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Glossary

Aquaculture Following the definition of the FAO
[1, 2], aquaculture is the farming of aquatic organ-
isms, including fish, molluscs, crustaceans, and
aquatic plants with some sort of intervention in the
rearing process to enhance production, such as reg-
ular stocking, feeding, and protection from preda-
tors. Specifically, marine aquaculture, also called
mariculture, concentrates on aquatic organisms cul-
tivated in brackish or marine environments.

Integrated Coastal Zone Management (ICZM)
A process for the management of the coast using
an integrated approach, regarding all aspects of the
coastal zone, including geographical and political
boundaries, in an attempt to achieve sustainability.
The EU Commission [3] defines ICZM as a
dynamic, multidisciplinary, and iterative process
to promote sustainable management of coastal
zones. It covers the full cycle of information collec-
tion, planning (in its broadest sense), decision
making, management, and monitoring of imple-
mentation. ICZM uses the informed participation
and cooperation of all stakeholders to assess the
societal goals in a given coastal area, and to take
actions towards meeting these objectives. ICZM
seeks, over the long term, to balance environmental,
economic, social, cultural, and recreational objec-
tives, all within the limits set by the natural
dynamics.

Mariculture See “aquaculture”.

Offshore aquaculture A culture operation in a fre-
quently hostile open ocean environment exposed
to all kinds of sea states as well as being placed far
off the coast.

Offshore co-management A dynamic partnership
using the capacities and interests of different stake-
holder groups for managing cross-sectoral activities
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in cooperation with governmental authorities in
the open sea.

Offshore wind farms A group of wind turbines in the
same confined area used for production of electric
power in the open ocean. Moving off the coast to
the offshore, wind turbines are less obtrusive than
turbines on land, as their apparent size and noise is
mitigated by distance. Since water has less surface
roughness than land (especially in deeper waters),
the average wind speed is usually considerably
higher over the open water. Therefore, the capacity
factors are considerably higher than for onshore
and nearshore locations [4].

Open ocean aquaculture See “Offshore aquaculture”.

Definition of the Subject

“Fisheries have rarely been sustainable.” This statement
by Pauly et al. [5] was based on the recognition that this
lack of sustainability was induced by a serial depletion
of wild stocks worldwide. Causative for this trend is
due to the improved fishing technology, geographical
expansion, and exploitation of previously spurned spe-
cies lower in the food web. In exchange, aquaculture

was often either regarded to bridge the gap between
supply and demand or, in contrast, even to exacerbate
this scenario.

Since the 1970s, aquaculture production has grown
quite rapidly and is by now one of the fastest growing
aquatic food production sectors in the world [6].
Besides the rapid development of this sector, the wide-
ranging decline in fisheries yields has been enhanced by
an increase in public demand for aquatic products. With
an annual share of more than 15% of total animal
protein supplies, the production of captured fisheries
and aquaculture plays a significant role in the global
food security [6]. In 2007, approximately 160 million
tons of aquatic organisms were produced worldwide
(Fig. 1). From that, the share of global aquaculture
production amounts to almost 47%, totaling about
60 million tons annually of aquatic organisms [7, 10].
A wide range of aquatic species is raised in various
systems, onshore as well as in the ocean. According to
the FAO [6], approximately 300 different species, rang-
ing from fish to shellfish, crustaceans and algae are
produced in aquaculture systems. Most of these aqua-
culture enterprises are concentrated in well-protected
and therefore favorable inshore water areas [11].
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Global production of aquatic organisms originating from fisheries and aquaculture within the last 55 years (Data source [7],

modified after [8, 9])
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Even probably though over-reporting its aquacul-
ture production [12], the People’s Republic of China
has contributed approximately 70% to the world’s
aquaculture production in 2004. It is nevertheless
debatable, whether this production can compensate
for the global deficiency in aquatic food. In addition,
the intensive traditional aquaculture of carnivorous
species does not automatically relieve pressure on
ocean fisheries [13]. Salmon farming, e.g., requires
large inputs of wild fish as fish oil and fish meal for
the production of fish feed for aquaculture. Hence, the
farming of non-carnivorous species that is not depen-
dent on fishmeal-based feeds is considered a sustainable
way of producing food. However, the global increase in
production originates from herbivorous species. Fur-
ther, the balance between carnivorous and non-carniv-
orous species in aquaculture production is heavily
skewed towards herbivorous species [14].

On top of this issue, an increasing limitation of
favorable coastal sites for the development of modern
aquaculture is evident in various countries, such as
Germany, the Netherlands, Belgium, as well as others
[15]. This spatial limitation is mainly caused by the
lack of protected nearshore areas and by the fact that
regulatory frameworks that assign specific areas for
aquaculture operations are diverse and still emerging.

Further, the utilizations of coastal marine waters are
manifold and quite competitive, such as shipping
(trade or private), recreational activities, extraction or
disposal of gravel, marine missions, fisheries, maricul-
ture, offshore wind farms, cable and pipelines, estab-
lishment of nature reserves,
and coastal protected areas. In addition, overlapping
use of coastal habitats adds to the increasing pollution
of coastal waters in various situations and gives rise to
spatial conflicts, thus leaving little room for the expan-
sion of modern coastal aquaculture systems.

This situation in most industrialized countries is often
in contrast to the production progress in developing
countries. Here, the installation of aquaculture systems
benefits from the often weak enforcement of integrated
coastal management schemes, which regulate equal access
to the coastal resources [16, 17]. Thus, the rise of aqua-
culture production has specifically taken place in devel-
oping countries, especially in Asia, which holds
approximately 91.4% of the global production share
[10, 18, 19]. In contrast, the number of competing

and other marine

users within offshore regions is relatively low, thus
favoring the offshore environment for further commer-
cial development, such as offshore wind farming and
open ocean aquaculture. So far, spatial regulations off-
shore are scarce and clean water can be expected [20].
Thus, there is an enormous economic potential for
extensive marine aquaculture in offshore areas.

