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Asthe demand for seafood is rising worldwide and the availabil-

ity of appropriate sheltered nearshore sites is more and more re-

duced, the aguaculture industry islooking at expanding into

more exposed and open ocean locations. Open ocean devel op-
ment will not be unlimited, however, as the vast oceanic systems have
their functional and resource limitations. It will be important to develop
the right design of open ocean agquaculture operations, that includes ex-
tractive species to carry out the biomitigating functions of the systems.
It is expected that, because of economies of scale, the open ocean farms
of tomorrow will be larger than the present nearshore farms. Higher lev-
els of waste will be generated due to their inherent assimilative ineffi-
ciencies. Instead of taking the position that hydrodynamic conditionsin
open ocean environments will be appropriate for dispersion and reduced
environmental impacts (but at a significant cost of lost food), the agua-
culture sector should capitalize on the by-products of fed aquaculture to
recapture what is food and energy for extractive aquaculture and engi-
neer efficient integrated multi-trophic aquaculture (IMTA) systems.

The challenges will be numerous from the biological, environmental,
economic, technological, engineering, regulatory and societal perspec-
tives. Appropriate extractive species will have to be selected based on
their biology and the culture methods and harvesting technol ogy will
have to be adapted to exposed conditions. High value-added markets
will be needed to justify their culture within expensive infrastructures,
asthey generally have alower value than fish. The profitability of open
ocean IMTA systems will have to be demonstrated. Early bio-economic
models of nearshore IMTA indicate that economic diversification and re-
duction of risks are keysto increasing the profitability of these systems
over finfish monoculture. The same arguments can probably be used for
open ocean IMTA operations. Moreover, if the environmental, economic
and societal services and benefits of IMTA are properly estimated and in-
ternalized, they will provide significant incentives for cultivating extrac-
tive species. These species could be considered for nutrient trading cred-
itsin the globa economy, as the aguaculture sector moves to become
more efficient and sustainable, possibly by becoming a partner with the
large wind power generation and biofuel projects of the future.

Introduction

Theglobal seafood market isat acrossroad. Whilelandings by capturefisheries
haveleveled of f, and many fish stockshavereached their plateau or collapsed, de-
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mand for seafood has been rising steadily, leading to the rapid expansion of
aquaculture.™ A significant increasein aquacul ture output will require expansion
into more exposed, open ocean, locations, as the relatively sheltered nearshore
sites appropriate for aquaculture, such asin the Bay of Fundy, have aready been
developed and not many others are available.

M oving to the open ocean hasal so been considered asameansfor moving away
from environmental and public perception issues in the coastal zone, aready
sought out by many stakeholders. This move, however, should not be seen asan
“out of sight, out of mind” attitude, as open ocean developmentswill also be un-
der scrutiny by a more and more educated public. Even though wastes will be
morediluted through larger dispersionfields, itislikely that these operations will
need, economically, to be much larger than farms in nearshore waters. Thisim-
pliesmorewasteswill be generated, particularly when one considersthat animals
are generally poor converters of food into somatic tissues. The solution to
nutrification should not, as has been the case throughout history in most western
countries, be dilution. Even if greater residual currents, deeper water and lower
nutrient baselines are anticipated to reduce impacts from open ocean operations
through wider dispersion plumes of nutrients, as compared to similarly-sized
nearshore operations, there is a point when open ocean ecosystems will eventu-
aly reach their assimilative carrying capacities. We thought the sea was so im-
mensethat we did not need to worry about fisherieslimits, and thisisnot the case.
We thought the “ Blue Revolution” of aguaculture development was benign, and
thisis also not the case. Why should we think that open ocean aquaculture, the
“last frontier”, will bewithout itsown borderg/limits? M oreover, our rudimentary
knowledge about linkages between open ocean and nearshore systems could al so
result in unpleasant surprises.

