AEG Feeder.

Lo ca tion of the Pro ject

AEG in te grated its in di vid ual tech nol o gies on a com mer cial aquaculture site in
St. Mary’s Bay, NS near Tiddville north of Pe tite Pas sage along the south east ern
shore of Digby Neck (Fig ure 2). The near est wharf for site main te nance is 3.22
km north east of the site in Lit tle River. The site of fers many chal leng ing at trib utes 
that dem on strate the full po ten tial of AEG So lu tions to raise fish in higher than
nor mal en ergy in clud ing very high en ergy—50 knot winds, 4 m waves and 1.8
knot cur rents—on a fairly reg u lar ba sis hav ing a very long fetch from the NE (up
St. Mary’s Bay) and SE-S-SW (mid-At lan tic ex po sure) di rec tions. The site also
reg u larly ex pe ri ences ice flows in Feb ru ary, which has in flicted se vere site dam -
age and fish loss on the site dur ing pre vi ous at tempts to grow fish.
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Fig ure 1

In te gra tion of AEG So lu tions de ployed on the high en ergy pro ject site in St. Mary’s Bay, Nova Sco tia.



Site Set-up and Fish En try

More than 250,000 steelhead trout were de liv ered to the site in fall 2009. The ini -
tial salt wa ter en try in Oc to ber re sulted in higher than ex pected mor tal ity. As a re -
sult, the en try of the ma jor ity of the trout was de layed and SuperSmolt® was ap plied 
in an at tempt to in crease salt wa ter sur vival. This ef fort did not work and to tal en try
mor tal ity was up wards of 35%, leav ing less than 150,000 trout for con tin ued
grow-out on the site. The mor tal ity rate be gan to de cline in the first quar ter of 2010
fol low ing en try un til even tu ally set tling to an ac cept able com mer cial rate be low
0.6% per month by April 2010. This de clin ing mor tal ity rate in Jan u ary, Feb ru ary
and March 2010 dur ing the harsh est weather con di tions on this high en ergy site is in 
large part at trib uted to the use of in ter nal nurs ery nets to ini tially con tain the fish
stock.

Site Per for mance

Feed ing

The AEG Feeder uses an in no va tive wa ter borne feed ing tech nol ogy that is less
ag gres sive on feed pel lets com pared with air blow ers, thereby min i miz ing feed
break age and sub se quent costs and en vi ron men tal load ing (see a video at
http://www.youtube.com/user/AEGSolutions/videos).
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Fig ure 2

Lo ca tion of the AEG pro ject site in St. Mary’s Bay, NS.

http://www.youtube.com/user/AEGSolutions/videos


The AEG Feeder mea sures the wa ter tem per a ture daily and al lows feed ing an
en tire site si mul ta neously with no re quire ment for day-to-day crew in ter ven tion
or use of cam eras. The AEG Feeder soft ware al lows au to matic feed ing based on
es tab lished com mer cial feed ta bles that con sid ers cage-by-cage bio mass and
mea sured wa ter tem per a ture. The bio mass is ad justed based on cal cu lated in cre -
men tal fish growth cou pled with fish re moval as mor tal i ties, har vest or other site
man age ment de ci sions oc cur. Feed rates are fur ther ad justed based on a per cent of 
the cal cu lated feed ta ble pro vi sion to main tain an as sumed food con ver sion rate 
(FCR). The cages are also vi su ally mon i tored on a bi-weekly ba sis for waste feed
us ing a col lec tion cone in the bot tom cen tre of each cage.

A sig nif i cant ad van tage of the cen tral ized and fully au to matic AEG Feeder with
dis tance con trol is that fewer feed ing events/days are lost due to foul weather.
Trout were con sis tently fed us ing the AEG Feeder dur ing the life of the pro ject;
how ever, the site man ager noted feed days would have been lost due to in clem ent
weather had the crew been re quired to visit the site each day. Fig ure 3 clearly
shows the ad van tages of the AEG Feeder in this re gard com pared with feed ing us -
ing feed boats or even other cen tral ized feed ers avail able glob ally. Note that lost
AEG Feeder days to wards the end of June and through out July, Au gust and Sep -
tem ber were re lated to ad just ing the feed rates as the fish be gan to belch feed af ter
reach ing 1 kg in size and the wa ter tem per a ture in creased. These same days would 
have been lost by crew feed ing, but not re corded as such, as the weather on these
days was fine to visit the site. Like wise, most AEG Feeder lost feed ing in No vem -
ber and De cem ber was in ten tional to al low star va tion for fish har vest. Again, sim -
i lar days would have been lost us ing crew feed ing if in fact the fish were at the tar -
get har vest size.

The av er age monthly feed rate for both cages was ini tially set at more than
100% of the feed ta ble in the first quar ter of 2010 as is typ i cal while the fish are
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Fig ure 3

Com par i son of lost feed days us ing the AEG Feeder with dis tance con trol ver sus crew feed ing

us ing feed boats or cen tral ized feed ers that re quire onboard man age ment.



small. This rate was low ered to 100% as the tem per a ture and growth in creased in
spring 2010. In early July, the trout be gan to belch feed cre at ing an or ange film of
fish oil on the wa ter sur face as the wa ter tem per a ture warmed and the av er age size 
ap proached 1 kg. This can be a com mon oc cur rence when rais ing trout and
widely ac cepted to be as so ci ated with use of spe cific feed in gre di ents. Typ i cally,
farm ers con tinue to feed their stock at about the same rate when feed belch ing oc -
curs, in an at tempt to off set the loss of feed and the site FCR suf fers dra mat i cally.
We man aged the site with daily com mu ni ca tion with the site man ager and grad u -
ally de creased the feed rate to 40-60% of the feed ta ble to elim i nate the feed
belch ing. The feed rate was main tained at 70-80% of the feed ta bles in the last
quar ter of 2010 as the trout reached the av er age tar get har vest size by mid-No -
vem ber.

The site FCR for the en tire grow-out pe riod was un der 1.2. This com pares with
the typ i cal trout FCR of 1.3-1.5 while rais ing the stock to an av er age tar get har vest 
live weight of up to 2.15 kg. This lower FCR is at trib uted to better over all feed
man age ment af forded by the AEG Feeder, ef fec tively man ag ing the feed belch ing 
is sue, elim i na tion of feed break age dur ing the feed ing pro cess with wa ter-borne
feed ing, and main tain ing a health ier stock of fish with nets that are con sis tently
cleaned and there fore al low ing well ox y gen ated wa ter to flush through the cages.