Introduction

Aquaculture has been increasing dramatically in most
parts of the world and now accounts for more than
47% of the total global seafood supply [7]. Many peo-
ple generally assess aquaculture positively as a potential
alternative to global fishery resources, which are glob-
ally under stress as a result of overfishing. However, it
also raises concerns over pollution, disease transmis-
sion, and other socio-economic impacts. Almost all
efforts to develop marine aquaculture have focused
on state jurisdictional waters of the coastal sea, which
are generally situated within 3 nautical miles off the
shore [21, 22]. With the convergence of environmental
and aesthetic concerns, aquaculture, which is already
competing for space with other more established and
accepted uses, is having an increasingly difficult time
expanding in nearshore waters [23]. Therefore, alter-
native approaches are needed in order to allow the
expansion of the marine aquaculture sector to make
a meaningful and sustainable contribution to the
world’s seafood supply.

The political recognition — on a national as well as
on EU level — that the implementation of integrated
coastal zone management (ICZM) is still fragmentary,
acted as incentive to investigate in more detail how this
could be overcome [e.g., 24]. This lack was recognized
and led to the operation of a EU-Demonstration
Programme on Integrated Coastal Zone Management
from 1996 to 1999. This Programme was designed
around a series of 35 demonstration projects and six
thematic studies. In 2002, based on the experiences and
outputs of the Demonstration Programme, the EU-
Commission adopted a recommendation concerning
the implementation of Integrated Coastal Zone Manage-
ment in Europe (Recommendation of the European
Parliament and of the Council, 2002/413/EC). In
Germany, this generated a call of the Federal Ministry
of Education and Research to the various federal states to
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develop projects that address ICZM on a regional level.
In 2004, the program Coastal Futures [25], which tied
up various administrative and scientific bodies and the
public along the west coast of the State of Schleswig-
Holstein, was granted funding. This program focused
primarily on two issues: [1] to develop the future of the
coast as a living, working, and recreational space for the
local population, and [2] to consider the potential
contribution of coastal resources to the sustainable
development on the national and EU/global level, i.e.,
by providing regenerative energy by wind power. In
order to sustain sufficient open space for future devel-
opment, the idea of combining offshore wind power
generation with other uses, such as aquaculture opera-
tions, emerged [26]. Marine aquaculture is a growing
enterprise in Germany as well as in the whole of
Europe, strongly motivated by the decline of fisheries
production and the search for alternative income
options for rural peripheral coastal regions.

In order to stimulate multifunctional use of marine
space, it was decided to develop a project on a showcase
basis, which deals not only with different scientific
fields but also with private—public partnerships and
the relevant institutional bodies. In the following, an
overview on the current state of research undertaken
within this focus is provided. Offshore wind farms will
hereby act as a case example for renewable energy
systems in the open ocean.

Offshore Aquaculture — A New Addition to
Marine Resource Use

Farming in the open ocean has been identified as one
potential option for increasing seafood production and
has been a focus of international attention for more
than a decade. Offshore aquaculture or open ocean aqua-
culture are operations in a marine environment fully
exposed to all kinds of oceanographic conditions [27]
as well as located at least 8 nautical miles off the coast
[15] to avoid the many stakeholder conflicts in nearer
coastal areas [28]. The procedures and applied tech-
niques for the cultivation of organisms mainly depend
on the species; their life cycle determines the phases of
cultivation and the location for the grow-out, where
market size will be reached. First trials of cultivation
were based on extensive marine aquaculture, which — in
contrast to intensive aquaculture — is a line of

production with little impact on the marine environ-
ment. These aquaculture operations are characterized
by (1) a low degree of control (i.e., environmental
control, nutrition, predators, competitors, and disease
agents), (2) low initial costs, (3) low level technology,
(4) low-production efficiency, and (5) high depen-
dence on local climate and water quality (natural
water bodies, such as bays, ponds, embayments) [29].
Mostly, they are regarded as a sustainable line of
production.

Moving to the open ocean has been considered as
a means for moving away from negative environmental
impacts and negative public perception issues in the
coastal zone. Favorable features for the transfer to open
ocean waters include ample space for expansion and
thus reduced conflicts with other user groups, lower
exposure to human sources of pollution, the potential
to reduce some of the negative environmental impacts
of coastal fish farming, and optimal environmental
conditions for various marine species through the
larger carrying and assimilative capacities. However,
this move should not be seen as an “out of sight, out
of mind” attitude, as open ocean development will also
come under scrutiny by the institutional bodies as well
as by a more and more educated public. It is expected
that, because of economies of scale, the open ocean
farms of tomorrow will be larger than the present
nearshore farms. Therefore, higher levels of waste can
be generated. Even if greater residual effects occur,
deeper waters and lower nutrient baselines are expected
to reduce impacts from open ocean operations through
wider dispersion plumes of nutrients, as compared to
similarly sized nearshore operations. However, there
will be a point when open ocean ecosystems will even-
tually reach their assimilative carrying capacities [30].

Offshore Wind Farms as a Case Example for
Renewable Energy Systems

Wind energy continues to be the world’s most dynam-
ically growing energy source [31]. Drawing on the
example of Germany, the first initiative toward an
economy based on renewable energy resources was set
by the governmental decision in the year 2000 to grad-
ually reduce the use of nuclear energy and to respond to
the gradually diminishing fossil- and nuclear-energy
reserves. Simultaneously, the output of CO, to the
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atmosphere would be reduced in accordance with the
Kyoto protocol as well as the dependence on conven-
tional fossil-energy resources is lowered.

As high and reasonably steady wind speeds are
characteristic in Northern offshore areas, these areas
are prime candidates for renewable energy production
by wind-energy farms. For instance in the North Sea,
a major political incentive exists currently to install
large offshore wind farms [32, 33]. Thus, the emerging
branch of offshore wind farms appears as a new stake-
holder on the list of users [34, 35].

So far, this development has been successful to such
an extent that around 7.2% of the total energy con-
sumption in Germany is covered by this technology. At
the end of 2007, Germany had an installed capacity of
22,247 MW, generated by 19,460 mainly land-based
operating wind turbines [36]. Within Europe, as the
leading market for wind energy with over 57 GW,
Germany thus accounted for 39% in terms of the
total installed capacity and still remains the world’s
leader. However, with the North American market
currently experiencing a strong growth, it is expected
that the US market will soon overtake Germany [37].