This suggests that mitigating approaches should al so be used in open ocean op-
erations. Thus, conversion into other crops of commercia value, not dilution,
should be applied to open ocean development as well as to nearshore environ-
ments.® Trophic diversificationisrequired from an environmental and economic
perspective, with “service species’ from lower trophic levels (mainly seaweeds
and invertebrates) performing the ecosystem balancing functions while repre-
senting value-added crops. Various approaches have been suggested to improve
the deficiencies of the“Blue Revolution”.® One such responsible practiceisthe
development of flexibleintegrated multi-trophic aquaculture (IMTA) systemsfor
a greener "Turquoise Revolution". The IMTA concept is based on an age-old,
common sense, recycling and farming practicein which the by-products (wastes)
from one species become inputs for another: fed aguaculture (fish or shrimp) is
combined with inorganic extractive (seaweed) and organic extractive (inverte-
brate) aquaculture to create balanced systems for environmental sustainability
(biomitigation), economic stability (product diversification and risk reduction)
and societal acceptability (better management practices). IMTA isalso apractical
approach that provides additional revenues, as food and energy (which represent
approximately 60% of the operating costs of nearshore finfish farms) can be re-
captured and converted into cropsof commercial value, instead of lost by dilution
in afinfish monoculture.

Open Ocean IMTA—Realities and Constraints

Itisimportant to clarify that open ocean, or offshore, aguacultureisnot aquestion
of distancefromthe coast, but one of moving from sheltered to more exposed habi-
tats, whichin some partsof theworld can befound withinlessthan 3.7 km ( 2 nauti-
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cal miles) from land, whereas other aguaculture sites 18.5 km (10 nautical miles)
offshore, but ininner seas, arestill experiencing conditionsdescribed assheltered.

Over the last 20 years, there has been renewed interest in IMTA systems in the
western world.® They, however, have remained at the experimental or small com-
mercial scae (Fig. 1). It isdifficult to extrapolate from limited nearshore IMTA ex-
perienceto the unknown of open ocean IMTA commercia operations. Open ocean
large-scale multi-trophic sea-ranching and suspended cultures do exist in China,®
but their relevance to western socio-economic modelsis questionable.

At the present time, designs of finfish open ocean operations can be grouped into
two categories. submerged and surface operations. In the first scenario, the distri-
bution of nutrientswill be different fromthat at shallower nearshoresites. The bulk
of the nutrientswill be released at arelatively greater depth. Organisms of the or-
ganic extractive component can be submerged to some extent, but seaweeds being
photosynthetic organisms need to remain relatively close to the surface (based on
light availability). If open ocean sites do not experience upwellings, such
ascensional movements will have to be engineered. Surface open ocean designs
will be simpler and more efficient regarding the functioning of the extractive spe-
cies. Moreover, designsinvolving a one-point mooring system will enable the ex-
tractive speciesto dways bein the zone of nutrient dispersion. In Canada, thefirst
into the open ocean aquaculturefield will probably bethe salmonindustry, so engi-

neering will have to be developed to accommodate this effort.
Open ocean watersmay havelower nutrient concentrationsthan

Figure 1. Small commercial scale
IMTA site in the Bay of Fundy,
Canada, where seaweeds (Saccharina
latissima and Alaria esculenta, front),
blue mussels (Mytilus edulis, first line
of cages) and salmon (Salmo salar,
other cages in the background) are
cultivated (photo by T. Chopin).

nearshore waters and the presence of the fed component should
improve the growth of the extractive species, which would other-
wise have difficulty there in large amounts, due to the relative
lack of food and energy. Thiswill certainly be highly geographi-
cally specific. For example, mussels have grown quickly in open
ocean operations off New Hampshire,® and have very high meat
yields, suggesting they are not food limited.

Contrary to fish, which are pelagic, most extractive organisms
arebenthicand areoftenei-
ther attached to a substrate
or living within it. The suc-
cess in aguaculture is to
make these organisms at-
tach to artificia substrates:
attachment or entwining by
holdfast to ropes and nets
for seaweeds, by byssus to
ropes or socks for filter
feeders such as mussdls, or
by burrowsfor polychaetes.
An important aspect for
open ocean IMTA to deter-
mine is if such organisms
will beabletowithstand the
hydrodynamic forces at
these dites. This has rarely
been tested and demon-
strates the need for special-
ized equipment.("®
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The inorganic extractive component: seaweeds

For open ocean systems, the primary goal will probably be the maximization of
seaweed areal yield and not nutrient reduction efficiency (which isamore typical
approach of land-based recirculation systems). Therefore, a significant fraction of
the dissolved nutrients may remain in the seawater, but there will still be anet re-
moval of nutrients when the seaweed biomassis harvested.

