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The marine aquaculture sector is growing rapidly. Offshore aquaculture installations have been drawing
increasing attention from researchers, industry and policy makers as a promising opportunity for large-scale
expansion of the aquaculture industry. Simultaneously, there has also been increased interest in both land-
based and nearshore aquaculture systems which combine fed aquaculture species (e.g. finfish), with
inorganic extractive aquaculture species (e.g. seaweeds) and organic extractive species (e.g. suspension- and
deposit-feeders) cultivated in proximity. Such systems, described as integrated multi-trophic aquaculture
(IMTA), should increase significantly the sustainability of aquaculture, based on a number of potential
economic, societal and environmental benefits, including the recycling of waste nutrients from higher
trophic-level species into production of lower trophic-level crops of commercial value. Several of the
challenges facing IMTA in nearshore environments, are also relevant for offshore aquaculture; moreover, the
exposed nature of the open ocean adds a number of technical and economic challenges. A variety of
technologies have been developed to deal with these constraints in offshore environments, but there
remains a number of challenges in designing farm sites that will allow extractive species (e.g. seaweeds and
shellfish) to be integrated in fed aquaculture systems and be able to withstand the strong drag forces of open
oceans. The development of offshore IMTA requires the identification of environmental and economic risks
and benefits of such large-scale systems, compared with similarly-scaled monocultures of high trophic-level
finfish in offshore systems. The internalizing of economic, societal and environmental costs of finfish
monoculture production by the bioremediative services of extractive species in IMTA offshore systems
should also be examined and analyzed. The results of such investigations will help determine the practical
value of adopting the IMTA approach as a strategy for the development of offshore aquaculture.
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1. Introduction

With an average growth rate of 6.9% per annum, aquaculture is the
fastest growing food production sector in the world (FAO, 2009). This
rapid growth faces, however, some limitations in the availability of
suitable sites and in the ecological carrying capacity of existing sites.
Offshore aquaculture is increasingly being promoted as necessary to
overcome such limitations and meet future world seafood demand.
However, considerable controversy has emerged over the proper
development of offshore aquaculture, and its actual advantages over
existing nearshore aquaculture. Although the termoffshore aquaculture
has specific implications within the United States, where regulations
explicitly define the terms of production (S.1195, the National Offshore
Aquaculture Act),1 a more universal and operational definition of
offshore aquaculture is based on the move of farm installations from
nearshore sheltered environments to more exposed environments. In
some countries, where there are no specific regulations defining
offshore culturing, or where there are conflicts over jurisdiction of the
Exclusive Economic Zone (e.g. in Asia and Europe, the 200-mile limit is
often shared by several countries), offshore aquaculture is better
defined not based on distance from shore, per se, as in some locations
exposed conditions can be found within less than 2 nautical miles from
land, while in others, these conditions exists more than10 miles
offshore. Thus it is difficult to develop a precise and universal definition
of offshore culturing (Ryan, 2004). However, in general, many of the
challenges for offshore aquaculture engineering involve adaptations of
farm installation designs and operation protocols for a variety of
challenging physical factors, e.g. currents and wave actions, deep water
(e.g. difficulty in anchoringstructures), shipping routes,migration routes
for marine mammals, and logistical difficulties (North, 1987). Solutions
to these challenges involve costs, which have implications for market
scale and profits (North, 1987; Posadas and Bridger, 2003; NOAA, 2008).

Integrated multi-trophic aquaculture (IMTA) – the integrated
culturing of fed species, such as finfish, inorganic extractive species
such as seaweeds, and organic extractive species such as suspension-
and deposit-feeders – has the promise to contribute to the sustainability
of aquaculture (Chopin et al., 2001; Neori et al., 2004; FAO, 2006). It is
anticipated that it could alsohelp solve someof the challenges specific to
offshore systems. The aim of this paper is to identify and analyze the
various challenges that can be resolved, and new ones that may be
posed, by adopting the IMTA approach to offshore aquaculture.
2. Ecological engineering in aquaculture

Asian countries, which provide more than two thirds of the world's
aquaculture production, have for centuries been practicing IMTA
through “trial and error” and experimentation (Li, 1987; Tian et al.,
1 In the United States, offshore aquaculture refers to marine farming systems outside of
the 3-mile state jurisdiction and within the 200-mile EEZ (federal jurisdiction).
1987;Wei, 1990; Liao, 1992; Edwards, 1992, 1993; Chan, 1993; Chiang,
1993; Qian et al., 1996; Troell, in press). Interestingly, civilizations most
successful at developing integrated aquaculture systems treat wastes as
valuable resources, and have for a long time integrated nutrient cycling
into their agricultural systems (Chopin et al., 2001; Troell, in press).

