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ABSTRACT: There has been significant interest in the development of integrated multi-trophic
aquaculture (IMTA) in Europe. Much of this interest has come from academia and regulators, and
while elements within the European aquaculture industry have expressed an interest, to date, the
adoption of the concept has been limited. Part of the attraction for regulators and academics is the
ecological/economic win/win that is associated with eco-innovation solutions. However, if we are
to understand why there has been limited uptake of IMTA in Europe, perhaps it is necessary to
look at the issue in terms of trade-offs for the individual farmer or company. Using this viewpoint,
we investigate the balance of trade-offs for the individual farmer or company to diversify from a
traditional fin-fish production business into an IMTA system. In doing so, we reveal that the bal-
ance of trade-offs is currently not sufficiently positive to motivate the large-scale uptake of IMTA
in Europe, and we contrast this against the situation in Asia where the balance of trade-offs gives
better support for the adoption and practice of IMTA. By better understanding the trade-offs for
the individual, it is possible to better understand the conditions that will promote the development
of IMTA in Europe.
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INTRODUCTION

Integrated multi-trophic aquaculture (IMTA) is
both conceptually a simple idea and also highly ap-
pealing to regulators: the waste products from one
food production process (in this case, fin-fish produc-
tion) is acquired and assimilated by other organisms
and converted into valuable products. This process
both eliminates waste and increases the productivity
of the food production system (Troell et al. 2003,
Neori et al. 2004, Chopin et al. 2006). This win/win
situation has its roots deeply buried in the eco-effi-
ciency philosophy that aims to simultaneously in-
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crease both the economic and environmental per-
formances of an industry or business (Ehrenfeld
2005). Alternately, IMTA can be thought of in terms
of eco-intensification, where the productivity per unit
input is increased (Amano & Ebihara 2005). In
Europe, the model for fed fin-fish aquaculture has
been very linear, in line with a fast replacement econ-
omy where the inputs to the industry lead to con-
sumption of natural resources with high energy and
water consumption, with externalised wastes. This is
in contrast to the principles of IMTA, which aim to
create an industry-based spiral or loop system (now
termed the circular economy) that minimises energy
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flows, losses, and environmental deterioration, with-
out restricting economic growth or social progress
(Boulding 1966, Stahel 1982). The win/win that IMTA
represents has been cited a number of times as a solu-
tion to some of the problems that are facing the Euro-
pean fin-fish aquaculture industry, such as ecological
damage, economic stability, and dependence on com-
mercial feed (Klinger & Naylor 2012, Chopin et al.
2013, Granada et al. 2015).

Despite a strong tradition in Asia (Chan 1993) and
the fact that the IMTA concept in various guises has
been in the scientific literature for at least 40 yr, since
the early 1970s (Ryther et al. 1972, 1975, Ahn et al.
1998, Buschmann et al. 2001), there is almost no com-
mercial uptake of IMTA in Europe. This is against an
increasing academic interest in Europe in the con-
cept of IMTA (OECD 2010). Given the significant up-
take of the concept of the circular economy within
Europe as a whole (World Economic Forum 2014)
and the eco-efficiency potential of IMTA technology,
this lack of uptake is, on the face of it, hard to under-
stand. Several studies have elucidated possible rea-
sons why there has not been a transition from aca-
demic promise to commercial reality (Troell et al.
2003, 2009) and have included reasons such as the
performance of the extractive organisms or the eco-
nomic performance of the systems. However, most
previous studies have identified gaps in the scientific
knowledge, but it will not be scientists who imple-
ment IMTA at a commercial scale, but rather compa-
nies and individuals within those countries. There-
fore, this paper attempts to better understand the
commercial motivation for the adoption of IMTA. The
question is even more pertinent given the fact that
aquaculture production in Europe is stagnating, with
growth over the last decade only around 1% per
annum (Anon 2009, 2015). This is in stark contrast to
the picture in Asia, where aquaculture is the fastest-
growing food production sector (FAO 2012) and
IMTA is commonplace.

Here, we argue that there is a need to move past
this win/win conceptual framework and its view that
IMTA is a solution: this framework is flawed or at best
is unhelpful. If we move beyond a solution-based
mind-set, we may explain the contrasting implemen-
tation of IMTA in Europe and Asia. Instead of consid-
ering IMTA as a 'solution’ for European aquaculture,
it is perhaps better to quantify the trade-offs involved
in its adoption. Sowell (1995) argued that in social sys-
tems, there are no solutions, there are just trade-offs
between different conditions, situations or states.
Thus, instead of thinking “What will remove particular
negative features in an existing situation to create a

solution?’, it is more useful to frame the question as
'What must be sacrificed to achieve this particular im-
provement?’ (Sowell 1995). Instead of thinking of
IMTA as a solution and wondering why there is no in-
dustry adoption of the technology, we consider the
trade-offs between the benefits and costs of adopting
IMTA at the level of an existing fin-fish farmer or com-
pany. Applying this analysis to regions where IMTA is
more common, we can try to understand what needs
to shift in that balance of trade-offs to foster the adop-
tion of IMTA in Europe. For the sake of this thought
experiment, we will assume the scenario of an
existing European (including Norway) fin-fish farmer
wishing to develop a simple system of IMTA consisting
of fish, mussels, and seaweed in a temperate open-
water system.