Growth

The ma jor ity of the trout were en tered in mid-De cem ber at an av er age weight of
91 g. The av er age tar get har vest live weight was 2150 g. Early pro jec tions had the
stock reach ing this av er age weight be fore the end of Au gust 2010. How ever, this
pro jected date was de layed to No vem ber 2010 (11 months fol low ing en try) due to 
the feed belch ing is sue—which was ex pe ri enced, but not an tic i pated, in July/Au -
gust 2010 and re quired that the feed rate be dra mat i cally re duced to keep the
belch ing un der con trol. Ob vi ously re duc ing the feed rate had a pro found neg a tive 
ef fect on fish growth and the time re quired to reach tar get har vest weights.

Fish Health

Fish health was con stantly mon i tored dur ing the grow-out cy cle. On a cou ple of
oc ca sions the Nova Sco tia pro vin cial vet er i nar ian vis ited the op er a tions to mon i -
tor fish health and sea lice load. One of these vis its co in cided with an in crease in
mor tal ity in June 2010. Fish sam ples taken at this time found that the trout were
car ry ing a Vibrio spe cies that is spe cific to trout and not cov ered by the salmon
vac ci na tion. This might be the rea son for the in crease in mor tal ity at this time but
the is sue was rather muted as the mor tal ity rate de clined to nor mal lev els by July
2010. Sea lice were never a con cern dur ing the grow-out cy cle and ab so lutely no
pes ti cides or an ti bi ot ics were used dur ing the grow-out. These fish health re sults
fur ther il lus trate the ca pa bil ity of in te grated AEG So lu tions to pro vide su pe rior
fish wel fare to main tain a healthy and stress-free stock even in the high en ergy
con di tions on the site. It may also be as sumed that the high en ergy con di tions con -
trib ute sig nif i cantly to fish health in a pos i tive way if the equip ment al lows the
fish to sur vive in those con di tions.

Har vest

Har vested fish were pro cessed and mar keted as ei ther dressed with head-on
(DHO) or fil lets. In all cases, the fish were graded 100% pre mium. This in it self is
quite en cour ag ing given the am ple op por tu nity for prod uct down grade through
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me chan i cal dam age af ter ex pe ri enc ing nu mer ous sig nif i cant storm events dur ing
the grow-out, and with the pres ent sea lice is sue within the lo cal salmon in dus try.
Hav ing no me chan i cal dam age to the out side of the fish is a tes ta ment to the ca pa -
bil ity of the AEG Con tain ment Sys tem to hold and raise fish on very high en ergy
sites in the ab sence of net bag ging and sub se quent ex ter nal dam age to the fish
stock. Avoid ance of sea lice is likely re lated to the lo ca tion of the site in iso la tion
from other op er a tors and the fact that trout were raised and not At lan tic salmon.

Har vested fish size was graded in two ways based on whether the fi nal prod uct
uld be DHO or fil lets. Ta -
ble 1 out lines the pro -
cess ing re sults for DHO

prod uct.
The re main der of the

trout were graded based
on ± 3.5 lbs to pro duce
fil lets that were 1 to 2  lbs
each. Fil let yield of 65%
is quite re spect able for
trout and was con sis -
tently ac quired due to the 
at ten tion of the plant
man ager and the thick
fil let pro vided by trout
raised dur ing the pro ject.
Up wards of 200,000 lbs
of fil lets were pro duced from the trout filleting. These fil lets were all quite con sis -
tent in qual ity char ac ter is tics such as firm ness, shape, size, gap ing and color. All
fil lets were also given a pre mium grade with the color con sis tently given a rat ing
of 27 to 29 as seen in Fig ure 4. This con sis tent flesh color is at trib uted to the ca pa -

Bull. Aquacul. Assoc. Canada 111-2  (2013) 19

Fig ure 4

Trout fil let color qual ity re sult ing from pro ject ac tiv i ties in St. Mary’s Bay, NS.

Ta ble 1

Sum mary of har vested trout that were size graded for dressed
head-on (DHO) pro cess ing and sales.

Size Grade To tal DHO
(lbs)

Av er age
DHO (lbs)

Fish
(%)

% DHO
(lbs)

2-4 lbs 24,603.56 3.02 26.89 18.83

4-6 lbs 88,609.48 4.59 63.77 67.81

6-8 lbs 17,451.57 6.18 9.33 13.36

130,664.61 4.32



bil ity of the AEG Feeder to pro vide feed over an ex tended daily feed ing pe riod ex -
ceed ing 4 hours each day, thereby en sur ing that all fish were fed each day re gard -
less of a dom i nance hi er ar chy es tab lished within the stock.

Eco nomic Anal y sis

Op er a tional cash flow ben e fits as so ci ated with use of an AEG Feeder com pared
with crew feed ing is abun dantly clear fol low ing this pro ject. Us ing an AEG

Feeder will pro vide more than $867,000 in ad di tional profit com pared with us ing
tra di tional crew feed ing in feed boats in a sin gle grow-out to raise 800,000 trout to 
a tar get har vest weight of 2.5 kg (5.5 lb). The ma jor ity of this dif fer ence co mes
from a much higher to tal feed cost us ing crew feed ing due to the higher FCR, us -
ing many more ves sels to feed and main tain the site, and a higher la bour cost to
feed the fish us ing at least three feed boats. Clearly the re turn on in vest ment from
in te grat ing an AEG Feeder within com mer cial op er a tions is quite ap peal ing. In
fact, the pur chase price for an AEG Feeder hav ing suf fi cient ca pa bil ity and ca pac -
ity to raise these 800,000 trout should be re cov ered within a sin gle grow-out cy -
cle.

Our eco nomic anal y sis does not con sider fur ther gains as so ci ated with a better
mar ket price from not us ing pes ti cides, an ti bi ot ics or antifoulants; a more con sis -
tent prod uct qual ity for the mar ket due to better over all feed pro vi sion and man -
age ment; and, fewer lost feed ing days us ing an AEG Feeder com pared with crew
feed ing. This lat ter as pect is very dif fi cult to enu mer ate but cer tainly hav ing lost
feed days will de lay har vest ac cord ingly and there fore add costs from hav ing to
op er ate the site for ad di tional time. Fur ther, the anal y sis does not fully eval u ate
gains com ing from in te gra tion of other AEG So lu tions used dur ing the pro ject
(e.g., lower mor tal ity rate and prod uct down grades while us ing AEG Con tain -
ment Sys tems).

Con clu sions

Pro ject re sults pro vide clear in di ca tion that de ployed AEG So lu tions will have a
pos i tive im pact on op er a tional ef fi ciency, equip ment re li abil ity, feed man age -
ment, prod uct qual ity, fish wel fare, and cost ef fec tive ness. These re sults are en -
cour ag ing to con tin ued prod uct de vel op ment and op ti mi za tion. This is par tic u -
larly the case as sites hav ing higher en ergy in the open ocean en vi ron ment be -
come the only new sites that are avail able.

Ac knowl edge ments

Fund ing was pro vided for var i ous com po nents of the pro ject from NRC

IRAP, ACOA and DFO AIMAP.