The discipline of ecological engineering addresses and quantifies the
processes that are involved with management of wastes as a resource.
Such studies consider a variety of complex environmental and social
needs, in addition to maximizing short-term profit (Ruddle and Zhong,
1988; Bailey, 1988; Primavera, 1991; Wilks, 1995). Recent advances in
IMTA cultivation techniques outside of Asia evolved primarily from
ecological engineering experiments on the use of intensive culturing of
seaweeds and bivalves as biofilters at sewage outflows (Ryther et al.,
1972, 1975; Goldman et al., 1974) and aquaculture outflows (Neori
et al., 2004; Shpigel, 2005). Environmental concerns about the rapid
expansion of intensive mariculture systems have also recently led to a
renewed interest in IMTA (Chopin et al., 2001, 2008; FAO, 2006).
However, most studies have focused on land-based systems, and only a
few have to-date investigated the possibilities of IMTA farming in open
water. In the pastfifteen years, the integration of seaweedswithmarine
fish culturing has been examined and studied in Canada, Japan, Chile,
New Zealand, Scotland and the USA (Petrell et al., 1993; Hirata and
Kohirata, 1993; Buschmann et al., 1994, 2008; Hirata et al., 1994; Petrell
andAlie, 1996; Troell et al., 1997, 2003; Chopin andYarish, 1998; Chopin
et al., 1999, 2001, 2008; Neori et al., 2004; Halling et al., 2005; Kimura et
al., 2007; Stenton-Dozey, 2007; Sanderson et al., 2008; Abreu et al.,
2009). The integrationofmussels andoysters asbiofilters infish farming
has also been studied in a number of countries, including Australia, the
USA, Canada, France, Chile, Spain (Jones and Iwama, 1991; Taylor et al.,
1992; Stirling andOkumus, 1995; Troell andNorberg, 1998; Buschmann
et al., 2000;Mazzola and Sara, 2001; Cheshuk, 2001; Langan, 2004). The
recent offshore relocation of many coastal finfish farms in Turkey has
generated interest in IMTA (Turan et al., 2009). Recent reviews on IMTA
research include a focus on seaweeds (Buschmann et al., 2001; Chopin
et al., 2001; Neori et al., 2004), bivalves (Troell et al., 1999a; Shpigel,
2005), crustaceans (Troell et al., 1999b; Jones et al., 2002) and on
integrated cultures from a coastal zone management perspective
(Newkirk, 1996; Brzeski and Newkirk, 1997; Rawson et al., 2002;
Buschmann et al., 2006).

3. Integrated multi-trophic aquaculture (IMTA) in the marine
environment—concept and drivers

Modern offshore fish-cage aquaculture practices are similar
worldwide. Designs and degree of automation may differ, but with
the exception of floating closed containment systems (Partridge et al.,
2006; Fredriksson et al., 2008) most marine finfish cages are operated
as flow-though net-pen systems. This means that water is transported
through the cages by currents, resulting in an incomplete utilization of
feed resources and a direct release of reduced quality water, laden
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with both particulate and dissolved nutrients to the environment.
IMTA has been proposed for mitigating aquaculture waste release,
which, as compared to other accompanying methods (i.e. improved
maintenance, feed development), has advantages that may include a
reduced “ecological footprint”, economic diversification and increased
social acceptability of finfish culturing systems. Furthermore, IMTA is
the only practical remediation approachwith a prospect for additional
farm revenues by additional commercial crops, while all other
biomitigation approaches have generally involved only additional
costs to the producer. Thus, the practice of IMTA combines, in the right
proportions, the cultivation of fed aquaculture species (principally
finfish) with inorganic extractive aquaculture species (principally
seaweeds) and organic particulate extractive aquaculture species
(principally suspension- and deposit-feeders). It is a balanced
ecosystem management approach that takes into consideration site
specificity, operational limits, revenues and food safety guidelines, as
well as environmental quality and regulations. The aim is to increase
long-term sustainability and profitability per cultivation unit (not per
species, as is practiced in monocultures), by recapturing some of the
nutrients and energy that are lost in finfish monocultures, and
transforming them into additional crops with commercial value.

Drivers for practicing IMTA are found at different levels of the
production cycle. At the farm level it may be revenues from producing
additional crops. From a societal perspective, value of ecosystem
services rendered by the extractive species can be estimated and
quantified by environmental accounting. Where limitations are
proposed on nutrient emissions in environmental regulations, a
farmer could expand production, or need to fallow sites less
frequently, thanks to the culture of extractive species at the fish
farm. Such goals could be accomplished through nutrient trading
credits, similar to systems utilized for pollution or carbon credits,2 or
by internalizing the environmental costs of nitrogen, phosphorus and
carbon discharges, enhancing the development of recycling technol-
ogies (Buschmann et al., 1996; Chopin et al., 2001).