EXAMPLES OF TRADE-OFFS INVOLVED IN THE
ADOPTION OF IMTA BY A EUROPEAN FIN-FISH
PRODUCER

Increased productivity

One of the benefits cited for IMTA is an increase in
productivity, but what does that really mean at the
level of the farmer or the company? Already, fin-fish
producers in Europe and especially salmon produc-
ers in the Atlantic have efficient, fully industrialised
operations (Vassdal & Holst 2011, Asche et al. 2013a),
and there is no mechanism for IMTA to increase the
productivity of their fish operation per se. However,
considering productivity per unit input and measur-
ing other outputs as well as fish, there are real oppor-
tunities to increase productivity. This increase in pro-
ductivity happens firstly because there is an increase
in production from the lower trophic species that are
grown alongside the fin-fish and secondly because
there is good evidence to suggest that these lower
trophic species are able to utilise the nutrient from
the fin-fish and are more productive when grown
alongside fed aquaculture (Lander et al. 2012,
Sanderson et al. 2012, Irisarri et al. 2015), although
this experience has not been universal (Cheshuk et
al. 2003), indicating that the integration may require
some tuning. Using a mass balance approach, the
production of 1 tonne (t) of salmon releases approxi-
mately 50 kg of nitrogen into the environment (Wang
et al. 2012), which could support the growth of 10 t of
seaweed or 5 t of mussels over the course of the pro-
duction cycle of the salmon (Holdt & Edwards 2014).
In the case of seaweed, this equates to a 1000 % in-
crease in biomass (wet weight relative to the fish pro-
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duction) produced and an increase in protein produc-
tion by 166 % (based on the N content of fish being
3%; Wang et al. 2014). As such, there is a clear
increase in productivity of the whole system per unit
feed (if the farmer could convert 100 % of emissions
to product). However, to make this meaningful to the
farmer, there needs to be a proven case that these
products can be sold at above their production costs
plus an acceptable margin.

There is a scenario in which IMTA may play a role
in increasing feed efficiency of the main fin-fish spe-
cies. The provision of feed is the single largest con-
tributor to resource use and emissions from open-
cage salmon production (Grosholz et al. 2015). If
instead of framing productivity in terms of per unit
feed, we frame it in terms of per unit of fish meal or
fish oil from wild fish stocks (biotic depletion), then
the recycling of nitrogen lost to the environment
back into marine proteins and lipids, and the subse-
quent reincorporation into fish feed, offers opportuni-
ties to increase the productivity in a way that may be
meaningful to the farmer. The incorporation of sea-
weed into fin-fish aquafeeds has been shown to be
possible at an experimental level (Wahbeh 1997,
Yildirim et al. 2009, Marinho et al. 2013). As previ-
ously stated, an IMTA system with 100% efficiency
in capturing nitrogen would allow for significant pro-
tein production using seaweed or mussels, but in
addition, there is the potential for significant produc-
tion of marine lipids. From the 10 t (w/w) of seaweed
produced for every tonne of fish, it would be possible
to produce 164 kg of protein and 9 kg of marine lipids
(based on the production of Alaria esculenta; Meehre
et al. 2014), and in theory, these components could be
recycled back into fish feed. This has the potential to
significantly reduce the environmental impact of the
industry by further reducing reliance on marine pro-
teins and lipids from wild-harvest fisheries. How-
ever, the reality is much more complex and logistical;
legal (in Europe) and economic constraints make this
unfeasible in the foreseeable future. Furthermore, it
is unlikely that this recycling would be of benefit to
the individual farmer in the short term.

Reduced environmental impact

In the eco-efficiency win/win, the second win is
reduced environmental impact. This is achieved
through the ability of the extractive organisms to
make use of waste products of the fin-fish production
as nutrient and energy. As such, these waste streams
are assimilated into the tissues of the extractive

organisms and are removed from the environment. In
our scenario, there are 2 waste product streams of
interest: dissolved nutrients and particulate organic
matter (POM: fish faeces and uneaten pellets). The
dissolved waste stream consists mainly of ammonia
(Sanderson et al. 2008), which can be detected close
to the fish cages but can quickly attenuate (Merceron
et al. 2002). In the case of the POM, the physical ex-
tent of the plume of suspended particles is difficult to
detect (Cranford et al. 2013) and may not extend
much beyond a few hundred metres from the farm
(Brager et al. 2015). Any direct ecological benefit
with direct trophic transfer of nutrient needs to take
place within this limited zone around the fish farm.
Furthermore, the bioremediation potential within
this zone has been shown to be limited for both mus-
sels and for seaweed (Broch et al. 2013, Cranford et
al. 2013). In addition, both mussel cultivation and
seaweed cultivation have their own environmental
impacts on the benthos (Eklof et al. 2006, Wilding
2012, Ren et al. 2014). Therefore, IMTA is likely to
increase the total benthic impact of any one farm, if
that farm now incorporates mussel and seaweed pro-
duction (Troell & Norberg 1998), but the benthic
impact per unit of production (salmon plus mussels or
seaweed) would be significantly reduced. However,
if the benthic footprint of the fin-fish and the extrac-
tive organisms (the mussel or seaweeds) overlap, this
would then in fact increase the environmental impact
in this zone locally, through the additive effect of the
deposition from the fin-fish and the deposition from
the extractive organisms. Because fish farms are reg-
ulated regarding their benthic impact, this possible
increase possesses a significant risk to the fin-fish
producer.