Authors

C.F. Bridger and P.R. Dobson, AEG In no va tive So lu tions Inc., 
73A Fred er ick St., St. An drews, NB.
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Aqualine Net Pens and Moor ings

for Ca na dian Aquaculture Farms

Joe Hendrix

Since 1980 AQUALINE AS of Trondheim, Nor way has worked with fish
farm ers through out the world to de velop a tough and re li able net pen and
moor ing sys tem for rais ing fish. All the equip ment AQUALINE sup plies has
been cer ti fied by the Nor we gian aquaculture stan dards in NS9415 with the ob -
jec tive of pro vid ing equip ment for long life and sus tain able farm ing prac tices.  
All net pen de signs use steel brack ets, con nec tor bars and sinker tube sus pen -
sion chains for strength and HDPE heavy wall float tubes for flex i bil ity and
flo ta tion that work to gether to in cor po rate ex tra safety fea tures to pre vent to tal
float ring col lapse and fish es cape.  

The cur rent gen er a tion of AQUALINE Net pens are truly Open Ocean Aqua-
cul ture equip ment de signed to meet the re quire ments of chal leng ing off shore
sites and heavy weather con di tions. AQUALINE, as a cer ti fied sup plier of net
pens and moor ing equip ment, has an en gi neer ing de part ment with the most ad -
vanced tools to an a lyze di men sions plus site pa ram e ters to de sign the fish farm -
ers grow ing sys tem to pro duce the best re sults.  By in tro duc ing the sea cur rents,
wave heights plus tides into the com puter mod el ing pro gram, it cal cu lates forces 
the net pen sys tem will be sub jected to and cre ates the mar gin of safety nec es -
sary within the sys tem de sign. Many years of ex pe ri ence with the AQUALINE

staff and cage as sem bly crew pro duce net pen and moor ing sys tems that grow
fish for the most suc cess ful aquaculture com pa nies around the world to day.

The fish farm ers of the Ca na dian At lan tic Prov inces and Brit ish Co lom bia
are now open ing new sites
with chal leng ing en vi ron -
ments for rais ing fish.
AQUALINE plans to pro vide
the net pens and moor ing
sys tems that will pro duce
fish in an en vi ron men tally
friendly man ner for the
Ca na dian and Amer i can
aquaculture in dus try.

Author

Joe Hendrix rep re sents
AQUALINE AS in the
Amer i cas for mar ket de vel -
op ment and cage site
surverys (e-mail
jhendrix1706@aol.com).
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Char ac ter iz ing Cage and Moor ing

Re sponses on Low, Me dium and High

En ergy Aquaculture Sites in the Bay

of Fundy

Alex R. Hanke, Betty House and Christopher Bridger 

Salmon farm ing ac tiv i ties in the Bay of Fundy re gion have been
on go ing since 1978. The first sites to be de vel oped were lo cated in
rea son ably pro tected bays and pas sages but in creas ingly higher en ergy 
sites have been de vel oped as the com mer cial farm ing ac tiv i ties of the
re gion con tin ued to ex pand. This ex pan sion has con tin ued with no
clear in put from a sci ence based ap proach (i.e., cor re la tions be tween
ocean og ra phy and en gi neer ing) but rather us ing more of a trial and
er ror ap proach based on per sonal ex pe ri ence. The goal of this pro ject
was to de velop ocean o graphic/en gi neer ing meth od ol o gies to
in cor po rate within fish farm ing ac tiv i ties and, es pe cially, to de ploy
higher en ergy sites and to de velop new cage/moor ing ap proaches and
tech nol o gies. This pro ject aimed to cre ate a gen eral knowl edge base
as so ci ated with the re la tion ships be tween the ocean o graphic
con di tions at low, me dium and high en ergy ma rine sites and the
as so ci ated re sponse of cages and moor ings.

Pro ject Sites

The pro ject area en com passed the south ern New Bruns wick coast of the Bay of
Fundy, south of Saint John to the coast of Maine and in clud ing Passamaquoddy
Bay. This pro ject was led by the At lan tic Can ada Fish Farm ers As so ci a tion and as 
such pro ject per son nel had an op por tu nity to choose ap pli ca ble sites from the in -
ven tory of all mem ber com pa nies. The cho sen pro ject sites in cluded: Man O’War
for the low en ergy site; Hard wood Is land for the me dium en ergy site; Penn Is land
and Or ange Cove for me dium-high en ergy con di tions; and Duck Cove rep re sent -
ing high en ergy sites. A weather sta tion was also es tab lished on the tip of Point
Lepreau. This pa per will fo cus on re sults from the high en ergy site of Duck Cove
(Fig ure 1) but all pro ject re sults can be ac quired on re quest from the At lan tic Can -
ada Fish Farm ers As so ci a tion.

All of the sites used sim i lar moor ing con fig u ra tions to hold the de ployed cages,
which fol lowed the gen eral cir cu lar float ing HDPE pipe de sign. Dif fer ences oc -
curred be tween the sites with re spect to the num ber and type of an chors, the num -
ber and di am e ter of float pipes, and the di men sional char ac ter is tics of the pipe,
rope, etc., based on the site con di tions and past ex pe ri ence of the farm per son nel.

The pro ject was con ducted be tween Jan u ary 2008 and March 2009 when the
mon i tor ing equip ment was de ployed at five prin ci pal lo ca tions: Man O’War,
Hard wood Is land, Penn Is land, Duck Cove and Point Lepreau.
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Trans fer Func tion Mod el ing

A pri mary ob jec tive of this study was to de velop mod els that can char ac ter ize
loads that can be an tic i pated on cage site equip ment (e.g., moor ing lines) us ing in -
puts from the ocean en vi ron ment. This in for ma tion could then be used to ap pro -
pri ately size cage com po nents or would lead to al ter na tive moor ing and cage de -
signs to suit the site spe cific con di tions. Fur ther, the abil ity to use ocean o graphic
in puts from ex ist ing but dis tant data buoys as a sub sti tute to re quir ing site spe cific 
data col lec tion was of in ter est to help off set oth er wise ex pen sive and time con -
sum ing data col lec tion in the im me di ate vi cin ity of each and ev ery high en ergy
site that will be de vel oped.

Load mea sure ments were re corded at the Duck Cove high en ergy site. Cli ma tic
(wind speed and di rec tion) and ocean o graphic data (wave height and di rec tion,
cur rent speed and di rec tion) were also col lected in the im me di ate vi cin ity of the
site to de velop a feed for ward neu ral net work model re lat ing mea sured loads to
geo graph i cally lo cal in puts. A sim i lar ex er cise was com pleted to re late the same
mea sured loads but us ing geo graph i cally dis tant in puts col lected from the Gulf of
Maine Ocean Ob serv ing Sys tem, Jonesport, Maine ocean o graphic data buoy
(NOAA 44027 lo cated at 44.273N; 67.314W).
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Fig ure 1
Lo ca tion of the Duck Cove high en ergy site (red).