3.1. IMTA in openwaters—fromexperiments to pilots and commercial farms

Results from recent research on marine IMTA systems in
industrialized nations have largely been generated from experimental
and small-scale operations, whichmake it difficult for extrapolating to
larger industrial scale offshore farms (Troell et al., 2003). However,
some marine IMTA systems, primarily in Asia (China), have been
commercially successful at industrial scales, while experimental
projects are now scaling up towards commercialization in Canada,
Chile, the USA and in some European countries. In the following
section, we explore the better documented successful commercial
IMTA sites with seaweed, shellfish and finfish, and subsequently
examine some of the challenges these producers would face in
moving towards large-scale offshore production.

3.1.1. Canada
On the East coast of Canada, Atlantic salmon (Salmo salar), kelps

(Saccharina latissima and Alaria esculenta) and blue mussel (Mytilus
edulis) are reared together at several IMTA sites in the Bay of Fundy.
Growth rates of kelps and mussels cultured in proximity to fish farms
have been 46 and 50% higher, respectively, than at control sites. This
reflects increase in nutrients and food availability from the finfish
cages (Chopin et al., 2004; Lander et al., 2004). Therapeutants used in
salmon aquaculture have not been detected in kelps and mussels
collected from the IMTA sites (Haya et al., 2004). Levels of heavy
metals, arsenic, polychlorinated biphenyls (PCBs) and pesticides have
also been shown for 8 years to be below the regulatory limits
2 For instance, a nutrient credit trading system has been implemented in Sweden
wherein polluters (e.g. sewage treatment plants), are able to mitigate their nitrogen
inputs by trading nutrient removal credits with mussel farmers (Gren et al., 2009).
prescribed by the Canadian Food Inspection Agency, the USA Food and
Drug Administration and the European Community Directives. Taste-
tests of mussels grown in conventional aquaculture and mussels
grown at these IMTA sites show no discernable difference; meat yield
in the IMTA mussels is, however, higher. Preliminary findings of the
economic models have also shown that increased overall net
productivity of a given IMTA site can lead to increased profitability
of the farm compared with salmon monoculture (Ridler et al., 2006,
2007a,b). There may also be social and environmental benefits that
IMTA farms confer on producers, such as the ability to green-label
products or the reduction in public concerns over the environmental
impacts at farm sites3 (Ridler et al., 2006, 2007a,b; Barrington et al.,
2008).

3.1.2. China
In China, the leading seafood producer in the world, the two main

forms of marine IMTA systems are sea-ranching and suspended
aquaculture. While the former is usually practiced for the enhance-
ment of natural stocks, the scale and intensity of the latter approach
intensive aquaculture in some Chinese waters (Yang et al., 2004; Mao
et al., 2009). Below we describe two cultivation areas in China, which
differ in their applications of IMTA.

3.1.2.1. Aquaculture on Zhangzidao Island. Zhangzidao Island, in the
northern Yellow Sea, consists of nine islets situated approximately
40 miles from the mainland of Liaoning Province. Cultivation of
shellfish, seaweeds, crustaceans and echinoderms takes place at 10 to
40 m depth, in an area characterized by strong currents (maximum
approximatively 100 cm/s). The Zhangzidao Fishery Group Co. Ltd. is
authorized to farm an area of nearly 40,000 ha, of which 26,500 ha are
used for scallop, Patinopecten yessoensis, 660 ha for sea cucumber,
Apostichopus japonicus, 100 ha for abalone, Haliotis discus hannai, and
10,000 ha for arkshell, Scapharca broughtonii. The site has been in
operation for over a decade, producing in 2005 28,000 tonnes, with a
value of more than US $60 million (net profit of US $18 million).
Although some of this production would be better described as sea-
ranching as opposed to intensive aquaculture, there is some semi-
intensive fed aquaculture, and there have been significant efforts to
“optimize” or improve ecological conditions at the farm site, including
propagation and planting of seaweeds and creation of artificial reefs.
Many of the techniques employed at the site benefit from inter-specific
relationships and existing infrastructure to co-culture a range of species.

3.1.2.2. Suspended culture in Sungo Bay. Sungo (Sanggou) Bay, in the
eastern end of Shandong Peninsula (37°01–37°09′ N, 122°24′–
122°35′ E), is one of the most important mariculture regions for
scallop Chlamys farreri and kelp Laminaria japonica in northern China
(Fang et al., 1996; Bacher et al., 2003; Nunes et al., 2003; Chopin et al.,
2008). Abalone H. discus hannai is also cultured here, and to a lesser
degree blue mussel M. edulis. It has been estimated that dissolved
nitrogen excreted by scallops in the Bay (2 billion individuals)
amounts to 284 tonnes during a kelp culturing period. Similarly, the
inorganic nitrogen excretion by mussels in the Bay (0.27 billion
individuals) amounts to more than 11 tonnes. Together with the
excretion of other fouling animals such as sea squirt and oyster, the
total inorganic nitrogen excretion of cultivated and fouling animals in
the Bay amounts to more than 300 tonnes. Twenty thousand tons of
dried kelps can be produced annually through uptake of inorganic
nitrogen from the Bay. Long-line culture of kelps has expanded to
areas more than 8 km away from the coast, where water depth is
between 20 and 30 m deep and with water currents up to 60 cm/s.
3 Environmental regulations in some countries dictate fallowing or even moving
farm sites every few years to reduce benthic impacts, and IMTA has the potential to
reduce benthic sediment accumulation, and thus potentially justify fewer fallowing
periods, or remove the need for site relocation.
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During the culture period of Laminaria on long lines, abalones are
grown in lantern nets hung vertically from the lines, thus allowing the
abalone to feed directly on the kelps. Following harvest of Laminaria,
abalone are fed with dried Laminaria until the next crop matures.