Increased space requirement

Most fin-fish aquaculture in Europe is intensive
(FAO 2012), while the extractive species usually used
in IMTA are extensive cultures, with much lower lev-
els of production per unit area. For example, cage cul-
ture of fish produces between 1125 to 1750 t ha™,
mussels 76 t ha™! and for aquatic plants 1 t ha™! (Bo-
stock et al. 2010), although other estimates (Hughes et
al. 2012) give higher values for kelps. Because the
availability of sites is cited as a limiting factor for the
development of European aquaculture (IUCN 2009),
the decision to use the available space for the produc-
tion of anything other than the primary fin-fish prod-
uct would seem a paradoxical decision for a fish
farmer. This is further compounded by the value of
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those respective crops. Using FAO data, in Europe,
the value of bivalves and aquatic plants per tonne is
approximately 45% and 11%, respectively, of the
value of fin-fish (FAO 2012). This is of course the
value of the product and not the profit realised by the
farmer. The availability of sites for aquaculture devel-
opment is not a simple factor of available space but is
entirely mediated through the local regulatory system,
which designates the availability of sites. The avail-
ability of fin-fish sites may be partially or entirely de-
coupled from the availability of sites for extractive
species or from IMTA sites, and therefore, the fin-fish
farmer is not making a simple decision of fin-fish ver-
sus extractive species. However, given that effort
must be expended both in gaining licences for fin-fish
and for extractive species, the value per unit area of
fin-fish would suggest that effort is better spent ob-
taining additional fin-fish licences where available. It
has been estimated that the ratio of wet weight of kelp
biomass to salmon required to sequester the nitrogen
output of the salmon ranges between 6.7 and 12.9 de-
pending on the kelp species: when converted into a
space equivalent, this ranges between 0.1 and 0.13 ha
per tonne of fish (Reid et al. 2013). In terms of seques-
tering 10 % (as a nominal value) of the nitrogen from a
1000 t salmon farm, this would require approximately
10 to 13 ha of seaweed cultivation. These values are
roughly in line with lower estimates for the space re-
quired to sequester 10% of the dissolved nitrogen
from Danish fish farms (Holdt & Edwards 2014). Using
these values and Bostock et al.'s (2010) estimates of
space required for salmon production, 1 ha of salmon
production would require between 17 and 23 ha of
seaweed to sequester 10% of the nitrogen output.
However, in their study, Holdt & Edwards (2014)
argue that mussel cultivation is approximately 220 %
more efficient than seaweed cultivation per unit area
(Holdt & Edwards 2014).

When considering these values in relation to the
spatial configuration of an IMTA system, thought
needs to be given to the large amount of sea room that
modern fin-fish farming requires around the cages.
With well boats now up to 75 m in length, there is the
need for significant amounts of sea room around cage
groups. This need combined with the extensive
amount of space required for extractive organisms
will mean that the majority of extractive organisms in
an IMTA system will be outside the zone where the
outputs from the fin-fish cages can be measured or
any direct trophic linkage can be assumed. There is,
however, a case in which this additional requirement
for space that IMTA represents could be viewed as a
benefit to the fish-farmer. There has been a general

move from smaller to larger farms as the aquaculture
industry has developed in Europe, and this shift has
left a number of smaller farm sites vacant. As licenced
sites have become scarcer, there has been increasing
pressure from the regulators to bring these sites back
into production. Because these smaller sites are no
longer cost-effective for large producers, there is a
risk that the sites will be reassigned to smaller pro-
ducers. This reassignment is a significant risk to
larger producers in terms of disease control and biose-
curity, if those sites are in the same water body as their
larger sites. One option for the large producer is to use
these sites for non-fin-fish production of extractive
species and for the sites to act as a ‘fire break’
between fin-fish sites in terms of bio-security. This use
opens up another possibility that IMTA can be consid-
ered not just at a farm scale but also in terms of a wa-
ter-body scale, where the direct trophic linkage be-
tween the fin-fish and the extractive organisms is
unproven (or unprovable) but instead a mass balance
approach is taken. In this approach, the amount of ni-
trogen that enters the system through the fin-fish cul-
tivation is balanced against the nitrogen removed
from the system by the mussels and seaweed, irre-
spective of actual distance, as long as they are within
the same water body (Reid et al. 2013).

One important consideration for space and IMTA is
the development of benthic IMTA, because this
IMTA would probably sit within the footprint of the
existing farm, and as such, the space requirements
would be small (Robinson et al. 2011). Initial model-
ling studies show that benthic IMTA could well be an
appropriate technology to improve productivity and
to reduce benthic enrichment (Cubillo et al. 2016).
However, the authors are unaware of any such tech-
nology commercially available in Europe at the
moment.

Increased social licence

Currently, there is no legislative or regulatory re-
quirement for a fin-fish producer to implement IMTA
in Europe, despite legislation in Demark to reduce
the environmental emission of fish farms, which is
prompting IMTA development (Holdt & Edwards
2014). However, to operate effectively within a com-
munity and to expand, an industry requires a social li-
cence to operate, going beyond what is just required
for strict compliance with the regulation or law (Gun-
ningham et al. 2004). One of the barriers to the devel-
opment of aquaculture in Europe is limited access to
new sites. The availability of new sites will ultimately
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be determined by how the fish-farming industry is
thought of in the society in which it operates and how
fish farming reflects the values of the society in which
it operates (Hamouda et al. 2005), and it can be ar-
gued that aquaculture increasingly requires a social
licence to operate (Leith et al. 2014). Negative public
perceptions of aquaculture are based around the in-
dustrialisation of the ocean (Mazur & Curtis 2008)
and the emissions associated with it (Katranidis et al.
2003) and the fact that the public prioritize the reduc-
tion of environmental damage associated with aqua-
culture (Whitmarsh & Wattage 2006). Public accept-
ance of aquaculture is a function of the perceived
value in terms of economic benefit weighed against
the negative perceptions, such as environmental
degradation (Whitmarsh & Palmieri 2009).

The conceptually simple idea of IMTA with the
win/win of reduced environmental damage and in-
creased economic benefit offers the opportunity to
shift this perceived balance toward increased benefit
and reduced pollution and so increase the social
licence of IMTA-related aquaculture. This effect has
been shown in a number of studies where, after
explanation of the principles of IMTA, there is an
increase in positive social perceptions (Ridler et al.
2007, Barrington et al. 2010). This pathway from bet-
ter environmental performance to increased social
licence to increased availability of aquaculture
licences can already be seen in Norway, where the
Norwegian government has created 45 ‘green aqua-
culture' licences in 2013 (Nikitina 2015). These
licences are subject to strict environmental criteria on
sea lice, escape risk, and other controls of environ-
mental impacts.