At present, 60 project applications for wind farms in
the Exclusive Economic Zone (EEZ) of the German
North Sea and in the Baltic Sea are in the planning process
stage with the total number of wind turbines per farm
ranging between 80 and 500 [26] (Fig. 2). In November
2001, the Federal Maritime and Hydrographic Agency
(BSH) granted the first approval for the installation of
a pilot offshore wind farm. Since then, a total of
23 wind farm development projects have been
approved in German waters, most of them planned
seaward of the 12 nautical miles zone [38]. Currently,
a larger test farm of about 12 wind turbines (5 MW
class) at the “Borkum West” site are in operation
(Fig. 3) [39]. Experience gained in this project should
give developers practical knowledge in the construction
and operation of offshore wind farms at depths (down
to 50 m) and at distances from the shore (up to 50
nautical miles and more) that are beyond comparison
to those anywhere in the world [31, 33].

In contrast to neighboring European states, the
prospect of moving wind energy developments off-
shore stagnated in Germany for years mainly due to
a very complex licensing procedure and the high envi-
ronmental constraints [33, 40]. A further obstacle roots

in the spatial competition of offshore wind farms with
other utilization of the marine waters in the German
Bight [41, 42]. However, despite the number of com-
peting users within offshore regions being lower com-
pared to coastal areas [43], the quest for spatial
efficiency remains to be a key incentive also for offshore
developments in the future.

Moving Offshore: The Multiple-Use Concept

The plans for the massive expansion of wind farms in
offshore areas of the North Sea triggered the idea
of a combination of wind turbines with installations
for extensive shellfish and macroalgae aquaculture
[15, 26]. Offshore wind farms provide an appropriately
sized area free of shipping traffic as most offshore
wind farms are designed as restricted-access areas
due to hazard mitigation concerns. Concurrently, the
infrastructure for regular service support is readily
available, and hence such sites provide an ideal oppor-
tunity for devising and implementing a multiple-use
concept [42, 44]. However, in contrast to coastal
inshore areas where beaches and their adjacent near-
shore zones act as buffers to absorb wave energy, off-
shore regions are high-energy environments, fully
exposed to waves, weather, and currents. Numerous
studies have demonstrated that waves can reach
remarkable heights (up to 10 m) in the offshore areas
of the North Sea [e.g., 45, 46]. In this context, the solid
foundation structure of wind turbines provides sup-
port for anchoring cultivation devices that can with-
stand the harsh oceanic conditions [47]. Furthermore,
offshore structures are well known for their artificial
reef function, thus supporting biodiversity in the eco-
system. The offshore water quality, which is a major
issue in all kinds of aquaculture operations, is regarded
to be excellent in comparison to inshore areas [48, 49].
Finally, the multifunctional use of offshore areas
reduces conflicts between stakeholders if activities are
concentrated and conjointly managed within so-called
multiple-use marine areas. This, in turn, increases the
amount of open ocean territory free of utilization by
man. All of the above issues are considered as key
incentives to move offshore with aquaculture
operations.

In view of the many interests for the offshore move,
different suggestions for technical structures for open
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Aquaculture and Renewable Energy Systems, Integration of. Figure 3
Offshore wind farm Alpha Ventus. (@) Shows the transfer of the windmill tripods to the harbor of Wilhelmshaven and
(b) displays the setup of an offshore windmill (REpower MI 068 [39])

ocean aquaculture were proposed (see proceedings of
various OOA-Conferences [e.g. 50, 51]), which could
cope with the harsh environmental conditions that
place an enormous stress on the employed materials.
It would be advantageous for the global offshore aqua-
culture development to plan for a combination of uses.
While windmills use the wind above the surface to
produce energy, their fixed pylons, commonly concrete
fundaments (gravity foundation), metal jackets, tri-
pods, or triples offer a possibility to connect systems
used in aquaculture (Fig. 4). The combination of the
respective two industries has to cope with the forces
generated by the high-energy environment.

Since 2000, when the co-use of wind farms for off-
bottom offshore cultivation [26] in the German Bight
was proposed, several studies have been conducted to
elucidate the potential as well as constraints of this
offshore alternative for extensive aquaculture. Two pio-
neer studies, the project Roter Sand and Offshore Aqua-
culture were conducted between 2002 and 2004 by the
Alfred Wegener Institute for Polar and Marine Research,
Bremerhaven, Germany. These two projects followed

a complex approach to obtain data about suitable indig-
enous candidates for the offshore cultivation [15], the
technical requirements of longline systems for the
cultivation of mussels or oysters [8, 9] and algal culti-
vation systems [53]. Insights into the feasibility of
offshore seed and mussel production concerning larval,
nutrient, and phytoplankton concentrations [8, 9, 54]
were provided, and the existing legislation and regula-
tions concerning marine aquaculture in Germany were
listed [21]. In addition, all stakeholders potentially
involved in a multifunctional use of offshore wind
farms for aquaculture were identified [42]. This suc-
cessful multifaceted approach helped to disperse many
concerns and doubts on the offshore idea and initiated
a sequence of and relations between various following
projects, which are displayed in Fig. 5.

Candidates and Techniques for the Multi-Use
Concept

In general, the cultivation process should consider only
indigenous species for marine aquaculture operations to
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Aquaculture and Renewable Energy Systems, Integra-
tion of. Figure 4

Potential multifunctional use of fixed underwater
structures of wind turbines for the operation of
aquaculture facilities: 12 years ago and today (2010).

(@) First drawing ever for the multi-use concept, including
alternative solutions of oyster cages and mussel collectors
attached to longlines in the inner section of the wind
farm or offshore-rings (collar systems) attached directly to
the pylon. The latter system can be submersed in case of
wind-turbine maintenance. (b) Presents a design of a single
mussel plot within a group of four wind turbines

(not to scale) (Modified after [52], Buck personal drawing)

avoid the disruption with the local marine flora and
fauna. This limits the economic opportunities of marine
aquaculture enterprises since in certain sites only a few
indigenous candidates are regarded as high-value species.
Following a feasibility study by Buck [26], in Germany
only culture species with modest service needs can be
considered as favorable candidates for offshore aqua-
culture. In the offshore test trials in Germany, most
suitable candidates suggested and tested were the sugar
kelp (Laminaria saccharina), oarweed (L. digitata),
dulse (Palmaria palmata), the blue mussel (Mytilus

edulis), and two oyster species, the Pacific oyster
(Crassostrea gigas) and the European flat oyster
(Ostrea edulis). Mussels and seaweeds, for example,
are cultured mainly in extensive systems throughout
the world [8, 56, 57]; the latter occurs for historical and
traditional reasons mostly in Asian countries.