Most seaweed culture methods have been designed for sheltered conditions
(suspended ropes, suspended nets or off-bottom monolines).”’ Moving to ex-
posed conditionswill require acomplete rethinking of the culture techniques, in-
frastructures and possibly species. Materials of higher resistance and improved
anchoring systemswill be needed. Sel ective thinning of the seaweed biomassisa
common harvesting method that implies frequent visits to the sites; in the open
ocean context thiswill have logistical implications.

Even if increased water transparency (reduced turbidity) in open ocean waters
permits culturing seaweeds in deeper waters, they will still be cultivated near the
surfaceand over arelatively large area, as seaweed cultivation isalmost atwo di-
mensiona system using asmall vertical dimension of the water column as com-
pared to fish and organic extractive organisms.

The organic extractive component: filter and deposit feeders

Pilot projectshave demonstrated the technical feasibility and rapid growth rates
for blue mussels (Mytilus edulis) grown in open ocean environments.®'® The de-
ployment of mussels in the deeper, less turbulent environment found in open
ocean conditionsresulted in thinner shellsand more meat.“> Mussel sdeployed at
asummer flounder (Paralichthys dentatus) open ocean cage site had an average
growth rate of 1 mm/wk and meat yields (percent cooked meat weight divided by
total cooked weight) ranging from 44 to 58%.© These are encouraging results
and suggest mussel swould begood candidatesfor open ocean IMTA operations.

Modelling results from nearshore IMTA systems show that while filter feeders
are excellent biomitigating organismsfor the extraction of small organic particu-
late matter, deposit feederswill also need to be added to the systemsfor better ef-
ficiency at recapturing the food and energy entrapped in the larger particles.

With the devel opment of open ocean IMTA inwaters of considerable depth, the
cultivation of bottom deposit feeders could present challenges making that com-
ponent economically prohibitiveif they are grown on the sea bottom. Mid-water
systemsof suspendedtrays, or other artificial reef structures, below thefish cages
will need to be developed and will require significant effort in engineering design
and testing. As with the inorganic extractive component, equipment and infra-
structure for the organic extractive component will need to be rethought and
dimensioned to the conditions prevailing in open ocean situations.

Open ocean, biofouling and the IMTA advantage

A key issuethat will haveto be considered with open ocean cage culture systems
is biofouling. Open ocean sites will not remain monocultures. Similar to their
nearshore counterparts, organismswill settle and grow on the structures. Thiscol-
onization concept has been amply demonstrated on offshore oil and gas platforms
in the North Seaand off Caifornia™*® These platforms have been described as
some of the largest artificial structuresin the marine environment,* and as such
can carry significant loads of speciesthat have settled from drifting larval forms.
One platform was estimated to shed over 1 m® of mussels per day, through normal
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processes, that supported large numbers of sea stars on the bottom.™?

Open ocean aquaculture sites will also create large structures on which drifting
species attach. Biofouling will add to the stressloads on the structures by increas-
ing thefriction coefficients, hampering the inspection of the components and po-
tentially accel erating the corrosion of someof thestructura elements, hencecreat-
ing physical damage to some parts.*> For remote open ocean aguaculture sites
that will not bevisited for daily inspection, thiscould have someimportant operat-
ing consequences. Theoil and gasindustry, having faced theseissuesover thelast
few decades, has developed various antifouling strategies (e.g. cathodic systems)
that will have to be adapted to the open ocean aquaculture industry.

Some studies have demonstrated that the succession of species settling on off-
shore oil and gas platforms are the same onesthat settle on nearshore aguaculture
cage sites. ™% The blue mussel is the dominant species and occupies most of
the surface area of the structures. Sea anemones, such as Metridium senile, often
eventually dominatethelower level swith varioustubeworms. Some of our obser-
vationsontheIMTA systeminthe Bay of Fundy show that high densities of inten-
tionally grown musselscan significantly reduce the settlement of other pelagiclar-
vae(likely throughingestion). High densitiesof intentionally grown seaweedscan
also significantly reduce the settlement of other algae on ropes (likely for the sm-
ple reason of being first to occupy the substrate and excluding the others by win-
ning the early competition for space). These observationsemphasi ze the point that
if somethingisgoingto grow onyour culture structuresanyway, you might aswell
designthesystemfor it to happen with speciesof commercial valuetotry toturna
biofouling nuisance into an IMTA advantage.