Increased complexity

Much of the fin-fish aquaculture in Europe is
highly industrialised and optimised, and profit mar-
gins on the fish have historically been somewhat
volatile (Andersen et al. 2008, Asche et al. 2013b,
Iotti & Bonazzi 2015). Adding more species to a site
will add new layers of complexity to the system. If the
fin-fish operation (the core business) is to remain
profitable, it is crucial that these new complexities do
not reduce the efficiency of the fin-fish production.
Some of these complexities are logistical in terms of
the additional infrastructure that is required, such as
mussel and seaweed longlines. As previously dis-
cussed, any impingement of the IMTA infrastructure
on the requirement of large boats or ships to access
the fin-fish cages may reduce the efficiency of the

fin-fish operation. There will also be an increase in
the complexity of the biosecurity of the site when
dealing with organisms with different production
cycles. Disease is a major constraint on the industry,
costing the industry as a whole approximately $US6
billion annually (Brummett et al. 2014), so any new
production system must not increase the risk of dis-
ease. There is a lack of clear evidence about the role
extractive species may play as a reservoir for infec-
tious agents or the role they may play in eliminating
or reducing the risk of disease. In the case of Vibrio
anguillarum (vibriosis), blue mussels Mytilus edulis
were shown to accumulate the vibrio in their diges-
tive glands (Pietrak et al. 2010). Mussel pseudofaeces
contained concentrated and infectious V. anguilla-
rum. Juvenile cod exposed to infected faecal material
suffered 60 to 80 % mortality. This result indicated
that in the co-culture of mussels and fin-fish, mussels
may act as a reservoir of infections for V. angillarium
(Pietrak et al. 2010). However, in the case of infec-
tious salmon anaemia virus (ISAV), blue mussels
were shown not to accumulate the virus and may de-
activate the virus (Skar & Mortensen 2007, Molloy et
al. 2014). There has been significant interest in the
ability of bivalves to ingest sea lice larvae (Molloy et
al. 2011, Webb et al. 2013), and if the efficacy of this
as a lice-control method could be proved, it would be
a big driver for the adoption of IMTA by salmon
farmers. Another important component when consid-
ering increased complexity is the human resource
capacity within any one farm or company. Fin-fish
farming, shellfish farming, and seaweed farming are
all skilled professions, and while there is a degree of
complementarity in the skill sets among the 3, there
are also large differences in required skills. A fin-fish
farmer may need to ‘buy in' expertise from outside,
creating further complexity and cost.

Increased profitability

Full and comprehensive economic analyses of inte-
grated aquaculture are difficult to find for European
or western context. The existing studies are based on
models, and simulations suggest that IMTA can
increase the profitability for the individual operator
when the market conditions are right and can pro-
vide a measure of resilience during periods of un-
favourable conditions (Whitmarsh et al. 2006, Ridler
et al. 2007). However, both these studies are based
on hypothetical farms. A study from Sanggou Bay,
China, based on real data and not models, showed
that there was a significant increase in profitability in
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an IMTA operation based on scallop and seaweed
production, compared to monocultures of those spe-
cies alone (Shi et al. 2013). The other route to in-
creased profitability for a fish farmer is if s/he can sell
his/her main products for more as a result of being
produced through IMTA. In a public perceptions sur-
vey of integrated aquaculture (Barrington et al.
2010), restaurateurs stated that they would be willing
to pay up to 10% more for environmentally friendly
seafood. Another survey showed that 38% of New
York seafood consumers would be prepared to pay
10 % extra for IMTA produced mussels if they carried
appropriate labelling (Shuve et al. 2009). However, it
is impossible to predict if these results would be
borne out in a real marketplace.

HOW DO THESE TRADE-OFFS COMPARE WITH
THE SITUATION IN ASIA?

At a very gross level, a first-order calculation shows
that in Asia, the balance of fin-fish aquaculture to
extractive aquaculture (where molluscs and aquatic
plants categories from the FAO database are consid-
ered extractive organisms) is approximately 1:1,
whereas in Europe, itis 3.5:1 (FAO 2012). This differ-
ence coupled with a higher relative value of extrac-
tive organisms (molluscs and seaweed in Asia com-
pared to fin-fish; FAO 2012) means that the economic
case for choosing a production system that boosts the
growth of extractive organisms is much stronger. As
such, there are fundamental differences in how these

trade-offs impact the industry in Asia. While there is
no increase in productivity for fin-fish under IMTA,
there is evidence to support the benefit to shellfish
and seaweeds, which are a larger proportion of the
Asian industry and have a higher value to this indus-
try. Also, in Asia, the main area of environmental
concern for the aquaculture industry and regulators
is the impact associated with aquaculture and the
water column as opposed to the benthic impacts (Hu
et al. 2010, Keesing et al. 2011), and the link between
IMTA (seaweed and mussels) and reduced environ-
mental impacts is much clearer for the water-column
impacts than for benthic impacts. In terms of the neg-
ative trade-offs, the increased space requirement is
less of an issue to an industry more biased toward
extensive production, and the increase in complexity
of an IMTA operation is more manageable with a
less-mechanised and more labour-intensive industry
that is characteristic of Asian aquaculture. From this
initial characterisation, it would appear that the
trade-offs for IMTA are more positive for Asia com-
pared to Europe (Table 1). For the European industry
to embrace IMTA, there needs to be development of
economically and technically viable benthic IMTA
which will ameliorate the seabed impact of fin-fish
culture. There also needs to be a better financial case
made for the adoption of IMTA based on empirical
evidence. This, combined with an increased social
licence for companies practicing IMTA that trans-
lates into a greater licenced area and biomass, would
significantly increase the development of IMTA in
Europe.