According to Tseng [58], the cultivation procedure
of brown seaweeds can be divided into two separate
steps: In step (1), the seedling phase, spores are artifi-
cially released from mature sporophytes and seeded on
a given substrate (ropes wrapped around plastic
frames), where germination of gametophytes, the sex-
ual maturation of male and female gametophytes, and
finally, the development of zygotes into juvenile sporo-
phytes takes place. In step (2), the grow-out phase,
culture ropes with juvenile sporophytes are transferred
to the open sea. In the grow-out phase, the macroalgal
sporophytes grow on ropes for one season to a frond
length of approximately 2 m.

When natural reproduction of mussels occurs,
gametes are released into the water column where fer-
tilization takes place [59]. The larvae undergo all
trochophore and veliger stages when settling on
a given substrate to start metamorphosis. According
to Pulfrich [60] and Walter and Liebezeit [61], this
process normally takes place at spring time (larval
peak in May) in the German Bight. The cultivation of
blue mussels can be divided into two steps: in step
(1) the naturally occurring spat collection is achieved
by deploying artificial substrates [62]. Usually, spat
collectors are made out of unraveled polypropylene
lines or sisal ropes, to offer the mussel’s post larvae
substrate for settlement [56]. After several months
(step 2), collectors are retrieved and mussels thinned
out and reseeded on ropes to provide space to improve
growth and allow fattening [63, 64].

To operate culture phase (2) of both species,
macroalgae and bivalves, an appropriate system design,
such as suspended longlines or floating ring-structures,
have to be deployed and securely moored in order to resist
the stress forces of incoming waves and tidal currents, as
well as swell. In addition, it was necessary to assess what
kind of technical structure supports best the growth of the
organisms (e.g., prevention from loss or mortality) while
also assessing whether such systems provide reasonable
production returns. Finally, potential combinations with
offshore wind turbines had to be assessed.
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Chronological order of conducted and ongoing research projects dealing with the combination of offshore wind farming
and open ocean aquaculture. Project No. 1, the feasibility study, constituted the basis for all subsequent research. The
Coastal Futures Project acts as a key node project to which the other projects either have contributed or by which they have
been stimulated because of its transdisciplinary approach. It is visible that: (a) calls the wind farm developers’ attention to
offshore aquaculture; (b) and (c) include authorities and fishermen into the planning process for site-selection criteria of
appropriate aquaculture sites; (d) involves offshore engineers and wind farm developers/operators into the technical part
of an offshore aquaculture enterprise; (e) introduces (mussel) fishermen to the co-management idea and appraises the

economics of mussel cultivation; (f) supplies authorities wi

th maps and tools to limit regional stakeholder conflicts,

(g) establishing an inshore reference station to support the data collected offshore, and (h) testing the first fish cage

mounted within a tripile construction (Modified after [55])

However, currently even candidates requiring
a semi-intensive as well as intensive cultivation process
are in the testing phase. Salmon (Salmo salar), seabass
(Dicentrarchus labrax), seabream (Sparus aurata), or
some flatfish species are discussed for aquaculture in

fish cages below windmill platforms at different off-
shore sites worldwide. Fish will firstly be reared in
land-based facilities and will then be transferred as
fingerlings to the offshore site and released into the
submergible fish cages. After reaching market size, the
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fish will be harvested and removed to the land and will
undergo normal processing procedures.

Relocating cultivation systems offshore into high-
energy environments requires the development of suit-
able culture techniques able to withstand the harsh con-
ditions and minimize risk of economic loss [65].

Several techniques exist to cultivate mussels and
seaweed either in co-culture or in single culture. Basi-
cally, both organisms are cultured in a suspended man-
ner in the water column, floating or submerged. The
use of rafts, longlines, and ring methods dominate. The
latter two were the main cultivation techniques used in
test trials offshore wind farm areas [8, 53, 56] (Fig. 6).

Major difficulties in the development of suitable
techniques for open ocean aquaculture are — as men-
tioned above — the harsh environmental conditions
which place an enormous stress on materials.
Depending on the acting hydrodynamic forces, differ-
ent technical setups can be distinguished. One of the
interesting possible linkages of aquaculture is the com-
bination with offshore wind farms as these would
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provide stable fixing structures for the cultivation sys-
tems. This is especially relevant from an economic
point of view as so far the costly infrastructure for
offshore aquaculture systems is one of the major draw-
backs in the development.

Status Quo of Offshore Aquaculture Research
Activities in Wind Farms

Only a few scientific studies dealing with the prospects of
offshore aquaculture were available before 2000, and little
was known about the biotechnological requirements,
economic potential, or the socio-economic influence on
the general feasibility of offshore aquaculture. Very few
long-term experiments under harsh hydrodynamic con-

ditions exist, e.g., Langan and Horton for offshore mussel
cultivation [66]; Neushul and Harger [67]; Neushul
et al. [68] for offshore seaweed cultivation. However,
data on system and species performance are urgently
needed to derive methodologies for the assessment of
its environmental and economic viability. Therefore,
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Aquaculture constructions suitable for the cultivation in high-energy environments. (a) Offshore ring design for the
cultivation of macroalgae (here: harvesting after grow-out in the harbor of Helgoland), (b) example of a nearshore,
submerged longline design for mussels and oysters, (c) schematic drawing of a submerged longline suitable for exposed
sites, and (d) a technical illustration of the ring design and its mooring system (Modified after [8, 9, 53])
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the assessment of the potentials and constraints for
sustainable aquaculture development in all marine
habitats requires input from various scientific disci-
plines in order to direct this development towards
a successful aquaculture undertaking. In particular,
this holds true for offshore aquaculture, where little
practical experience is available to date, although
research in this area is evolving rapidly (e.g., Buck
[15], Turner [69]; Pérez et al. [70]; Bridger and Costa-
Pearce [51]; Dalton [71]; Naylor and Burke [72]).