4. Limitation of small-scale experiments

A fish farm can take full advantage of IMTA once the nutrient
discharge by the fed (fish) component is fully balanced by the harvest
of the extractive components (seaweeds and suspension- and
deposit-feeders). The complex interactive processes that connect
the biomass, nutrient uptake and nutrient concentration of a balanced
IMTA system can be difficult to fully examine under partially-balanced
experimental setups. The scaling up of experimental IMTA systems
towards commercial operations is necessary for three reasons: 1) the
biomitigation effect/efficiency of extractive species cannot be easily
measured when their biomass remains small in comparison to the
biomass of the fed species; 2) the biomass production potential
cannot be accurately predicted; and 3) the economic costs and
benefits are also not easy to extrapolate from small experimental
systems to commercial operations. Extrapolation of nutrient removal
capacity of extractive species in small-scale experiments is not
possible, as the removal efficiency is nonlinear, and thus multiplying
the results of small-scale experiments by increasing biomass values is
not accurate. Further, an understanding of how temporal variability in
natural seston and dissolved nutrient concentrations affects extrac-
tive species can only be obtained from experiments within commer-
cial-scale systems, as increasing the infrastructure and biomass of
extractive species at a site may also have impacts on water and
nutrient circulation patterns through negative feedback responses.
The optimization of biomitigation requires adjustments of the ratio of
fed to extractive organisms for each site, based on local physical,
chemical and hydrodynamic characteristics, as well as the physiolog-
ical and metabolic characteristics of the organisms involved and the
local socio-economic situation.

5. Efficiency, quality and economic viability of offshore IMTA

5.1. Viability of seaweed production

Studies, from both land-based and open-water cultures, confirm
that nutrients released from fed aquaculture species are suitable for
seaweed growth (Troell et al., 2003). Seaweed growth and perfor-
mance are affected by the choice of fish species cultured, farm design,
feed practices and additional site-specific parameters. The economic
situation and drivers also vary between sites. Therefore, the
installation of each IMTA farm should follow optimization to the
site. Data from land-based systems indicate that seaweeds can remove
between 35% and 100% of dissolved nitrogen produced by fed species
(Troell et al., 2003). These figures, of course, depend on what specific
aims the studies have had, i.e. maximization of seaweed growth or
maximizing removal capacity (Buschmann et al., 2001; Troell et al.,
2003). Under some circumstances, such as in re-circulation systems,
nutrient reduction efficiency (defined as the average reduction in
percentage of nutrient concentration in the water) may be the
primary driver for integration. Under other circumstances, maximi-
zation of biomass yield and quality (e.g. high commercial value of the
extractive species in an integrated seaweed-abalone culture; Troell
et al., 2006) may be the primary driver.

The capacity of seaweeds in open-water cultures to remove
nutrients from the water column can be estimated based upon the
fraction of available nutrients which are bound by the seaweeds at any
given point in time. However, the open-water characteristic of net-
pen culturing makes it difficult to accurately measure changes in
water nutrient concentrations, given that these will vary considerably
based on current directions, depth, time of year, time of day and host
of other variables. Such variability has led in different studies to
divergent conclusions about the effectiveness of IMTA systems for
reduction of nutrient concentrations in thewater column (Troell et al.,
2003). Experimental data and mass balance calculations indicate that
a large area of seaweed cultivation, up to one ha for each ton of fish
standing stock, would be required for the full removal of the excess
nitrogen associated with a commercial fish farm (Troell et al., 1997).
Economic feasibility studies for the integration of seaweeds into
offshore IMTA systems are absent from the literature and only a few
exist for nearshore integrated open-water systems (Chopin et al.,
2001; Ridler et al., 2007b).