Table 1. The relative balance of trade-offs associated with IMTA in Europe and Asia

Europe

Asia

Positive trade-off (for individual company)
Increased productivity

Better environmental
performance relative to

industry's concerns
Increased social licence Evidence to support

Increased profitability Not proven

Negative trade-offs
Increased space
requirement

site due to regulation

Increased complexity
deal with increased complexity

No benefit to core business (fin-fish)
Relatively lower value of extractive species

Not proven for most environmental
impacts, likely to increase main environ-
mental constraint (benthic footprint)

Availability of space is a major constraint
to the industry development, with limited
opportunity to increase production per

Highly industrialised industry less able to

Benefit to core business (shellfish and seaweed)
Relatively higher value of extractive species

Evidence for improved water quality (main environ-
mental constraint)

No evidence
Evidence to support

Availability of space is a major constraint to the
industry development. Limited space is driving an
increase in productivity

Less industrialised production, with higher levels of
human labour and therefore greater flexibility
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CONCLUSION

If IMTA is to be adopted by an individual farmer,
the trade-offs will have to provide a net benefit or, to
paraphrase Sowell (Sowell 1995), ‘What must the fin-
fish sacrifice in order to achieve the benefits of
IMTAZ? There are plenty of examples of where other
industries have seen this balance of trade-offs as pos-
itive and have developed new environmental stan-
dards that have increased productivity and reduced
environmental damage (Porter & Van der Linde
1995, Florida 1996). The question then rises how the
trade-offs are weighed to determine if there is a pos-
itive balance to the adoption of IMTA by society. It is
important to note that these trade-offs and their
weight is entirely scale- and context-dependent
(McShane et al. 2011) and will vary according to
national and international market conditions or regu-
lations. Currently, there are few regulatory drivers in
Europe to incentivise the adoption of IMTA at the
level of an individual or a company. In fact, at the
moment, the balance of trade-offs seems to be
against the individual farmer adopting IMTA. For
this to alter for the individual farmer, there needs to
be a greater body of evidence of a financial benefit to
the farmer, better systems to reduce the increase in
complexity, and better support from policy and regu-
lation to reinforce the increase in social licence asso-
ciated with IMTA. If these trade-offs were to be con-
sidered at a national level or at an industry level, the
outcomes might well be dramatically different. It is
beyond the scope of this paper to make that weighing
for any individual company, but it is possible to look
at where the balance of evidence lies for both Europe
and Asia and see some of the reasons why IMTA may
be more prevalent in Asia and what needs to change
in Europe before IMTA is more widely adopted.

Acknowledgements. The authors acknowledge the valuable
comments supplied by the IDREEM consortium during the
writing of this manuscript, in particular Marc Shorten,
Angelica Mendoza and Mariachiara Chiantore. The research
leading to these results was undertaken as part of the
IDREEM project and received funding from the European
Union's Seventh Framework Programme (FP7/2007-2013)
under grant agreement number 308571.

LITERATURE CITED

[] Ahn O, Petrell RJ, Harrison PJ (1998) Ammonium and

nitrate uptake by Laminaria saccharina and Nereocystis
luetkeana originating from a salmon sea cage farm.
J Appl Phycol 10:333-340

[] Amano K, Ebihara M (2005) Eco-intensity analysis as sus-

tainability indicators related to energy and material flow.

Manag Environ Qual 16:160-166

Andersen TB, Roll KH, Tveteras S (2008) The price respon-
siveness of salmon supply in the short and long run. Mar
Resour Econ 23:425-437

Asche F, Guttormsen AG, Nielsen R (2013a) Future chal-
lenges for the maturing Norwegian salmon aquaculture
industry: an analysis of total factor productivity change
from 1996 to 2008. Aquaculture 396-399:43-50

Asche F, Roll KH, Sandvold HN, Servig A, Zhang D (2013b)
Salmon aquaculture: larger companies and increased
production. Aquacult Econ Manage 17:322-339

Barrington K, Ridler N, Chopin T, Robinson S, Robinson B
(2010) Social aspects of the sustainability of integrated
multi-trophic aquaculture. Aquacult Int 18:201-211

Bostock J, McAndrew B, Richards R, Jauncey K and others
(2010) Aquaculture: global status and trends. Philos
Trans R Soc Lond B 365:2897-2912

Boulding KE (1966) The economics of the coming spaceship
earth. In: Jarrett H (ed) Environmental quality issues in a
growing economy. Johns Hopkins University Press, Bal-
timore, MD, p 3-14

Brager LM, Cranford PJ, Grant J, Robinson SMC (2015)
Spatial distribution of suspended particulate wastes at
open-water Atlantic salmon and sablefish aquaculture
farms in Canada. Aquacult Environ Interact 6:135-149

Breuer MEG (2015) European aquaculture. In: European
Parliment (ed) Fact sheets on the European Union. Euro-
pean Parliament, Brussels

Broch OJ, Ellingsen IH, Forbord S, Wang X and others
(2013) Modelling the cultivation and bioremediation
potential of the kelp Saccharina latissima in close prox-
imity to an exposed salmon farm in Norway. Aquacult
Environ Interact 4:187-206

Brummett RE, Alvial A, Kibenge F, Forster J and others
(2014) Reducing disease risk in aquaculture. Agriculture
and Environmental Services Discussion Paper No. 9.
World Bank Group, Washington, DC

Buschmann AH, Troell M, Kautsky N (2001) Integrated algal
farming: a review. Cah Biol Mar 42:83-90

Chan GL (1993) Aquaculture, ecological engineering—
lessons from China. Ambio 22:491-494

Cheshuk BW, Purser GJ, Quintana R (2003) Integrated
open-water mussel (Mytilus planulatus) and Atlantic
salmon (Salmo salar) culture in Tasmania, Australia.
Aquaculture 218:357-378

Chopin T, Robinson S, Sawhney M, Bastarache S, Belyea E
(2004) The AquaNet integrated multi-trophic aquacul-
ture project: rationale of the project and development of
kelp cultivation as the inorganic extractive component of
the system. Bull Aquacult Asoc Can 104-3:11-18

Chopin T, MacDonald B, Robinson S, Cross S and others
(2013) The Canadian integrated multi-trophic aquacul-
ture network (CIMTAN)—a network for a new era of
ecosystem responsible aquaculture. Fisheries (Bethesda,
Md) 38:297-308

Commission of the European Communities (2009) Building a
sustainable future for aquaculture: a new impetus for the
strategy for the sustainable development of European
aquaculture. Commission of the European Communi-
ties, Brussels

Cranford PJ, Reid GK, Robinson SMC (2013) Open water
integrated multi-trophic aquaculture: constraints on the
effectiveness of mussels as an organic extractive compo-
nent. Aquacult Environ Interact 4:163-173