The offshore wind farm and aquaculture investiga-
tions initiated an integrated assessment of theoretical
and practical challenges of aquaculture operations in
the North Sea. Several studies were carried out, all of
which contributed to specific aspects
a combined utilization of offshore space. These were:

of such

(a) Biological studies, in which the focus was placed on
cultivation and subsequent performance characteris-
tics of indigenous bivalve, seaweed, and fish species
exposed to extensive offshore aquaculture farming
conditions. Further, the health status and infestation
rates with parasites, bacteria, and viruses of candi-
dates were determined to gain reliable predictions on
where the highest growth rates and best product
quality for consumers can be achieved. In nearshore
intertidal areas, mussels and oysters are particularly
exposed to high concentrations of pollutants, pesti-
cides, near surface agents, estuarine run-offs, etc. that
can pose a threat to consumer health. Buck [8, 9, 15]
reported high growth rates for mussels cultivated
in the German Bight. The scope of growth, i.e., the
energy available for growth, is usually directly and
positively correlated to a good overall health con-
dition of the respective organism [73]. But organ-
isms with high growth rates and a healthy
appearance are no guarantee of a healthy food for
human consumers. For instance, in coastal waters,
eutrophicated by urban sewage, mussels show
good growth performance. The microbial status
of these mussels, however, mostly excludes them
from consumption since they might carry various
human pathogens. Even in developed countries
with strict legislation for the treatment of waste-
water, mussels can function as carriers of vector
diseases. Whether this is also true for offshore
cultivated mussels, where the environment is

(b)

(o)

cleaner due to dilution of contaminants, remains
open. Data for offshore-produced mussels, gener-
ated according to the analysis protocols of control-
ling authorities, are not readily available for all
cultivation sites. However, new regulations are in
the implementation process in all of the EU states
and will fulfill the prerequisites for an official sam-
pling design and assessment (i.e., sanitary survey).
To evaluate the significance and comparability
of the employed parameters in a broader geograph-
ical context, the area of investigation was extended
along the Atlantic coast from southern Portugal to
northern Denmark. Further on, the closely related
Mediterranean mussel Mytilus galloprovincialis was
included in the analysis to test the effectiveness of
all the parameters in different species.
Investigations on fish species for submerged
cage-systems included aspects on growth, welfare,
stress in exposed environments, and health.
Physical and technical studies investigated the effects
of the prevailing hydrodynamics on candidates and
culture constructions at specific offshore sites. At the
same time, the necessary technical requirements for
farming structures in high-energy environments and
their possible combination with offshore wind farms
were assessed. New system designs for offshore farm-
ing were developed and prototypes (e.g., offshore
ring, offshore collector) were tested. Technical
details about the microstructure of artificial sub-
strates were addressed to increase production per
meter longline under offshore conditions. In addition
to offshore seaweed and mussel cultivation, new tech-
nologies for submerged fish cages were investigated.
Management and institutional studies focussed on
the analysis of potential management approaches
to implement a multi-use concept of offshore
areas. Hereby, the various stakeholders and their
respective views and knowledge systems were inte-
grated. Against the background of the social and
institutional dimensions, particular emphasis was
given to the interrelationship between scientific
findings on the one hand and effective implemen-
tation on the other. Key aspects included the social
acceptance of combined use, as well as the possible
management strategies that would govern it. This
endorsed the examination of the prevailing case
laws and regulative and management framework
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conditions, as well as a suggestion of decisive off-
shore co-management strategies to support such
activities. In this process, the continuous inclusion
of the stakeholders in a participatory manner was
a prerequisite. To address the respective technical,
economic, social, and political challenges of mari-
culture and offshore wind farms, specific co-
management strategies were elaborated that are
either more results-oriented (e.g., for integrating
technical knowledge of the two sectors) or more
process-oriented (e.g., for establishing new link-
ages between different groups). Thus, in cooperation
with governmental authorities, co-management in
the offshore makes use of the capacities and interests
of the respective stakeholder groups and employs
these in managing cross-sectoral activities.

(d) Economic studies conducted an economic evalua-
tion of such multi-use concepts in offshore
locations that take into consideration market con-
ditions as well as investment and operating costs.

All the above listed conceptual approaches relied on
results of a theoretical feasibility study (Fig. 5) [26],
which was carried out prior to practical research in the
field. All of the results contribute to the Coastal Futures
Program and support the quest to find innovative new
approaches for sustainable use and alternative liveli-
hoods of coastal populations.

Overview of Biological and Technical Investigations

Over the last decades, substantial insights have been
gained on the terms and conditions active in the off-
shore environment. However, these data are only partly
useful for the selection of offshore aquaculture sites
because they have been gathered primarily for other
user needs and thus lack the essential specificity to
address the biological and cultivable potential of these
sites. Prior to a multifunctional development compris-
ing mariculture activities, it is therefore necessary to
determine the appropriate biological, technological,
and management requirements, as well as the perfor-
mance characteristics that would allow the employ-
ment of favorable and cost-effective methodologies.
To meet this end, special focus was placed on the
combination of extensive offshore shellfish, seaweed,
and fish farming at exposed sites within the proposed
offshore wind farm boundaries.

Due to the wide spectrum of open questions, the
outcomes are quite manifold. In the following, first
results according to their contributions towards the
main research topics involved are presented.

Biological Studies The theoretical Feasibility Study
[13, 24] was aimed to ascertain the biological, technical,
and economic feasibility of an offshore marine aquacul-
ture structure with respect to the cultivation of marine
organisms within wind farm sites in the German North
Sea. One result was that to date, in terms of commercial
marine aquaculture, Germany had little knowledge and
background in offshore aquaculture compared to many
other coastal countries throughout the world. Neverthe-
less, a synthesis of a selection of parameters (e.g., geo-
physical and biological parameters) allowed the
identification of suitable candidates for commercial off-
shore aquaculture. These candidates include blue mussels
(Mytilus edulis) and oysters (Ostrea edulis, Crassostrea
gigas), which could be maintained extensively in the
offshore region. Moreover, labor requirement for these
candidates as well as for seaweeds, such as the sugar
kelp (Laminaria saccharina) and dulse (Palmaria
palmata), is supposed to be low.

Further, the biological feasibility of cultivating
mussels, oysters, and kelp within offshore wind farm
sites was assessed. The growth of these species is
excellent in the rather eutrophicated offshore environ-
ments of the North Sea, but can differ depending on
exposure sites, system designs, installation modes, and
season.

For instance, settlement of young mussels on arti-
ficial collector substrates decreases with increasing dis-
tance from the shore [74]. However, this does not limit
the economic potential if the thinning procedure will
be omitted, following a “One-Step-Cultivation” con-
cept [15]. In general it was found that mussels are free
of parasites at offshore locations due to dilution effects
and the interrupted reproduction cycles of some
macroparasites [75]. Special focus was placed on the
overall health status of mussels cultured under different
conditions, and the impact on economic aspects was
investigated [76]. Specific aims of the projects were the
development of suitable offshore spat collecting tech-
niques, detailed knowledge about parasites (macro and
micro), bacteria and virus infestations at different sites,
implementation of biodiagnostic techniques for the
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health analysis of cultured mussels, and collection of all
relevant data (e.g., shell stability and attachment
strength of mussels), for the further processing of mus-
sels as a product for human consumption.