Species interactions and potential role of IMTA in disease reduction

Another biological issue to be considered is the interactions between species at
the sites. Like offshore oil and gas platforms, open ocean aguaculture infrastruc-
tureswill act aspredator refugesfor various speciesof fish and invertebrates, mak-
ing them similar to fish aggregating devices (FADS) used in commercial fishing
operations.*? If disease agents are present, thiswill represent one vector that will
need to be checked and hopefully controlled, perhapsthrough the use of vaccines.

Interestingly, recent studies™” and our own unpublished dataindicate that care-
fully chosen speciesin an IMTA setting have the potential for some disease con-
trol. Mussels are capable of reducing loads of the infectious salmon anemiavirus
(ISAV) in the water. Consequently, appropriately placed mussels around salmon
cages could act as a possible biofilter for disease reduction or prevention.

Economics of open ocean IMTA

Economic feasibility studieson open ocean IMTA arerare. Some cost estimates
have been made for a finfish/mussel system off New Hampshire, USA;*® they
are, however, based on hypothetical datawith little allowancefor risks and their
management, which will be critical in determining profitability. Economic feasi-
bility studies on nearshore IMTA are limited.?**®) They demonstrate that inte-
grating mussels and seaweeds with existing salmon monocultures can increase
the profits of salmon farmers. Thisincrease in profitability is compounded over
time and grows with increased production and stocking densities.

IMTA is dso an excellent tool for reducing and managing risks. A diversified
portfolio of specieswill increasethe resilience of the operation by absorbing price
fluctuations of one species or the accidentd catastrophic destruction of another.
While some extractive species (e.g. mussels) may have alower market price than

32

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



fish gpecies, especially in western-type aguaculture which favors carnivorousfish,
others may be more vauable (e.g. scalops and polychaetes). However, the vol-
umes that can be cultivated are often lower, resulting in alower gross profit. To
compensate for the higher costs of cultivating extractive species within high-tech
open ocean infrastructures, their use and applications in high valued-added mar-
kets—such asin direct human food consumption (sea vegetables), nutraceuticals,
cosmetics, bioactive compounds—will have to be systematically sought out.

If the costs of environmenta degradation could be recognized and quantified,
then the value of extractive species would increase and their “ environmental and
societal services’ could befactoredin, giving an advantageto farmersimplement-
ing IMTA. If there were limitations to nutrient emission, afarmer could expand
finfish productionif extractive specieswere a so farmed, based on asystem of nu-
trient (nitrogen, phosphorus, etc.) trading credits, similar to that of carbon trading
credits, which wouldinternalize the nutrient discharge mitigating propertiesof the
extractive species. Better estimatesof the environmental and economic benefitsof
IMTA to society could represent significant incentives for its implementation.

Discussion

Open ocean aquaculture will be an expensive venture. Its profitability remains
to bedemonstrated, especially whenfacing increasing pricesfor energy, fishmeal
and fish oil; the high costs of engineering, construction, and reliable safety and
monitoring systems; the cost of a specialized labour force; and risk uncertainties
and the even lower commodity prices fish will reach (reduced profitability mar-
gins have already been experienced by the nearshore industry).
Niche markets may justify the high fixed costs of open ocean
aquaculture, but whether finfish such as salmonids can be culti-
vated profitably in open ocean systems remains to be proven.

IMTA could add to the profitability of open ocean systems
through economic diversification and risk reduction. To reducethe

entry costs and share the costs of developing technical solutions, Sungo Bay, Shangong Province,
open ocean mumulture’ in- China (photo courtesy of M. Troell).

cluding IMTA, should team
up with other sectors con-
sidering open ocean devel-
opment, such as the devel-
opment of wind energy gen-
eration. In fact, the infra-
structures developed for
these other open ocean ven-
tures could be amenable to
becoming the pivotal an-
choring systems of IMTA.
Open ocean aquaculture
should, in fact, consider the
IMTA option from the be-
ginning if it does not want a
repeat of what happened
with intensive finfish
nearshore aguaculture,
where criticism necessi-
tated the development of

Figure 2. Large commercial scale
IMTA of kelps (Saccharina japonica),
scallops (Chlamys farreri) and
oysters (Crassostrea gigas) in
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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,*" 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 ofirrigation 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.*'*? The conversion effi-
ciency of kelps is promising (0.43 g ethanol per gram of kelp carbohydrate).*
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 a
accomplir” (all that is impossible remains to be accomplished)...!
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