Cubillo AM, Ferreira JG, Robinson SMC, Pearce CM,


http://dx.doi.org/10.1016/j.aquaculture.2015.11.031
http://dx.doi.org/10.3354/aei00081
http://dx.doi.org/10.1080/03632415.2013.791285
http://dx.doi.org/10.1016/S0044-8486(02)00640-3
http://dx.doi.org/10.3354/aei00080
http://dx.doi.org/10.3354/aei00120
http://dx.doi.org/10.1098/rstb.2010.0170
http://dx.doi.org/10.1007/s10499-008-9236-0
http://dx.doi.org/10.1080/13657305.2013.812156
http://dx.doi.org/10.1016/j.aquaculture.2013.02.015
http://dx.doi.org/10.1086/mre.23.4.42629673
http://dx.doi.org/10.1108/14777830510583173
http://dx.doi.org/10.1023/A%3A1008092521651

198 Aquacult Environ Interact 8: 191-199, 2016

Corner RA, Johansen J (2016) Role of deposit feeders in
integrated multi-trophic aquaculture —a model analysis.
Aquaculture 453:54-66

Ehrenfeld JR (2005) Eco-efficiency: philosophy, theory, and
tools. J Ind Ecol 9:6-8

Eklo6f JS, Henriksson R, Kautsky N (2006) Effects of tropical
open-water seaweed farming on seagrass ecosystem
structure and function. Mar Ecol Prog Ser 325:73-84

FAO (Food and Agriculture Organization of the United
Nations) (2012) The state of world fisheries and aquacul-
ture—2012. FAO, Rome. www.fao.org/docrep/016/i2727
e/i2727e00.htm

Florida R (1996) Lean and green: the move to environmen-
tally conscious manufacturing. Calif Manage Rev 39:80

World Economic Forum (2014) Towards the circular econ-
omy: accelerating the scale-up across global supply
chains. World Economic Forum with the Ellen MacArthur
Foundation and McKinsey & Company, Geneva

Granada L, Sousa N, Lopes S, Lemos MFL (2015) Is integrated
multitrophic aquaculture the solution to the sectors' major
challenges? —a review. Rev Aquacult (in press), doi:10.
1111/raq.12093

Grosholz E, Crafton RE, Fontana R, Pasari J, Williams S,
Zabin C (2015) Aquaculture as a vector for marine inva-
sions in California. Biol Invasions 17:1471-1484

Gunningham N, Kagan RA, Thornton D (2004) Social license
and environmental protection: why businesses go
beyond compliance. Law Soc Inq 29:307-341

Hamouda L, Hipel KW, Marc Kilgour D, Noakes DJ, Fang L,
McDaniels T (2005) The salmon aquaculture conflict in
British Columbia: a graph model analysis. Ocean Coast
Manage 48:571-587

Holdt SL, Edwards MD (2014) Cost-effective IMTA: a com-
parison of the production efficiencies of mussels and sea-
weed. J Appl Phycol 26:933-945

Hu CM, Li DQ, Chen CS, Ge JZ and others (2010) On the
recurrent Ulva prolifera blooms in the Yellow Sea and
East China Sea. J Geophys Res C Oceans 115:C05017,
doi:10.1029/2009JC005561

Hughes A, Kelly M, Black K, Stanley M (2012) Biogas from
macroalgae: Is it time to revisit the idea? Biotechnol Bio-
fuels 5:86

Iotti M, Bonazzi G (2015) Profitability and financial sustain-
ability analysis in Italian aquaculture firms by applica-
tion of economic and financial margins. Am J Agric Biol
Sci 10:18-34

Irisarri J, Ferndndez-Reiriz MJ, Labarta U, Cranford PJ,
Robinson SMC (2015) Availability and utilization of waste
fish feed by mussels Mytilus edulis in a commercial inte-
grated multi-trophic aquaculture (IMTA) system: a multi-
indicator assessment approach. Ecol Indic 48:673-686

IUCN (International Union for the Conservation of Nature)
(2009) Aquaculture site selection and site management.
In: IUCN (ed) Guide for the sustainable development of
Mediterranean aquaculture 2. IUCN, Gland

Katranidis S, Nitsi E, Vakrou A (2003) Social acceptability of
aquaculture development in coastal areas: the case of
two Greek islands. Coast Manage 31:37-53

Keesing JK, Liu DY, Fearns P, Garcia R (2011) Inter- and
intra-annual patterns of Ulva prolifera green tides in the
Yellow Sea during 2007-2009, their origin and relation-
ship to the expansion of coastal seaweed aquaculture in
China. Mar Pollut Bull 62:1169-1182

Klinger D, Naylor R (2012) Searching for solutions in aqua-
culture: charting a sustainable course. Annu Rev Environ

Resour 37:247

Lander TR, Robinson SMC, Macdonald BA, Martin JD
(2012) Enhanced growth rates and condition index of
blue mussels (Mytilus edulis) held at integrated multi-
trophic aquaculture sites in the Bay of Fundy. J Shellfish
Res 31:997-1007

Leith P, Ogier E, Haward M (2014) Science and social
license: defining environmental sustainability of Atlantic
salmon aquaculture in south-eastern Tasmania, Aus-
tralia. Soc Epistemol 28:277-296

Meehre HK, Malde MK, Eilertsen KE, Elvevoll EO (2014)
Characterization of protein, lipid and mineral contents in
common Norwegian seaweeds and evaluation of their
potential as food and feed. J Sci Food Agric 94:3281-3290

Marinho G, Nunes C, Sousa-Pinto I, Pereira R, Rema P,
Valente LMP (2013) The IMTA-cultivated Chlorophyta
Ulva spp. as a sustainable ingredient in Nile tilapia (Oreo-
chromis niloticus) diets. J Appl Phycol 25:1359-1367

Mazur NA, Curtis AL (2008) Understanding community per-
ceptions of aquaculture: lessons from Australia. Aquacult
Int 16:601-621