The interactions between seaweed density, light levels and
nutrient availability (concentration or flux) have been studied
under natural conditions (Harrison and Hurd, 2001; Buschmann
et al., 2008; Abreu et al., 2009) or in fishpond effluents (Cohen and
Neori, 1991; Neori et al., 1991). Seaweed growth under non-limiting
conditions depends on saturation kinetics by light intensity, temper-
ature and other environmental factors, as well as ambient nutrient
concentrations (Buschmann et al., 2008). In a culture system, as the
seaweed biomass density increases, it also reduces the ambient
availability of both growth factors (light and nutrients) and thus,
growth rates decrease sharply. In addition, seaweed growth and
biofiltration performance are functionally independent (Buschmann
et al., 2001). As nutrient levels drop, the importance of water
turbulence around the seaweeds for the rate of uptake becomes
more important (Gonen et al., 1993; Msuya and Neori, 2008). Usually,
timely thinning of the seaweed biomass (e.g. frequent harvesting)
solves these limitations. In an offshore farm, of course, frequent
harvests may have logistical and cost implications.

5.2. Filter-feeders and other non-seaweed extractive species

The integration of suspended filter-feeders with cage culture of
finfish is not straight forward. Particulate waste materials (i.e. waste
feed and faeces from fish cages) and phytoplankton that grows on the
fish-excreted nutrients are suitable food for filter feeders. In several
studies,mussels and oysters grew faster adjacent to fish cages (Wallace,
1980; Jones and Iwama, 1991; Buschmann et al., 2000; Lefebvre et al.,
2000; Lander et al., 2004; Chopin et al., 2008). However, there are other
studies showing no, or insignificant, increase in growth (Taylor et al.,
1992; Stirling and Okumus, 1995; Gryska et al., 1996; Cheshuk, 2001;
Mazzola and Sara, 2001). Differences in success may be due to different
environmental conditions and cultivation system designs, as well as
sampling protocols. The ambient concentration of particulate organic
matter is the single most important factor determining growth rate of
mussels. Thus, the existence of both temporal and spatial variation in
food availability in natural water bodies has been proposed as an
explanation for the varying degrees of success of experimental IMTA
sites.Models in Troell andNorberg (1998) identified someconstraints in
using filter feeders for removing particles from fish-cage farms, which
include: 1) dilution of suspended solids by the large volume of water
passing through the cages, 2) settling of the particles from the cages
below the shellfish installation, 3) variable effects of feeding duration
and intensity (e.g. pulse feeding vs. automated control), and 4) total
particle retention, as limited for instance by mussel pseudo-faeces
threshold level. Troell and Norberg (1998), therefore, concluded that
ambient seston concentration is of major importance in controlling
mussel growth, and that increases in suspended solids from fish cages
may contribute significantly only during periods of low plankton
production or low natural organic particle concentration. However, the
type of pulse feeding which characterized manual feeding systems has
been gradually displaced by automated feeding systems, with inherent
consequences for IMTA systems.

As with seaweeds, there is limited amount of information on
economic feasibility of co-culturing bivalves with finfish production.
Whitmarsh et al. (2006) examined the economic feasibility of nearshore
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integrated salmon and mussel aquaculture, and concluded that an
integrated mussel–salmon system could be economically profitable,
depending on the size of the farm, market price for the higher trophic-
level species (e.g. salmon), and the intensity of farming practices.

6. IMTA in offshore environments — possibilities and constraints

Existing experience and research on nearshore IMTA systems may
be extrapolated to IMTA in offshore environments. This requires
identification of the relevant similarities and differences between
nearshore and offshore culturing environments. Fish species to be
cultivated in both environments will generally be of high commercial
value, which, given current market demand, consist largely of
carnivorous species in intensive farming practices (Naylor and Burke,
2005). Significant research exists on many of these species in the
nearshore environment, but in the future, as new species are introduced
that are suitable for offshore environments, stocking densities, feeding
behaviours, species-specific feed formulations and food conversion
ratios may differ. It is not clear whether waste release (i.e. quality of
dissolved and particulate matter) may differ in offshore environments
from levels observed currently in nearshore fish-cage farming (Lin and
Bailey-Brock, 2008; Reid et al., 2009). However, larger quantities of
waste per farm can be expected, as the scale of offshore operations will
likely be much larger than in existing nearshore installations.
Distribution of wastes from these farms will also differ due to 1)
differences in currents andwave action, and 2) distribution of wastes at
greater depth, when using submerged cages. Although offshore
aquaculture is primarily pelagic, there is nonetheless a risk that
currents and settlement may transport wastes from farms to the
benthic environment at greater depths, where assimilative capacity is
greatly reduced. Inadequate research is currently available on nutrient
cycling in offshore environments. IMTA may thus provide a precau-
tionary measure against potential ecological impacts of intensive
offshore fish aquaculture. Some of the environmental costs may be
greater offshore than nearshore (e.g. waste and energy inputs for
transportation of feed andmaterials), but they may be compensated by
the ability to capitalize on economies of scale. Competition with other
uses often limits the scale and expansion of nearshore farms.