The most par si mo ni ous model to fit the data was based on wave height and cur -
rent speeds. There was a rel a tively good fit be tween the pre dicted and ob served
loads when us ing geo graph i cally lo cal in puts (Fig ure 2). In this case, the tim ing
and mag ni tude of all but the small est peaks are com pa ra ble to the ob served data.
Un for tu nately this was not the case while us ing geo graph i cally dis tant in puts
where the re sults in di cate a poor fit of the ob served and es ti mated loads (Fig ure
3).

Al though this is still a work in prog ress, it is ev i dent that a rel a tively sim ple feed
for ward neu ral net work can be ef fec tive in pre dict ing moor ing line loads pro -
vided the in put data orig i nates from a lo ca tion that is geo graph i cally close to the
aquacul ture site of in ter est. Both the tim ing and mag ni tude of the pre dicted load
events were sim i lar to the ob served data when the in puts were from a geo graph i -
cally lo cal source. In puts from a dis tant source failed to pre dict all load events and
only pro duced a load com pa ra ble in mag ni tude to what was ob served when the in -
put sig nal was strong. The max i mum dis tance be tween the col lected ocean o -
graphic data and aquaculture site lo ca tion to pro vide a re li able pre dic tion of loads
is un known from the pro ject ac tiv i ties and re quires ad di tional study to de ter mine
this vari able for mod el ing pur poses.

Wave Power Dis si pa tion

The en ergy in a wave is dis si pated when it en coun ters a moored struc ture such
as a cage site. The amount of en ergy gen er ally ab sorbed by the site equip ment
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Fig ure 2

Re sults from a feed for ward neu ral net work anal y sis to pre dict moor ing line loads

us ing geo graph i cally lo cal in puts. Top panel: ac tual and pre dicted loads for a sub set 

of the data. 

Bot tom panel: es ti mated ver sus ac tual loads.



(i.e., cages, moor ings, etc.) can be de ter mined by com par ing the power as so ci ated 
with an in com ing wave with that of a wave that has passed through the site.

Duck Cove rep re sented the most en er getic con di tions within the study area. The 
se ver ity of the cur rent and wave en vi ron ment on the site was mea sured us ing two
Work Horse Sen ti nel self-con tained Acous tic Dopp ler Cur rent Profilers (ADCPs)
with WAVES pack ages. One ADCP was po si tioned off shore of the cage sys tem in
22.6 m of wa ter while the other ADCP was po si tioned in shore of the cage sys tem
in 17.3 m of wa ter.

The ex pected wave height at the lo ca tion of the in shore ADCP but in the ab sence
of the cage sys tem was cal cu lated ac cord ing to US Army Corps.(1)  The dif fer ence 
be tween this cal cu lated wave height and ob served data col lected with the in shore
ADCP re flects the gen eral in ter ac tion of the off shore waves with the cage sys tem
and there fore the wave en ergy trans ferred to the cage sys tem. Note that con sid er -
ation was given to the ef fect of shoal ing but not re frac tion, fric tion or per co la tion
when cal cu lat ing the ex pected wave height.

Four ma jor wave events were an a lyzed in this man ner to de ter mine wave en ergy 
trans ferred to the fish farm but only one of these is de picted in Fig ure 4. The 200
hour time se ries cap tures a storm event and il lus trates the ef fect that the cage sys -
tem may have on sig nif i cant wave height. The force as so ci ated with the waves in
this same storm event is also de picted in Fig ure 4. Note that the cal cu la tions of
wave en ergy den sity were all based on sig nif i cant wave heights and do not rep re -
sent the ex treme max i mum case that the fish farm equip ment will be ex posed to
and should be de signed for.
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Fig ure 3

Moor ing load pre dic tions based on a feed for ward neu ral net work us ing geo graph i cally

dis tant in puts.



Float ing struc tures such as an ar ray of aquaculture cages will dampen wave
heights. The lost height of the wave rep re sents en ergy cap tured by the cage ar ray.
Ide ally, the cage ar ray will al low waves to pass through it un im peded, but in re al -
ity the wave heave and drift forces are re duced by the drag from cage com po nents
such as the net or by the work done lift ing it ver ti cally and by re sis tance to move -

ment hor i zon tally caused by the elas tic ity of
the moor ing lines.

No en ergy loss due to bot tom fric tion or
re frac tion was as sumed in this brief ex am i -
na tion of the wave en ergy den sity change
caused by aquaculture cages. Ad di tion ally,
the ef fects of wind on the parts of the cage
above the wa ter line are ig nored. The en ergy 
loss from wave break ing was not im por tant
and the ef fects of shoal ing and re frac tion
were small. The force ab sorbed by the cages
var ied with the tide and the pe riod of the in -
ci dent waves. The cages tended to ride the
swells and knock down shorter pe riod
waves with a trans fer of force ex ceed ing
1000 N/m of wave front.  

Oc ca sion ally, wave heights in shore were
greater than off shore. Wave dif frac tion and
re flec tion from the coast line and coastal fea -
tures could ac count for greater wave heights
mea sured at the in shore sen sor than those
ex pected based on data from the off shore
sen sor. The am pli tude of the re flected or dif -
fracted wave in ter acts with the am pli tude of
the in ci dent waves to pro duce stand ing
waves larger than the in ci dent waves. In ci -
dent waves with a long wave length tend to
re flect from the shore with out break ing be -
fore hand and thus have a greater like li hood
of build ing big stand ing waves. Al though
there was a ten dency for the wave lengths to
be lon ger when the ob served wave heights
ex ceeded ex pec ta tion, the re la tion ship was
con founded by the in ci dent wave an gle and
dif frac tion-re flec tion off coastal fea tures.

This method of es ti mat ing the force ab -
sorbed by the cages gives re al is tic val ues for 
the sys tem as a whole but stops short of
iden ti fy ing the stresses on spe cific cages or
com po nents of a cage. These es ti mates can
be viewed as be ing con ser va tive as cages
and their com po nents are un likely to ex pe ri -
ence the forces to the same de gree even
when the sys tem is ex tremely well tensioned 
and bal anced. It is rec om mended that mea -
sure ments be taken from in di vid ual cages
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Fig ure 4

Wave height re duc tion caused by the pres ence of a fish farm 

over a 200 hour time se ries. 

Up per panel: ex pected (pur ple line) ver sus ob served (red

line) sig nif i cant wave height af ter pas sage through the fish

farm lo ca tion. 

Lower panel: Loess smoothed en ergy den sity time se ries

based on the ex pected and ob served wave heights. The

over lap ping se ries is red when the ex pected den sity ex ceeds 

the ob served, blue when the ob served ex ceeds the ex pected 

and green oth er wise.



and cage com po nents to be sure that the num ber and size of moor ing lines, for ex -
am ple, are ca pa ble of ab sorb ing the ex pected forces, rather than make over-sim -
pli fy ing as sump tions about how the force is dis trib uted. 