Hydrodynamic forces support length increase of
seaweed blades when transferring young sporophytes
to sea. These algae will adapt to the occurring loads and
develop strong holdfasts, preventing detachment of the
entire plant [77].

Modified and improved techniques for offshore
farming withstand high-energy environments, but
will certainly cause higher investment costs. Therefore,
site-selecting criteria for a culture area should be clearly
identified to assess economic risks. Important for the
cultivation success is the water quality. The analysis of
the cultured organisms with biodiagnostic tools pro-
vides detailed insights into the water conditions the
animals live in. By this approach, reliable predictions
are possible as to which locations grant highest growth
rates and best product quality for consumers. Prelim-
inary results attest offshore areas satisfying settlement
success and excellent growth rates [78], and low infes-
tations with macroparasites [79], microparasites, bac-
teria, and toxins [76]. The results on consumption
suitability show that water quality regarding the con-
centrations of pollutants in offshore areas of the
German Bight is quite good. Lysosomal membrane
stability is mostly relatively low at all tested nearshore
and offshore sites. Interestingly, growth rates of the
hanging cultivated mussels are not affected by this
low fitness parameter [58].

First results on investigations along the Atlantic
Coast show that mussels originating from offshore
habitats have a better health status regarding the infes-
tation with macroparasites and microparasites (Buck
and Brenner, unpublished data). While macroparasites
are still infesting mussels in nearshore areas in the
Wadden Sea (the Netherlands, Germany, Denmark),
microparasites are absent.
Physical and Technical Studies The results above
allowed the identification of two offshore aquaculture
systems that were best suited for offshore operations
from a biological point of view. Depending on the acting
hydrodynamic properties, different technical setups are
regarded as favorable. The first one is a floating and
submergible ring system for the cultivation of seaweed.

It withstands rough weather conditions and allows easy
handling [53]. The second system is a submerged long-
line design for blue-mussel culture [8]. The longline
should ideally be installed 5 m below the water surface
and should be connected to foundations of offshore
windmills (Fig. 7) [47]. For the longline, polypropylene
proved to be an appropriate material. The system
design is made of various connected segments allowing
an easy harvest and replacement of all parts of the
construction. However, more technical engineering
research is required to find the most cost-effective
mode of construction and the best choice of materials
(e.g., little corrosion, longevity in spite of mechanical
stress) so that easy handling can be guaranteed under
relatively harsh weather conditions (cf. construction,
deployment, retrieval, service, repairs).

The experimental design also allowed work on such
issues as the efficiency of the collecting devices them-
selves. Healthy mussels will reach market size in offshore
conditions only if they are firmly attached to their
artificial substrate. As mussels growing on suspended
substrates need about 15 months [8, 9] on average to
reach market size, they must survive one winter and
withstand storm events producing wave heights up to
several meters. Continuing investigations on the health
and quality of market-sized mussels would be moot if
mussels failed to stay attached to substrate gear.

To date, most available substrates are designed and
deployed for nearshore use under calm water condition.
However, it was found that improvement for construc-
tion of new collectors that are feasible for offshore cul-
tivation is in mandate. Research showed that new
substrates should have felt-like structures around the
core of a collector for larval attraction and long appen-
dices in high density to interweave the mussel conglom-
erates with the substrate [80]. Future investigations
should focus further on the fabrication and testing of
a prototype of this collector, concerning the results of
this study. Besides providing optimal larval attraction
and attachment for juvenile mussels even under winter
conditions, any new substrate should proof its durabil-
ity under conditions of a daily farming routine. This
would include mechanical thinning, harvesting pro-
cesses, and tests on the reusability of the material.

The technical realization and the implications of
aquaculture technical requirements on design and con-
struction of the grounding construction of offshore
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Modeling of potential attachment points for the combination of longline connections to a tripod foundation. (a) Displays
alternative connection points, (b) shows the generation of representative loads on the wind-energy installation, including
vibrations, (c) shows the respective tripod foundation for offshore use in depths of about 20-50 m, and (d) shows the

development of a static model (3-5 MW class) [47]

wind turbines were considered. So far, modeling and
experimental validation of a submerged 50 m longline
aquaculture construction mounted between two steel
piles, 17 nautical miles off the coast, show significant
forces of up to 90 kN (equivalent to 9 t) induced by
waves of up to 1.8 m significant wave height and tidal
currents of up to 1.0 m/s [81]. Given the high-energy
environment in the North Sea and the non-linear rela-
tionship between water movement and its resulting
forces, even higher mechanical loads are to be expected
within the life cycle of such an arrangement. These must
be taken into account when developing techniques for
larger-scale offshore cultivation within wind farms.

Finally, a new cage design project has been initiated,
where it will be investigated whether aquaculture of fish
in between a tripile construction below a windmill has
the potential to enlarge the diversity of candidates to be
grown offshore (next to bivalve and seaweed) as well as
widening the potential of offshore farming within wind
farms. First insights are shown in Fig. 8 [82, 83].

Management and Institutional Considerations

From a spatial planning perspective, the ocean space in
the Exclusive Economic Zones (EEZ) cannot be consid-
ered any more as “commons” in the sense of Ostrom
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Tripile construction for the secondary use for fish cages. (a) Shows the open space within a tripile foundation to be
used for aquaculture purposes, (b) displays a lateral view of the Bard Windmill and the access to the fish cage, and (c) is
a photo animation and gives an idea how a fish farm, such as an aquapod, could be moored below [82, 83]

et al. [84] wherein individuals or groups have the right
to freely consume and return any kind of resources. As
a matter of fact, the “tragedy of the commons” situa-
tion Hardin described in 1968 [85], has already been
reached for most of the oceans today. Offshore waters are
in a process of transition, revealing diverse and
heterogenic interests in marine resources. For instance,
the development of offshore renewable-energy systems is
an international priority driven by the need to reduce the
dependence on fossil fuels and decrease human impacts
on the global climate regime. Simultaneously, the
demand for high-quality seafood is accelerating globally.
This leads to an increased complexity and thus to limita-
tions in developing and managing the different and often
spatially overlapping maritime activities independently of
one another. The upcoming new utilization patterns of
the German North Sea, such as wind farms, but also
Marine Protected Areas (MPAs) reported to the EU com-
mission in Brussels for the “European Natura 2000 net-
work,” reveal a trend toward the development of
permanent constructs. Both are examples for new forms
of use with a high spatial demand [86]. Not all uses are
compatible with each other and user conflicts with

existing activities, such as fisheries, maritime traffic, or
military missions are preordained. The planned large-
scale offshore wind farms as well as designated MPAs
are prime examples for the development of lasting marine
structures that take up a surface area of several square
kilometers each [55].

