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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)
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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 practices such as IMTA. Including IMTA at the early stages, and not

as an afterthought 30 years later, will lead to creating appropriate designs for envi-

ronmental sustainability, economic stability and increased societal acceptability.

As mentioned above, the bulk of nutrients will be at greater depth with submerged

fish cages. Designing current turbines could create local upwellings, bringing nu-

trients closer to the surface; they could also double as electricity generators for the

sites (also supplemented by wave, wind and solar power). Wave-energy breakers

could also be designed around aquaculture sites to provide protection and to chan-

nel local currents to the turbines.

The spatial scale covered by the extractive species, particularly the seaweeds,

will have to be large in IMTA open ocean systems (Fig. 2). This aspect has not re-

ally been addressed so far, nor have solutions been developed. Combining IMTA

farms with wind power generating farms could be a means for reducing their cu-

mulative footprint. Gigantic projects for the production of biofuel with terrestrial

crops have been proposed in several countries, but the implications have not been

clearly thought out. The price of some staple food crops used in traditional agri-

culture has already risen considerably due to competition for their uses as energy

crops. To reach the American government’s target of 30% displacement of gaso-

line with biofuels by 2030 using corn or switch-grass would require over 40.5 mil-

lion hectares (100 million acres) of farmland,(21) equivalent to 1.7 times the total

area of the provinces of New Brunswick, Newfoundland, Nova Scotia and Prince

Edward Island (i.e. Atlantic Canada), or a little more than the state of California.

Issues of irrigation on a planet already suffering from water availability problems,

and of competition for land or deforestation occurring to make room to cultivate

crops for biofuel production, have been ill-approached or ignored. Using organ-

isms already living in water could be the real answer to address the above interde-

pendencies, which have not been perceived or have been ignored so far. Kelps are,

in fact, amongst the fastest carbon assimilators on the planet, with yields of up to

44.5 tons/hectare (18 tons/acre) compared to 11.2 and 24.7 tons/hectare (4.5 and

10 tons/acre) for corn and switch-grass, respectively.(21,22) The conversion effi-

ciency of kelps is promising (0.43 g ethanol per gram of kelp carbohydrate).(23)

The aquaculture sector should consider being involved in the elaboration of these

large biofuel projects as a valuable partner, already having a lot of know-how and

experience with regard to cultivation and infrastructure development.

Beyond the biological, environmental, economic, technological, engineering

and regulatory issues of such developments, the basic question will be that of so-

cietal acceptance. Are we ready to industrialize the “last frontier” of this planet

and consider not only the challenges of the physical forces at sea (wave exposure,

winds, currents, depth, etc.) but also those of shipping routes, fishing zones, mi-

gration routes for marine mammals, recreational uses, and then finally deal with

the concept of zoning some portions of the oceans (marine spatial planning) for

large multipurpose integrated food and renewable energy parks (IFREP)?

As Jules Verne wrote more than 130 years ago, “tout ce qui est impossible reste à

accomplir” (all that is impossible remains to be accomplished)...!
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