Con clu sions

Un der stand ing the re la tion ship be tween ocean o graphic and me te o ro log i cal in -
puts and cage or moor ing re sponses will sup port plan ning, op er at ing and mon i -
tor ing of high en ergy aquaculture sites. Ad di tional data anal y sis and fur ther de -
vel op ment of the feed for ward neu ral net work model is on go ing to pro vide a ba sis 
for as sess ing the ef fect of the ocean cli mate on de ployed aquaculture struc tures.

It is hoped that col lected per for mance data for con ven tional in stal la tions at
pres ent lo ca tions can high light the strengths and weak nesses of con ven tional in -
stal la tions in a range of en vi ron men tal con di tions as well as serve as a base line for 
com par i son with in stal la tions us ing new tech nol ogy. Use of the de vel oped neu ral
net work might al low new ma rine sites to be de vel oped and new tech nol o gies
tested with some sense of the risks in volved and in creas ing the chance for suc cess
through ap pro pri ate sys tem de sign.
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Pros pects for Integrated

Multi-Trophic Aquaculture (IMTA)

in the Open Ocean

Thierry Cho pin, Shawn Rob in son, Gregor Reid

and Neil Ridler

As the de mand for sea food is ris ing world wide and the avail abil -
ity of ap pro pri ate shel tered nearshore sites is more and more re -
duced, the aquaculture in dus try is look ing at ex pand ing into
more ex posed and open ocean lo ca tions. Open ocean de vel op -

ment will not be un lim ited, how ever, as the vast oce anic sys tems have
their func tional and re source lim i ta tions. It will be im por tant to de velop
the right de sign of open ocean aquaculture op er a tions, that in cludes ex -
trac tive spe cies to carry out the biomitigating func tions of the sys tems.
It is ex pected that, be cause of econ o mies of scale, the open ocean farms
of to mor row will be larger than the pres ent nearshore farms. Higher lev -
els of waste will be gen er ated due to their in her ent assimilative in ef fi -
cien cies. In stead of tak ing the po si tion that hy dro dy namic con di tions in
open ocean en vi ron ments will be ap pro pri ate for dis per sion and re duced 
en vi ron men tal im pacts (but at a sig nif i cant cost of lost food), the aqua-
cul ture sec tor should cap i tal ize on the by-prod ucts of fed aquaculture to
re cap ture what is food and en ergy for ex trac tive aquaculture and en gi -
neer ef fi cient in te grated multi-trophic aquaculture (IMTA) sys tems.

The chal lenges will be nu mer ous from the bi o log i cal, en vi ron men tal,
eco nomic, tech no log i cal, en gi neer ing, reg u la tory and so ci etal per spec -
tives. Ap pro pri ate ex trac tive spe cies will have to be se lected based on
their bi ol ogy and the cul ture meth ods and har vest ing tech nol ogy will
have to be adapted to ex posed con di tions. High value-added mar kets
will be needed to jus tify their cul ture within ex pen sive in fra struc tures,
as they gen er ally have a lower value than fish. The prof it abil ity of open
ocean IMTA sys tems will have to be dem on strated. Early bio-eco nomic
mod els of nearshore IMTA in di cate that eco nomic di ver si fi ca tion and re -
duc tion of risks are keys to in creas ing the prof it abil ity of these sys tems
over finfish mono cul ture. The same ar gu ments can prob a bly be used for
open ocean IMTA op er a tions. More over, if the en vi ron men tal, eco nomic
and so ci etal ser vices and ben e fits of IMTA are prop erly es ti mated and in -
ter nal ized, they will pro vide sig nif i cant in cen tives for cul ti vat ing ex trac -
tive spe cies. These spe cies could be con sid ered for nu tri ent trad ing cred -
its in the global econ omy, as the aquaculture sec tor moves to be come
more ef fi cient and sus tain able, pos si bly by be com ing a part ner with the
large wind power gen er a tion and biofuel pro jects of the fu ture.

In tro duc tion

The global sea food mar ket is at a cross road. While land ings by cap ture fish er ies
have lev eled off, and many fish stocks have reached their pla teau or col lapsed, de -
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mand for sea food has been ris ing steadily, lead ing to the rapid ex pan sion of
aquaculture.(1) A sig nif i cant in crease in aquaculture out put will re quire ex pan sion 
into more ex posed, open ocean, lo ca tions, as the rel a tively shel tered nearshore
sites ap pro pri ate for aquaculture, such as in the Bay of Fundy, have al ready been
de vel oped and not many oth ers are avail able.

Mov ing to the open ocean has also been con sid ered as a means for mov ing away
from en vi ron men tal and pub lic per cep tion is sues in the coastal zone, al ready
sought out by many stakeholders. This move, how ever, should not be seen as an
“out of sight, out of mind” at ti tude, as open ocean de vel op ments will also be un -
der scru tiny by a more and more ed u cated pub lic. Even though wastes will be
more di luted through larger dis per sion fields, it is likely that these op er a tions  will 
need, eco nom i cally, to be much larger than farms in nearshore wa ters. This im -
plies more wastes will be gen er ated, par tic u larly when one con sid ers that an i mals
are gen er ally poor con vert ers of food into so matic tis sues. The so lu tion to
nutrification should not, as has been the case through out his tory in most west ern
coun tries, be di lu tion. Even if greater re sid ual cur rents, deeper wa ter and lower
nu tri ent base lines are an tic i pated to re duce im pacts from open ocean op er a tions
through wider dis per sion plumes of nu tri ents, as com pared to sim i larly-sized
nearshore op er a tions, there is a point when open ocean eco sys tems will even tu -
ally reach their assimilative car ry ing ca pac i ties. We thought the sea was so im -
mense that we did not need to worry about fish er ies lim its, and this is not the case.
We thought the “Blue Rev o lu tion” of aquaculture de vel op ment was be nign, and
this is also not the case. Why should we think that open ocean aquaculture, the
“last fron tier”, will be with out its own bor ders/lim its? More over, our ru di men tary 
knowl edge about link ages be tween open ocean and nearshore sys tems could also
re sult in un pleas ant sur prises.