At the same time, the increasing demand for high-
quality foods worldwide accelerates the development of
marine aquaculture. This potential newcomer can be
expected to become an additional competitor in off-
shore waters [87], contributing to the increase in spa-
tial competition and complexity in the ocean [20].
Conflicts among the respective user groups are inevi-
table. The growing competition for space represents
a major challenge for further developing or even
maintaining all forms of marine aquaculture, as well
as freshwater fish farming. However, area choice is
crucial and spatial planning has a key role to play in
providing guidance and reliable data for the location of
an economic activity, giving certainty to investors,
avoiding conflicts, and finding synergies between activ-
ities and environments with the ultimate aim of sus-
tainable development [88]. The inclusion of all
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stakeholders in this process to find synergies in the
open ocean is crucial.

Ongoing multidisciplinary social-science research
in Europe shows that it is feasible to establish spatially
efficient and effective wind farm-mariculture co-
management regimes. A window-of-opportunity has
opened as both groups have realized that they may
benefit through the integration of operation and main-
tenance (O&M) activities vis a vis gaining support in
collaborative action by the current impetus of the new
EU Maritime Policy. The operation and maintenance
of any offshore installation is a major challenge due to
restricted logistics and accessibility, forming a large
part of the overall costs. A five-to-ten time more expen-
sive scale of operation and more difficult logistics for

maintenance and/or harvesting compared to nearshore
or onshore sites have to be taken into account [89-91].
Experiences with existing wind farms and mariculture
sites off the coast show that work at the sea is not only
significantly more cost-intensive, but also more time
consuming than on land [92].

There are certain rights and duties involved if pro-
spective spatial and organizational interaction of O&M
activities of offshore wind turbines and mariculture
installations are to be combined [20]. Different values,
perspectives, and demands of the stakeholder groups
need to be harmonized [93]. So far, disagreements on
the distribution of entitlements to benefits and profits
between the different stakeholder groups can be
observed (Table 1). The two potential adopters of

Aquaculture and Renewable Energy Systems, Integration of. Table 1 Offers, needs, and constraints characteristics of

mariculture operators and offshore wind farmers concerning O&M activities. Interrelated aspects between the two actor

groups are indicated in bold (modified after [86])

e Specialization of personnel
® Sea-going vessels
e Service demands (man-hours)

maintenance)

maintenance)

T i ! =
I rr.;'i,____b ........ D = lb —;:. 1
Offers o Fixed offshore infrastructure e Upgradeable sea-going vessels
e Logistic platform e Offshore mentality
e Financial support (EEG amendment) e Offshore skills and experience
Needs e Specialization of equipment (construction vs | @ Specialization of equipment (construction vs

hire; “marinization” of onshore equipment)

e Suitable O&M pattern (corrective vs preventive | @ Service demands (man-hours)

e Suitable O&M pattern (opportunity vs periodic | ® Offshore skills and experience

alteration of existing oil industry/fishery vessels)
e Specialization of personnel
o Fixed offshore infrastructure
e Technical and logistic support

o Offshore mentality

e Operation costs
e Technical challenges
e Distance to farm site

Constraints

e Difficult logistics for O&M

o Reliability of offshore wind turbines

e Available working days (estimated 100/year)

e Access to farm site (uncertain regulatory and
permit requirements)

e Distance to farm site

e Available working days (estimated 30-100/year)

e Difficult logistics for maintenance and harvesting

e Reliability of culturing devices
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such a multi-use scheme illuminate different sets of
skills and capacities in terms of offers, needs, and con-
straints characteristics. These are vital resources, which
provide the basis for forming any sustainable offshore
co-management arrangements [85]. Hereby, a fair
negotiation and bargaining process is the most essential
component to effectively orchestrate co-management
of offshore wind farmers and future mariculture oper-
ators, such as mussel harvesters. The latter already
dispose vital skills and experiences for working in the
open sea. Still, working methods have to be adjusted to
the offshore culture production mode.

If such an offshore co-management is considered as
a network activity between private actors, such as wind
farmers or mariculture operators/fishermen and public
authorities, one of its basic characteristics is the fact that
a third party can coordinate the activities of formally
separated parties [94]. Ways and means have to be
developed that balance the respective interests of
dominant and politically supported wind farming partic-
ipants with small-scale entrepreneurial mariculturists.
The key question is how institutional arrangements
could act as “boundary organizations” [95] in an
offshore co-management process. Such a process is
more likely to develop and succeed if an interface man-
agement that acts as moderator, disclosing the interests of
the actor groups and offering possibilities for concerted
action, guides it. With respect to the decision-making
arrangements at the three levels (operational level,
organizational level, and legislative level), the interface
management would thus help to determine the rules for
interaction among the actor groups and state authorities
at the organizational level. Besides, it would facilitate
organizing and decision making of the day-to-day
activities at the operational level. However, to authorize
and legitimize new co-management arrangements for
interacting offshore O&M activities, new policies must
be developed or existing laws amended. Following
a dynamic process of forming new institutional struc-
tures, the establishment of a communication arena may
(a) support a common understanding of the entire
co-management process, (b) provide the overall framing
for an improved communication among the participating
actor groups, (c) increase the level of trust among the
actor groups, and (d) promote sustainability and effi-
ciency in times of scarcity of spatial resources [85].
However, top—down induced management schemes

by, e.g., the national government, hold a high poten-
tial for failure. Involving the relevant actors improves
the social acceptability of innovative concepts and
their applicability [96]. Consequently, it appears that
for developing and implementing a wind farm—
mariculture multiple-use concept, co-management,
such as that described by Carlsson and Berkes [94],
should ideally be carried out with the participation of
different actors that typically try to find ways to learn
from their actions and adapt the behavior to the con-
sequences of their own and other’s actions. This must
be supported by the relevant authorities at all levels and
must find its way into the legislative framework at the
EU and national level.