McShane TO, Hirsch PD, Trung TC, Songorwa AN and oth-
ers (2011) Hard choices: making trade-offs between bio-
diversity conservation and human well-being. Biol Con-
serv 144:966-972

Merceron M, Kempf M, Bentley D, Gaffet JD, Le Grand J,
Lamort-Datin L (2002) Environmental impact of a
salmonid farm on a well flushed marine site. I. Current
and water quality. J Appl Ichthyol 18:40-50

Molloy SD, Pietrak MR, Bouchard DA, Bricknell I (2011)
Ingestion of Lepeophtheirus salmonis by the blue mussel
Mytilus edulis. Aquaculture 311:61-64

Molloy SD, Pietrak MR, Bouchard DA, Bricknell I (2014) The
interaction of infectious salmon anaemia virus (ISAV) with
the blue mussel, Mytilus edulis. Aquacult Res 45:509-518

Neori A, Chopin T, Troell M, Buschmann AH and others
(2004) Integrated aquaculture: rationale, evolution and
state of the art emphasizing seaweed biofiltration in
modem mariculture. Aquaculture 231:361-391

Nikitina E (2015) The role of ‘green’ licences in defining
environmental controls in Norwegian salmon aquacul-
ture. MS thesis, The Arctic University of Norway, Tromso

OECD (2010) Proceedings of the workshop on advancing
the aquaculture agenda: policies to ensure a sustainable
aquaculture sector. OECD Conference, Paris, 15-16
April 2010. OECD Publishing, Paris

Pietrak MR, Molloy SD, Bouchard DA, Singer JT, Bricknell I
(2010) Interaction of a bacterial fish pathogen Vibrio
anguillarum 02f with mussels Mytilus edulis. In: Proc
Northeast Aquacult Conf Expo, 1-3 December 2010,
Plymouth, MA

Porter ME, Van der Linde C (1995) Green and competitive:
ending the stalemate. Harv Bus Rev 73:120-134

Reid GK, Chopin T, Robinson SMC, Azevedo P, Quinton M,
Belyea E (2013) Weight ratios of the kelps, Alaria escu-
lenta and Saccharina latissima, required to sequester dis-
solved inorganic nutrients and supply oxygen for
Atlantic salmon, Salmo salar, in integrated multi-trophic
aquaculture systems. Aquaculture 408-409:34-46

] Ren LH, Zhang JH, Fang JG, Tang QS, Zhang ML, Du MR

(2014) Impact of shellfish biodeposits and rotten seaweed
on the sediments of Ailian Bay, China. Aquacult Int 22:
811-819

[] Ridler N, Wowchuk M, Robinson B, Barrington K and others

(2007) Integrated multi-trophic aquaculture (IMTA): a


http://dx.doi.org/10.1080/13657300701202767
http://dx.doi.org/10.1007/s10499-013-9709-7
http://dx.doi.org/10.1016/j.aquaculture.2013.05.004
http://dx.doi.org/10.1016/j.aquaculture.2003.11.015
http://dx.doi.org/10.1111/j.1365-2109.2012.03254.x
http://dx.doi.org/10.1016/j.aquaculture.2010.11.038
http://dx.doi.org/10.1046/j.1439-0426.2002.00306.x
http://dx.doi.org/10.1016/j.biocon.2010.04.038
http://dx.doi.org/10.1007/s10499-008-9171-0
http://dx.doi.org/10.1007/s10811-012-9965-3
http://dx.doi.org/10.1002/jsfa.6681
http://dx.doi.org/10.1080/02691728.2014.922641
http://dx.doi.org/10.2983/035.031.0412
http://dx.doi.org/10.1146/annurev-environ-021111-161531
http://dx.doi.org/10.1016/j.marpolbul.2011.03.040
http://dx.doi.org/10.1080/08920750390168291
http://dx.doi.org/10.1016/j.ecolind.2014.09.030
http://dx.doi.org/10.3844/ajabssp.2015.18.34
http://dx.doi.org/10.1186/1754-6834-5-86
http://dx.doi.org/10.1029/2009JC005561
http://dx.doi.org/10.1007/s10811-014-0273-y
http://dx.doi.org/10.1016/j.ocecoaman.2005.02.001
http://dx.doi.org/10.1111/j.1747-4469.2004.tb00338.x
http://dx.doi.org/10.2307/41165877
http://dx.doi.org/10.3354/meps325073
http://dx.doi.org/10.1162/108819805775248070

Hughes & Black: Trade offs in European IMTA development 199

potential strategic choice for farmers. Aquacult Econ
Manage 11:99-110

Robinson S, Martin J, Cooper J, Lander T, Reid G, Powell F,
Griffin R (2011) The role of three dimensional habitats in
the establishment of integrated multi-trophic aquacul-
ture (IMTA) systems. Bull Aquacult Assoc Can 109:23-29

Ryther JH, Tenore KR, Dunstan WM, Huguenin JE (1972)
Controlled eutrophication: increasing food production
from sea by recycling human wastes. Bioscience 22:144

Ryther JH, Goldman JC, Gifford CE, Huguenin JE and oth-
ers (1975) Physical models of integrated waste recycling—
marine polyculture systems. Aquaculture 5:163-177

Sanderson JC, Cromey CJ, Dring MJ, Kelly MS (2008) Dis-
tribution of nutrients for seaweed cultivation around
salmon cages at farm sites in north-west Scotland. Aqua-
culture 278:60-68

Sanderson JC, Dring MJ, Davidson K, Kelly MS (2012) Cul-
ture, yield and bioremediation potential of Palmaria
palmata (Linnaeus) Weber & Mohr and Saccharina latis-
sima (Linnaeus) C.E. Lane, C. Mayes, Druehl & G.W.
Saunders adjacent to fish farm cages in northwest Scot-
land. Aquaculture 354-355:128-135

Shi H, Zheng W, Zhang X, Zhu M, Ding D (2013) Ecologi-
cal-economic assessment of monoculture and integrated
multi-trophic aquaculture in Sanggou Bay of China.
Aquaculture 410-411:172-178