This sug gests that mit i gat ing ap proaches should also be used in open ocean op -
er a tions. Thus, con ver sion into other crops of com mer cial value, not di lu tion,
should be ap plied to open ocean de vel op ment as well as to nearshore en vi ron -
ments.(2) Trophic di ver si fi ca tion is re quired from an en vi ron men tal and eco nomic 
per spec tive, with “ser vice spe cies” from lower trophic lev els (mainly sea weeds
and in ver te brates) per form ing the eco sys tem bal anc ing func tions while rep re -
sent ing value-added crops. Var i ous ap proaches have been sug gested to im prove
the de fi cien cies of the “Blue Rev o lu tion”.(3) One such re spon si ble  prac tice is the
de vel op ment of flex i ble in te grated multi-trophic aquaculture (IMTA) sys tems for
a greener "Tur quoise Rev o lu tion". The IMTA con cept is based on an age-old,
com mon sense, re cy cling and farm ing prac tice in which the by-prod ucts (wastes)
from one spe cies be come in puts for an other: fed aquaculture (fish or shrimp) is
com bined with in or ganic ex trac tive (sea weed) and or ganic ex trac tive (in ver te -
brate) aquaculture to cre ate bal anced sys tems for en vi ron men tal sustainability
(biomitigation), eco nomic sta bil ity (prod uct di ver si fi ca tion and risk re duc tion)
and so ci etal ac cept abil ity (better man age ment prac tices). IMTA is also a prac ti cal
ap proach that pro vides ad di tional rev e nues, as food and en ergy (which rep re sent
ap prox i mately 60% of the op er at ing costs of nearshore finfish farms) can be re -
cap tured and con verted into crops of com mer cial value, in stead of lost by di lu tion
in a finfish mono cul ture.

Open Ocean IMTA—Re al i ties and Con straints 

It is im por tant to clar ify that open ocean, or off shore, aquaculture is not a ques tion 
of dis tance from the coast, but one of mov ing from shel tered to more ex posed hab i -
tats, which in some parts of the world can be found within less than 3.7 km ( 2 nau ti -
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cal miles) from land, whereas other aquaculture sites 18.5 km (10 nau ti cal miles)
off shore, but in in ner seas, are still ex pe ri enc ing con di tions de scribed as shel tered.

Over the last 20 years, there has been re newed in ter est in IMTA sys tems in the
west ern world.(4) They, how ever, have re mained at the ex per i men tal or small com -
mer cial scale (Fig. 1). It is dif fi cult to ex trap o late from lim ited nearshore IMTA ex -
pe ri ence to the un known of open ocean IMTA com mer cial op er a tions. Open ocean
large-scale multi-trophic sea-ranch ing and sus pended cul tures do ex ist in China,(5)

but their rel e vance to west ern socio-eco nomic mod els is ques tion able.
At the pres ent time, de signs of finfish open ocean op er a tions can be grouped into

two cat e go ries: sub merged and sur face op er a tions. In the first sce nario, the dis tri -
bu tion of nu tri ents will be dif fer ent from that at shal lower nearshore sites. The bulk
of the nu tri ents will be re leased at a rel a tively greater depth. Or gan isms of the or -
ganic ex trac tive com po nent can be sub merged to some ex tent, but sea weeds be ing
photosynthetic or gan isms need to re main rel a tively close to the sur face (based on
light avail abil ity). If open ocean sites do not ex pe ri ence upwellings, such
ascensional move ments will have to be en gi neered. Sur face open ocean de signs
will be sim pler and more ef fi cient re gard ing the func tion ing of the ex trac tive spe -
cies. More over, de signs in volv ing a one-point moor ing sys tem will en able the ex -
trac tive spe cies to al ways be in the zone of nu tri ent dis per sion. In Can ada, the first
into the open ocean aquaculture field will prob a bly be the salmon in dus try, so en gi -

neer ing will have to be de vel oped to ac com mo date this ef fort.
Open ocean wa ters may have lower nu tri ent con cen tra tions than 

nearshore wa ters and the pres ence of the fed com po nent should
im prove the growth of the ex trac tive spe cies, which would oth er -
wise have dif fi culty there in large amounts, due to the rel a tive
lack of food and en ergy. This will cer tainly be highly geo graph i -
cally spe cific. For ex am ple, mus sels have grown quickly in open
ocean op er a tions off New Hamp shire,(6) and have very high meat
yields, sug gest ing they are not food lim ited.

Con trary to fish, which are pe lagic, most ex trac tive or gan isms
are ben thic and are of ten ei -
ther at tached to a sub strate
or liv ing within it. The suc -
cess in aquaculture is to
make these or gan isms at -
tach to ar ti fi cial sub strates:
at tach ment or en twin ing by
holdfast to ropes and nets
for sea weeds, by bys sus to
ropes or socks for fil ter
feed ers such as mus sels, or
by bur rows for poly chaetes. 
An im por tant as pect for
open ocean IMTA to de ter -
mine is if such or gan isms
will be able to with stand the 
hy dro dy namic forces at
these sites. This has rarely
been tested and dem on -
strates the need for spe cial -
ized equip ment.(7,8)

30 Bull. Aquacul. Assoc. Canada 111-2  (2013)

Fig ure 1. Small com mer cial scale

IMTA site in the Bay of Fundy,

Can ada, where sea weeds (Saccharina 

latissima and Alaria esculenta, front),

blue mus sels (Mytilus edulis, first line 

of cages) and salmon (Salmo salar,

other cages in the back ground) are

cul ti vated (photo by T. Cho pin).



The in or ganic ex trac tive com po nent: seaweeds

For open ocean sys tems, the pri mary goal will prob a bly be the max i mi za tion of
sea weed ar eal yield and not nu tri ent re duc tion ef fi ciency (which is a more typ i cal
ap proach of land-based recirculation sys tems). There fore, a sig nif i cant frac tion of
the dis solved nu tri ents may re main in the sea wa ter, but there will still be a net re -
moval of nu tri ents when the sea weed bio mass is har vested.

Most sea weed cul ture meth ods have been de signed for shel tered con di tions
(sus pended ropes, sus pended nets or off-bot tom monolines).(9) Mov ing to ex -
posed con di tions will re quire a com plete re think ing of the cul ture tech niques, in -
fra struc tures and pos si bly spe cies. Ma te ri als of higher re sis tance and im proved
an chor ing sys tems will be needed. Se lec tive thin ning of the sea weed bio mass is a
com mon har vest ing method that im plies fre quent vis its to the sites; in the open
ocean con text this will have lo gis ti cal im pli ca tions.

Even if in creased wa ter trans par ency (re duced tur bid ity) in open ocean wa ters
per mits cul tur ing sea weeds in deeper wa ters, they will still be cul ti vated near the
sur face and over a rel a tively large area, as sea weed cul ti va tion is al most a two di -
men sional sys tem us ing a small ver ti cal di men sion of the wa ter col umn as com -
pared to fish and or ganic ex trac tive or gan isms.