7. Design considerations for offshore IMTA

7.1. Water currents and hydrodynamic forces

Both current strength and direction are important for IMTA systems,
as thesedeterminenutrient andparticlefluxes, and thus the appropriate
orientation of the different species within culturing units. The
importance of the latter can be visualised by considering an integrated
kelp–scallop culture. In the late stages of kelp culture, Laminaria lengths
can reach 2–3 m,which are sufficient to interactwith the scallop culture
nets. If the direction of long-line ropes is not parallel to the direction of
current, the kelpsmay becomewrapped up in the scallop nets. Once this
situation occurs, water flow through the nets is greatly reduced, with
coincident reduction in particle exchange and food supply. Obviously,
the consequence of this situation will be reduced scallop growth, and
can under rough conditions, also result in loss of biomass due to
entanglement. Similar concerns exist with interactions between
shellfish or seaweed culturing in proximity to salmon cages, where
the proximity of co-cultured species risks reducing the water flow
through cages, and may affect flushing of wastes in the water column.4

An important question to answer with respect to IMTA in offshore
environments is whether extractive species can withstand prevailing
hydrodynamic forces. In addition to strong current velocities, the
acceleration due to waves and swell may cause strong forces on the
cultured species and the infrastructure (Carrington et al., 2001; Buck
4 Rotating cage designs with a single anchor point can overcome this problem.
and Buchholz, 2005; Gaylord et al., 2008). The orbital motion (Buck
and Buchholz, 2005; Holthuijsen, 2007) may be an especially critical
factor for the systems' design. Compared to fish grow-out in cages,
filter-feeders and seaweeds usually depend on their own ability to
attach to a substratum by byssus (mussels) or holdfasts (seaweeds).
Culturing techniques generally require that such species are
entwined, or fastened, to ropes or contained in nets (Buck and
Buchholz, 2004; Chopin et al., 2004). The strong currents in some
offshore situations will prevent culture of such species without
appropriate attachment methods. Buck and Buchholz (2004) found
that rope culture of seaweeds (Saccharina), including long line, ladder
and grid constructions, was all unsuitable for exposed waters. A “ring
design” developed by the authors proved, however, successful.
Halling et al. (2005) also reported loss of Gracilaria biomass from
long lines in exposed waters in Chile. The only method that seemed
suitable was a modification of an entwining method developed by
Westermeier et al. (1993). Most of existing seaweed culture methods
are not designed for open seas (North, 1987), and will require some
form of modification to withstand the tougher conditions (especially
drag forces; Buck and Buchholz, 2005).

Mussel farming is already taking place in offshore waters in a
number of countries (e.g. Ireland, Germany, Scotland, the USA, France,
the Netherlands, New Zealand, Japan, and China). These systems can,
compared to nearshore applications, better withstand continuous
waves, currents and storm events. These systems also often need
minimal maintenance and therefore less frequent site visits by
personnel. There are still many uncertainties, however, with respect
to site selection and design. There are currently few cost-effective and
reliable monitoring systems. There is also a need for technological
innovation in platform design (Stevens et al., 2008). However, such
limitations may be in the future overcome by engineering advances
(Stevens et al., 2008). Significant research on offshore culturing
systems for finfish is currently being conducted, and this researchmay
be extended to other species should there be adequate incentives for
co-culturing in ocean environments.

7.2. Nutrient and energy accessibility

Nutrients and light are key environmental factors that determine
growth rates and thus productivity of seaweeds (Harrison and Hurd,
2001). Nitrogen usually limits primary production in coastal areas, and
this limitation may be even more severe in offshore non-enriched
waters. Ammonia, the main nitrogen compound being excreted by fish,
accelerates seaweed growth (Troell et al., 1997). As offshore waters
usually have lower background nutrient concentrations than nearshore
environments, the positive effect on seaweed growth from fish
excretion there may be more pronounced. However, if background
levels of dissolved nutrients are too low, this may limit overall seaweed
productiondespite nutrient enrichment fromfish farmcages. To achieve
ecological balance, the integrated seaweed-culturing component will
need to cover a large area (Troell et al., 1997; Buschmann et al., 2001,
2008). A relative large area is required for seaweed culturing due to the
fact that the algae depend on the solar radiation reaching the upper
ocean surface, whereas other organisms can be culturedmore vertically
in thewater column. Recent results predict that a 100 haGracilaria farm
can remove 80% of the nitrogen loads produced by a 1500 ton salmon
farm (Buschmann et al., 2008; Abreu et al., 2009). Nutrient dispersal
within farms occupying such a large area requires further study, and is
probably specific to site and time; in highly controlled experimental
conditions, seaweeds have been shown to remove less than 10 g
nitrogen day−1 (Cohen and Neori, 1991). In a small fish farm, i.e.
producing less than 400 tons, the positive effect on seaweeds may only
be detected close to the cages (Troell et al., 1997). However, the impact
of a large sized salmon farm (>1500 ton) on seaweed growth can
extend to one km from the farm (Abreu et al., 2009). Removal ratesmay
be expected to be lower in an open-ocean environment due to higher



6 M. Troell et al. / Aquaculture 297 (2009) 1–9
dilution. The culturing of seaweeds in the open ocean is also subject to
surface conditions such as wind, waves and in some locations, sea ice.
Installations for seaweeds may also potentially impede navigation,
whereas the culturing of bivalves or fish can be submerged at greater
depth.