Shuve H, Caines E, Ridler N, Chopin T and others (2009)
Survey finds consumers support integrated multitrophic
aquaculture: effective marketing concept key. Global
Aquacult Advoc 2009:22-23

Skar CK, Mortensen S (2007) Fate of infectious salmon
anaemia virus (ISAV) in experimentally challenged blue
mussels Mytilus edulis. Dis Aquat Org 74:1-6

Sowell T (1995) The vision of the anointed: self-congratula-
tion as a basis for social policy. Basic Books, New York,
NY

Stahel WR (1982) The product life factor. An inquiry into the
nature of sustainable societies: the role of the private sec-
tor (Series: 1982 Mitchell Prize Papers). Houston Area
Research Center, the Woodlands, TX

Troell M, Norberg J (1998) Modelling output and retention
of suspended solids in an integrated salmon-mussel cul-
ture. Ecol Modell 110:65-77

Troell M, Halling C, Neori A, Chopin T, Buschmann AH,
Kautsky N, Yarish C (2003) Integrated mariculture:

Editorial responsibility: Marianne Holmer,
Odense, Denmark

asking the right questions. Aquaculture 226:69-90

Troell M, Joyce A, Chopin T, Neori A, Buschmann AH, Fang
JG (2009) Ecological engineering in aquaculture—
potential for integrated multi-trophic aquaculture
(IMTA) in marine offshore systems. Aquaculture 297:1-9

Vassdal T, Holst HMS (2011) Technical progress and regress
in Norwegian salmon farming: a Malmquist index
approach. Mar Resour Econ 26:329-341

Wahbeh MI (1997) Amino acid and fatty acid profiles of four
species of macroalgae from Agaba and their suitability
for use in fish diets. Aquaculture 159:101-109

Wang X, Olsen LM, Reitan KI, Olsen Y (2012) Discharge of
nutrient wastes from salmon farms: environmental
effects, and potential for integrated multi-trophic aqua-
culture. Aquacult Environ Interact 2:267-283

Wang X, Broch OJ, Forbord S, Handa A and others (2014)
Assimilation of inorganic nutrients from salmon (Salmo
salar) farming by the macroalgae (Saccharina latissima)
in an exposed coastal environment: implications for inte-
grated multi-trophic aquaculture. J Appl Phycol 26:
1869-1878

Webb JL, Vandenbor J, Pirie B, Robinson SMC, Cross SF,
Jones SRM, Pearce CM (2013) Effects of temperature,
diet, and bivalve size on the ingestion of sea lice (Lep-
eophtheirus salmonis) larvae by various filter-feeding
shellfish. Aquaculture 406-407:9-17

Whitmarsh D, Palmieri MG (2009) Social acceptability of
marine aquaculture: the use of survey-based methods for
eliciting public and stakeholder preferences. Mar Policy
33:452-457

Whitmarsh D, Wattage P (2006) Public attitudes towards the
environmental impact of salmon aquaculture in Scot-
land. Eur Environ 16:108-121

Whitmarsh DJ, Cook EJ, Black KD (2006) Searching for sus-
tainability in aquaculture: an investigation into the eco-
nomic prospects for an integrated salmon-mussel pro-
duction system. Mar Policy 30:293-298

Wilding TA (2012) Changes in sedimentary redox associated
with mussel (Mytilus edulis L.) farms on the west-coast of
Scotland. PLoS One 7:€45159

Yildirim O, Ergun S, Yaman S, Turker A (2009) Effects of two
seaweeds (Ulva lactuca and Enteromorpha linza) as a
feed additive in diets on growth performance, feed uti-
lization, and body composition of rainbow trout (Onco-
rhynchus mykiss). Kafkas Univ Vet Fak Derg 15:455-460

Submitted: September 16, 2015; Accepted: February 14, 2016
Proofs received from author(s): April 5, 2016


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23028817&dopt=Abstract
http://dx.doi.org/10.1016/j.marpol.2005.01.004
http://dx.doi.org/10.1002/eet.406
http://dx.doi.org/10.1016/j.marpol.2008.10.003
http://dx.doi.org/10.1016/j.aquaculture.2013.04.010
http://dx.doi.org/10.1007/s10811-013-0230-1
http://dx.doi.org/10.3354/aei00044
http://dx.doi.org/10.1016/S0044-8486(97)00183-X
http://dx.doi.org/10.5950/0738-1360-26.4.329
http://dx.doi.org/10.1016/j.aquaculture.2009.09.010
http://dx.doi.org/10.1016/S0044-8486(03)00469-1
http://dx.doi.org/10.1016/S0304-3800(98)00042-8
http://dx.doi.org/10.3354/dao074001
http://dx.doi.org/10.1016/j.aquaculture.2013.06.033
http://dx.doi.org/10.1016/j.aquaculture.2012.03.019
http://dx.doi.org/10.1016/j.aquaculture.2008.03.027
http://dx.doi.org/10.1016/0044-8486(75)90096-4
http://dx.doi.org/10.2307/1296076

	cite10: 
	cite12: 
	cite21: 
	cite23: 
	cite16: 
	cite30: 
	cite25: 
	cite18: 
	cite41: 
	cite4: 
	cite34: 
	cite43: 
	cite36: 
	cite8: 
	cite38: 
	cite52: 
	cite50: 
	cite54: 
	cite47: 
	cite45: 
	cite56: 
	cite29: 
	cite61: 
	cite58: 
	cite1: 
	cite5: 
	cite9: 
	cite11: 
	cite13: 
	cite20: 
	cite15: 
	cite24: 
	cite17: 
	cite2: 
	cite26: 
	cite40: 
	cite19: 
	cite28: 
	cite42: 
	cite6: 
	cite37: 
	cite51: 
	cite35: 
	cite39: 
	cite33: 
	cite46: 
	cite55: 
	cite48: 
	cite31: 
	cite44: 
	cite57: 
	cite60: 
	cite59: 
	cite62: 
	cite3: 