The or ganic ex trac tive com po nent: fil ter and de posit feed ers

Pi lot pro jects have dem on strated the tech ni cal fea si bil ity and rapid growth rates
for blue mus sels (Mytilus edulis) grown in open ocean en vi ron ments.(6,10) The de -
ploy ment of mus sels in the deeper, less tur bu lent en vi ron ment found in open
ocean con di tions re sulted in thin ner shells and more meat.(10) Mus sels de ployed at 
a sum mer floun der (Paralichthys dentatus) open ocean cage site had an av er age
growth rate of 1 mm/wk and meat yields (per cent cooked meat weight di vided by
to tal cooked weight) rang ing from 44 to 58%.(6) These are en cour ag ing re sults
and sug gest mus sels would be good can di dates for open ocean IMTA op er a tions.

Mod el ling re sults from nearshore IMTA sys tems show that while fil ter feed ers
are ex cel lent biomitigating or gan isms for the ex trac tion of small or ganic par tic u -
late mat ter, de posit feed ers will also need to be added to the sys tems for better ef -
fi ciency at re cap tur ing the food and en ergy en trapped in the larger par ti cles.

With the de vel op ment of open ocean IMTA in wa ters of con sid er able depth, the
cul ti va tion of bot tom de posit feed ers could pres ent chal lenges mak ing that com -
po nent eco nom i cally pro hib i tive if they are grown on the sea bot tom. Mid-wa ter
sys tems of sus pended trays, or other ar ti fi cial reef struc tures, be low the fish cages
will need to be de vel oped and will re quire sig nif i cant ef fort in en gi neer ing de sign
and test ing. As with the in or ganic ex trac tive com po nent, equip ment and in fra -
struc ture for the or ganic ex trac tive com po nent will need to be re thought and
dimensioned to the con di tions pre vail ing in open ocean sit u a tions.

Open ocean, biofouling and the IMTA ad van tage

A key is sue that will have to be con sid ered with open ocean cage cul ture sys tems
is biofouling. Open ocean sites will not re main monocultures. Sim i lar to their
nearshore coun ter parts, or gan isms will set tle and grow on the struc tures. This col -
o ni za tion con cept has been am ply dem on strated on off shore oil and gas plat forms
in the North Sea and off Cal i for nia.(11-16) These plat forms have been de scribed as
some of the larg est ar ti fi cial struc tures in the ma rine en vi ron ment,(14) and as such
can carry sig nif i cant loads of spe cies that have set tled from drift ing lar val forms.
One plat form was es ti mated to shed over 1 m3 of mus sels per day, through nor mal
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pro cesses, that sup ported large num bers of sea stars on the bot tom.(11)

Open ocean aquaculture sites will also cre ate large struc tures on which drift ing
spe cies at tach. Biofouling will add to the stress loads on the struc tures by in creas -
ing the fric tion co ef fi cients, ham per ing the in spec tion of the com po nents and po -
ten tially ac cel er at ing the cor ro sion of some of the struc tural el e ments, hence cre at -
ing phys i cal dam age to some parts.(15) For re mote open ocean aquaculture sites
that will not be vis ited for daily in spec tion, this could have some im por tant op er at -
ing con se quences. The oil and gas in dus try, hav ing faced these is sues over the last
few de cades, has de vel oped var i ous antifouling strat e gies (e.g. cath odic sys tems)
that will have to be adapted to the open ocean aquaculture industry.

Some stud ies have dem on strated that the suc ces sion of spe cies set tling on off -
shore oil and gas plat forms are the same ones that set tle on nearshore aquaculture
cage sites.(11,15,16) The blue mus sel is the dom i nant spe cies and oc cu pies most of
the sur face area of the struc tures. Sea anem o nes, such as Metridium se nile, of ten
even tu ally dom i nate the lower lev els with var i ous tube worms. Some of our ob ser -
va tions on the IMTA sys tem in the Bay of Fundy show that high den si ties of in ten -
tion ally grown mus sels can sig nif i cantly re duce the set tle ment of other pe lagic lar -
vae (likely through in ges tion). High den si ties of in ten tion ally grown sea weeds can 
also sig nif i cantly re duce the set tle ment of other al gae on ropes (likely for the sim -
ple rea son of be ing first to oc cupy the sub strate and ex clud ing the oth ers by win -
ning the early com pe ti tion for space). These ob ser va tions em pha size the point that
if some thing is go ing to grow on your cul ture struc tures any way, you might as well 
de sign the sys tem for it to hap pen with spe cies of com mer cial value to try to turn a
biofouling nui sance into an IMTA ad van tage.

Spe cies in ter ac tions and po ten tial role of IMTA in dis ease re duc tion

An other bi o log i cal is sue to be con sid ered is the in ter ac tions be tween spe cies at
the sites. Like off shore oil and gas plat forms, open ocean aquaculture in fra struc -
tures will act as pred a tor ref uges for var i ous spe cies of fish and in ver te brates, mak -
ing them sim i lar to fish ag gre gat ing de vices (FADs) used in com mer cial fish ing
op er a tions.(12) If dis ease agents are pres ent, this will rep re sent one vec tor that will
need to be checked and hope fully con trolled, per haps through the use of vac cines. 

In ter est ingly, re cent stud ies(17) and our own un pub lished data in di cate that care -
fully cho sen spe cies in an IMTA set ting have the po ten tial for some dis ease con -
trol. Mus sels are ca pa ble of re duc ing loads of the in fec tious salmon ane mia vi rus
(ISAV) in the wa ter. Con se quently, ap pro pri ately placed mus sels around salmon
cages could act as a pos si ble biofilter for dis ease re duc tion or pre ven tion. 

Eco nom ics of open ocean IMTA

Eco nomic fea si bil ity stud ies on open ocean IMTA are rare. Some cost es ti mates
have been made for a finfish/mus sel sys tem off New Hamp shire, USA;(18) they
are, how ever, based on hy po thet i cal data with lit tle al low ance for risks and their
man age ment, which will be crit i cal in de ter min ing prof it abil ity. Eco nomic fea si -
bil ity stud ies on nearshore IMTA are lim ited.(2,19,20) They dem on strate that in te -
grat ing mus sels and sea weeds with ex ist ing salmon monocultures can in crease
the prof its of salmon farm ers. This in crease in prof it abil ity is com pounded over
time and grows with in creased pro duc tion and stock ing den si ties. 

IMTA is also an ex cel lent tool for re duc ing and man ag ing risks. A di ver si fied
port fo lio of spe cies will in crease the re sil ience of the op er a tion by ab sorb ing price
fluc tu a tions of one spe cies or the ac ci den tal cat a strophic de struc tion of an other.
While some ex trac tive spe cies (e.g. mus sels) may have a lower mar ket price than
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fish spe cies, es pe cially in west ern-type aquaculture which fa vors car niv o rous fish,
oth ers may be more valu able (e.g. scal lops and poly chaetes). How ever, the vol -
umes that can be cul ti vated are of ten lower, re sult ing in a lower gross profit. To
com pen sate for the higher costs of cul ti vat ing ex trac tive spe cies within high-tech
open ocean in fra struc tures, their use and ap pli ca tions in high val ued-added mar -
kets—such as in di rect hu man food con sump tion (sea veg e ta bles), nutraceuticals,
cos me tics, bioactive com pounds—will have to be sys tem at i cally sought out.