Several technological obstacles should be overcome in offshore
culturing of seaweeds. As with nearshore seaweed culturing, excessive
stocking density leads to light and nutrient limitations. Light conditions
(i.e. water transparency) are, however, usually better in offshore
environments and seaweeds can therefore be cultivated at greater
depth, thus avoiding some of the problems with surface mixing and
uncontrolled current movements, and even hazards to navigation.
However, with respect to nutrient release from submerged fish cages,
the effect of nutrient dispersal on seaweeds near fish farms will depend
on the depth at which the respective structures are deployed. Deeper
installations of fish cages would result in less nutrients reaching near-
surface waters, and thus submerged systems would only stimulate
growth of seaweeds at the surface if upwelling circulation (either
natural or artificially induced) is able to bring nutrients to the surface.
Joint ventures between companies interested in underwater turbine
energy and offshore aquaculture companies could potentially create
interesting synergies, reducing costs, combining technologies and
footprints, and harnessing energy and nutrients at the same time.

7.3. Fouling organisms and product quality

Nutrient manipulations (concentrations, nitrogen/phosphorus ratios
and application regimes) have been shown to impact seaweed biomass
yield, productivity and epiphytic production (Friedlander et al., 1991).
Nutrient inputs also impact the product content and quality, e.g. with
respect to phycocolloids and proteins (Martínez and Buschmann, 1996;
Chopin and Wagey, 1999). The same applies to fouling organisms, such
as epiphytes. The applications of freshwater, oxygen (air exposure),
chemicals and other management practices for the control of epiphytes
have been successfully applied in tank cultures (Buschmann et al., 1994;
Fletcher, 1995) and nearshore operations (exposure of Porphyra nets at
low tide or with specially designed emersion/immersion systems;
Oohusa, 1993), but this may not be feasible in open-water system
(Buschmann et al., 1997). For example, Halling et al. (2005) experienced
heavy loading of settling mussels on Gracilaria on long lines next to
salmon cages, resulting in large losses of seaweed biomass during the
spring. Such problems may be potentially overcome by timing of the
transfer of seaweeds to the water. For instance, Chopin et al. (2004)
avoided fouling problems by carefully timing the transfer of seaweeds to
an integrated salmon aquaculture site, in such a way as to reduce
epiphytic growth on kelp ropes.

7.4. Temperature

The species in any culture system, including IMTA, should be
physiologically adapted to the temperature regime at the farm's site. For
example, low water temperature is beneficial for the growth of kelps
such as Laminaria and Saccharina (Mann, 1972); however, the scallop
C. farreri prefers warmer water (Kirby-Smith and Barber, 1974). Prior to
the developmentof anoffshore IMTAsystem, the temperature regimeat
the culture site should be carefully investigated to evaluate suitability
for the growth of all the species being considered within the system.
Many extractive species inhabit coastal environments and are,
therefore, adapted to a wider range of temperature than the regimes
offshore environments may offer.