If the costs of en vi ron men tal deg ra da tion could be rec og nized and quan ti fied,
then the value of ex trac tive spe cies would in crease and their “en vi ron men tal and
so ci etal ser vices” could be fac tored in, giv ing an ad van tage to farm ers im ple ment -
ing IMTA. If there were lim i ta tions to nu tri ent emis sion, a farmer could ex pand
finfish pro duc tion if ex trac tive spe cies were also farmed, based on a sys tem of nu -
tri ent (ni tro gen, phos pho rus, etc.) trad ing cred its, sim i lar to that of car bon trad ing
cred its, which would in ter nal ize the nu tri ent dis charge mit i gat ing prop er ties of the 
ex trac tive spe cies. Better es ti mates of the en vi ron men tal and eco nomic ben e fits of 
IMTA to so ci ety could rep re sent sig nif i cant in cen tives for its im ple men ta tion.

Dis cus sion

Open ocean aquaculture will be an ex pen sive ven ture. Its prof it abil ity re mains
to be dem on strated, es pe cially when fac ing in creas ing prices for en ergy, fish meal 
and fish oil; the high costs of en gi neer ing, con struc tion, and re li able safety and
mon i tor ing sys tems; the cost of a spe cial ized la bour force; and risk un cer tain ties
and the even lower com mod ity prices fish will reach (re duced prof it abil ity mar -
gins have al ready been ex pe ri enced by the nearshore in dus try).
Niche mar kets may jus tify the high fixed costs of open ocean
aquaculture, but whether finfish such as salmonids can be cul ti -
vated prof it ably in open ocean sys tems re mains to be proven.

IMTA could add to the prof it abil ity of open ocean sys tems
through eco nomic di ver si fi ca tion and risk re duc tion. To re duce the
en try costs and share the costs of de vel op ing tech ni cal so lu tions,
open ocean aquaculture, in -
clud ing IMTA, should team
up with other sec tors con -
sid er ing open ocean de vel -
op ment, such as the de vel -
op ment of wind en ergy gen -
er a tion. In fact, the in fra -
struc tures de vel oped for
these other open ocean ven -
tures could be ame na ble to
be com ing the piv otal an -
chor ing sys tems of IMTA. 

Open ocean aquaculture
should, in fact, con sider the
IMTA op tion from the be -
gin ning if it does not want a
re peat of what hap pened
with in  ten s ive f inf ish
nearshore aquaculture,
where crit i cism ne ces si -
tated the de vel op ment of
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Fig ure 2. Large com mer cial scale

IMTA of kelps (Saccharina ja pon ica),

scal lops (Chlamys  farreri) and

oys ters (Crassostrea gigas) in

Sungo Bay, Shangong Prov ince,

China  (photo cour tesy of M. Troell).



biomitigating prac tices such as IMTA. In clud ing IMTA at the early stages, and not
as an af ter thought 30 years later, will lead to cre at ing ap pro pri ate de signs for en vi -
ron men tal sustainability, eco nomic sta bil ity and in creased so ci etal ac cept abil ity.
As men tioned above, the bulk of nu tri ents will be at greater depth with sub merged
fish cages. De sign ing cur rent tur bines could cre ate lo cal upwellings, bring ing nu -
tri ents closer to the sur face; they could also dou ble as elec tric ity gen er a tors for the
sites (also sup ple mented by wave, wind and so lar power). Wave-en ergy break ers
could also be de signed around aquaculture sites to pro vide pro tec tion and to chan -
nel lo cal cur rents to the tur bines.

The spa tial scale cov ered by the ex trac tive spe cies, par tic u larly the sea weeds,
will have to be large in IMTA open ocean sys tems (Fig. 2). This as pect has not re -
ally been ad dressed so far, nor have so lu tions been de vel oped. Com bin ing IMTA

farms with wind power gen er at ing farms could be a means for re duc ing their cu -
mu la tive foot print. Gi gan tic pro jects for the pro duc tion of biofuel with ter res trial
crops have been pro posed in sev eral coun tries, but the im pli ca tions have not been
clearly thought out. The price of some sta ple food crops used in tra di tional ag ri -
cul ture has al ready risen con sid er ably due to com pe ti tion for their uses as en ergy
crops. To reach the Amer i can gov ern ment’s tar get of 30% dis place ment of gas o -
line with biofuels by 2030 us ing corn or switch-grass would re quire over 40.5 mil -
lion hect ares (100 mil lion acres) of farm land,(21) equiv a lent to 1.7 times the to tal
area of the prov inces of New Bruns wick, New found land, Nova Sco tia and Prince
Ed ward Is land (i.e. At lan tic Can ada), or a lit tle more than the state of Cal i for nia.
Is sues of ir ri ga tion on a planet al ready suf fer ing from wa ter avail abil ity prob lems, 
and of com pe ti tion for land or de for es ta tion oc cur ring to make room to cul ti vate
crops for biofuel pro duc tion, have been ill-ap proached or ig nored. Us ing or gan -
isms al ready liv ing in wa ter could be the real an swer to ad dress the above in ter de -
pen den cies, which have not been per ceived or have been ig nored so far. Kelps are, 
in fact, amongst the fast est car bon assimilators on the planet, with yields of up to
44.5 tons/hect are (18 tons/acre) com pared to 11.2 and 24.7 tons/hect are (4.5 and
10 tons/acre) for corn and switch-grass, re spec tively.(21,22) The con ver sion ef fi -
ciency of kelps is prom is ing (0.43 g eth a nol per gram of kelp car bo hy drate).(23)

The aquaculture sec tor should con sider be ing in volved in the elab o ra tion of these
large biofuel pro jects as a valu able part ner, al ready hav ing a lot of know-how and
ex pe ri ence with re gard to cul ti va tion and in fra struc ture de vel op ment.

Be yond the bi o log i cal, en vi ron men tal, eco nomic, tech no log i cal, en gi neer ing
and reg u la tory is sues of such de vel op ments, the ba sic ques tion will be that of so -
ci etal ac cep tance. Are we ready to in dus tri al ize the “last fron tier” of this planet
and con sider not only the chal lenges of the phys i cal forces at sea (wave ex po sure,
winds, cur rents, depth, etc.) but also those of ship ping routes, fish ing zones, mi -
gra tion routes for ma rine mam mals, rec re ational uses, and then fi nally deal with
the con cept of zon ing some por tions of the oceans (ma rine spa tial plan ning) for
large mul ti pur pose in te grated food and re new able en ergy  parks (IFREP)?

As Jules Verne wrote more than 130 years ago, “tout ce qui est im pos si ble reste à 
accomplir” (all that is im pos si ble re mains to be ac com plished)...!
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