7.5. Basic considerations for economic feasibility of offshore IMTA

In anticipation of future increases in the costs of the main inputs of
intensive offshore culture of carnivorous fish – energy and feeds – as
well as high construction, maintenance and transportation costs, the
economic viability of offshore aquaculture is still unclear. The profit
margins of present day large-scale cage fish culture (salmon,
seabream, etc.) have declined dramatically in the past fifteen years.
These trends may impede the development of offshore fish mono-
aquaculture. A key question with respect to IMTA is, then, how
seaweeds, filter-feeders, and other extractive species can contribute
to the overall economic performance, both for nearshore and offshore
systems. As discussed earlier, IMTA provides economic benefits not
only at the farm level but also at the broader environmental/societal
levels. The broader benefits include a reduction in waste discharges,
improvement in social acceptability of the industry, and additional
jobs. The primary benefits at the farm level will be maximizing net
income, including profit from the production of both fed species (fish)
and the extractive species. There are no feed costs for extractive
species, but there are other costs for infrastructure and operation to
produce additional co-cultured species. Despite a relatively low
market price for seaweeds, the millions of tons produced in some
countries each year attest that their culture is profitable (Chopin and
Sawhney, 2009). The achievement of seaweed profitability in offshore
IMTA farms may require identification of species that combine
effective biofiltration and productivity with specific qualities that
generate higher prices, such as sea-vegetables, nutraceuticals and
cosmetics ingredients. Research devoted to the development of higher
value products from seaweeds is therefore an additional step towards
the incorporation of these organisms into IMTA systems. For instance,
Macrocystis, a low valued genus that is harvested for its alginates, has
recently been used in higher valued edible products, and as feed for
abalone (Gutiérrez et al., 2006; Flores-Aguilar et al., 2007). However,
the economic success of this type of culturing is not necessarily
determined by income at point of sale; rather, the net profits also
depend on initial investment costs, costs for maintenance, harvest,
handling, and any additional inputs to production (plus the value of
ecosystem services which will have to be soon recognized and
valuated). Buck and Buchholz (2004) showed that gross profit from an
offshore Saccharina cultivation (based on production data from
experimental setup) was 40€/yr/culture unit, but that overall
investment costs were 100€/yr/culture unit. The high investment
costs were due to the cultivation methodology, which, compared to
seaweed farming in nearshore waters, required significant infrastruc-
ture and engineering research and development for the installations.
In addition, costs for labour or maintenance were not included in this
analysis. Even though integration of seaweeds and shellfish with
offshore fish cages could benefit from other available structures
[e.g. associating aquaculture and wind farm ventures (Buck, 2007) or
single point mooring fish-cage systems to which seaweed and
invertebrate units could be attached], technological solutions will be
required tomake such designs economically feasible. The IMTA systems
currently being used for commercial applications in Canada and China
are relatively simple farming systems (ropes, rafts), and it remains to be
seen how new technologies can be applied in highly exposed offshore
environments. An important factor in the farming of multiple species is
the ability to manage risk through horizontal integration. A diversified
product portfolio will increase the resilience of an aquaculture
operation in the face of disease outbreak, product gluts, or price
fluctuations in one of the farmed species. In such situations, product
diversification can increase the survivability of the company.

Seaweed and mussel production in offshore IMTAmay be profitable
on their own, but if the extractive properties can be translated into
economic benefits for the farmer this would create stronger incentives
for integration. The challenges for doing this are to 1) identify and
quantify the environmental costs from cultivating only fed species, and
2) find ways to internalize the positive effects from integration with
extractive species. For instance, in Sweden, a novel program has been
initiated for mussel farming, wherein mussel farmers get credits to
offset nutrient (carbon, nitrogen, and phosphorus) discharges (e.g. from
sewage outfalls) (Sterner, 2005). As wastes from aquaculture are
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identified as potential threat to the environment, developing IMTA will
have societal and environmental as well as economic benefits. An
example of this could be reduced risk for HABs and eutrophication. It is,
however, difficult to find a specific correlation between loadings and
ecosystem effects, as this is usually a nonlinear relationship with
thresholds. It is also difficult to estimate the costs for society from the
degradation of the environment. Thus, to be able to put a value on
nutrientmitigation by biofiltering species, there is a need to knowwhat
values of ecosystem goods and services are being generated from
natural ecosystems, and how aquaculture wastes affect them. Informa-
tion about this is scarce, especially for offshore environments.

8. Synthesis

Significant increases in the volume of coastal aquaculture
production will likely require expansion into more exposed locations
that do not compete with other existing uses of the coastal zone
(Skladany et al., 2007). Moving offshore is potentially a way to reduce
conflicts over access rights, and to alleviate some environmental
concerns. However, this expansion should not be approachedwith the
“out of sight, out of mind” attitude. The solution to nutrification
should not be dilution, as it has been the case throughout history in
most western countries. Even if faster currents, deeper water and
lower nutrient baselines are anticipated to reduce the impacts from
offshore operations, it is most likely that offshore farms will be much
larger compared to today's farms in nearshore waters, thus implying
that more wastes will be generated in each farm. There is a point
when eventually even offshore ecosystems will exceed the assimila-
tive capacity of surrounding waters and bottoms. Our limited
knowledge about linkages between offshore and nearshore systems
could also result in unknown changes in biogeochemical cycling and
local ecology, suggesting further that waste mitigation approaches
should be considered alongside the development of offshore opera-
tions (Chopin et al., 2001).

Methods for farming extractive species like seaweeds and mussels
in exposed environments exist but need to be further developed to be
able to withstand drag forces from strong currents, waves and swell.
Even if it is possible to obtain higher growth rates in the vicinity of fish
farms, there is a need for identifying potential risks and also estimating
and communicating the bioremediative services of extractive species.

There is currently a need to incorporate knowledge about the
assimilative capacity of different extractive species into open-ocean
designs and operation practices. To-date, a few promising open-ocean
IMTA demonstration facilities exist in different parts of the world,
which may be used as protocols for future development (Langan,
2004; Partridge et al., 2006). However, further work is needed to
adapt these designs for a variety of species and conditions. As designs
are scaled up to commercial production levels, demonstration
research sites, with cost sharing arrangements to reduce the very
expensive nature of offshore research, will be able to provide
invaluable information to the aquaculture sector, and will help in
ascertaining the feasibility of IMTA in offshore environments.
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