On EU level, the issue of access to space for mari-
time activities, including aquaculture, has been recog-
nized in several communications over the past years,
e.g., in 2007 pertaining to the Integrated Maritime [97]
Policy or in 2009 concerning a new impetus for sus-
tainable aquaculture in Europe. In the latter, all Mem-
ber States are asked to develop marine spatial planning
systems, in which they fully recognize the strategic
importance of aquaculture. This Strategy also aims at
providing EU leadership and guidance to both stake-
holders and administrations to ensure consistency and
clarity in designing the necessary policies for the future
sustainable development of European aquaculture. In
this context, a partnership between public authorities
and interested parties at EU, national, and local level
play a crucial role.

Hence, European aquaculture should benefit from
an improved framework for governance; however, it is
stressed that the national authorities have a primary
role in shaping aquaculture development in their terri-
tory. While in some countries aquaculture is defined
and regulated under the agricultural laws, in other
countries regulations are dispersed, and consequently
the responsibilities are in the hand of several agencies
with no clearly defined lead agency. So far, a number of
important challenges that limit the development of
European aquaculture directly depend on policies and
actions taken at national or regional level. A bottom—
up approach is therefore needed so that the public
authorities can establish an appropriate framework
for the vision of multiple-use of offshore areas to
become operational. A participatory approach contrib-
utes to lifting bottlenecks in national legislation.
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This framework needs to be transparent, consistent
and cost-effective in order to allow the industry to
realize its potential. Unless these and other regulative
issues pertaining to multi-use offshore conditions
remain unresolved, an establishment of offshore co-
management arrangements may be very difficult. Still,
the current lack of legislation in the EEZ holds the
potential to implement concerted innovative concepts
of offshore constructions and thereon-interacting
activities.

However, several restrictions are still needed to be
resolved. Questions pertaining to access rights within
the wind farm area have to be deciphered. So far,
approved offshore wind farm territories in, e.g., the
German EEZ, are designated as restricted area,
prohibiting any kind of public access [98, 99]. How-
ever, conveying access rights to a second party is
inevitable if wind farm O&M is performed by a
commissioned subcontractor and not by the licensee
itself. In a wind farm-mariculture multiple-use arena,
the same access and user rights have to be guaranteed to
a mariculture operator who enters the territory for
purposes not related to wind farming but for
maintaining culturing devices and harvesting proce-
dures. In this case, precise positioning of aquaculture
installations within the wind farm territory as well as
access lanes for both parties have to be specified.

In addition, the question of harmonizing the tenure
or duration of a lease for offshore resources has to be
tackled. If there is, i.e., significant discrepancy in the
length of lease tenures between the two uses to be
combined, the resource users may not be inclined to
create long-term co-management arrangements. Fur-
thermore, cooperative management structures also
benefit if the leasing process was combined and/or
effectively coordinated, since it facilitates, i.e., integrat-
ing O&M within a co-management scheme once the
projects are operational.

Yet, in order to define the functional structure of such
a co-management regime in detail, reliable outcomes on
economic and technical integration prospects of a joint
wind farm—mariculture venture have to be produced. The
latter is a major research demand, which was voiced by
most of the interview partners along the North Sea coast
so far [93]. Cumulative impacts of different economic
sectors, such as offshore wind farms and mariculture
need to be addressed, which provides an opportunity

to create synergies between different industrial sectors
prior to their installation.

Outcome of Economic Studies

The Feasibility Study [13, 24] provided a general over-
view on market prices, market demands, classification
of candidate species as high-value products, and the
cost of some infrastructure. The study showed possible
market value of offshore aquaculture products in com-
parison to the performance of existing conventionally
operated farms in coastal waters.

Basic data for offshore mussel cultivation in close
vicinity to a designated offshore wind farm in the open
sea of the German Bight were compiled. It contained
different case-scenario calculations to illustrate the
impact of changing parameter values on overall profit-
ability or non-profitability of this activity. Primary focus
was placed on the production of consumer mussels, but
seed mussel cultivation is also taken into consideration.
This study concluded with providing some recommen-
dations on how favorable terms or actions could further
improve profitability of offshore mussel cultivation.
Results intended to shed some light on business manage-
ment topics that future offshore mariculture operators
should follow in order to be efficient [100].

Nontheless, the economics of a joint offshore wind
farm—mariculture utilization scheme still remain to be
evaluated in more detail.

Future Directions

By setting higher value on an inclusion of stakeholder
knowledge and opinions, the initiation of the Coastal
Futures Project resulted in a stronger focus on the
practicability of multifunctional use of offshore areas.
It can be shown that such innovative new concepts are
highly complex and interdependent. First, results indi-
cate that secure technical and economic feasibility
appears to be a basic prerequisite to assure that both
offshore wind farm operators and aquaculturists will
support the multi-use concept, especially as far as the
management of joint activities is concerned.

This suggests that as soon as technical and eco-
nomic aspects are evaluated in more detail, it is
important to initialize a comprehensive communica-
tion program to provide information to the key
public and private actor groups (stakeholders). Fur-
thermore, effective and continuous participation of all
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stakeholders on all levels from the very beginning of the
multi-use approach must be ensured. This supports the
orchestration of scientific and local user knowledge in
an overall approach to combine different offshore uses.
In addition, it contributes to adding a joint wind farm—
mariculture venture to their future portfolio.

More detailed data are needed to calculate the eco-
nomic potentials and risks of a co-used wind farm area
for the production of seafood. Apart from the principal
feasibility of an area as an aquaculture site, growth rates
and product quality must be predictable. First, results on
blue mussels from test areas show that highest product
qualities can be expected from testing areas offshore.
A proven product quality ensures higher market prizes,
should compensate for higher investment costs for the
culture systems, and help to install a functioning offshore
aquaculture system in the German Bight.

Generall, science for open ocean aquaculture needs a
transformative moment. It seems necessary to learn the
skills to interact constructively with different scientific
disciplines and different stakeholders. This will require
a new science for managed marine seascapes [101].
Creating a system biology paradigm in ecosystem sci-
ence and aquaculture will require a multidisciplinary
input, with scientific interactions not just at the mar-
gins of each discipline, but focused collaboratively on
the realization of a vision of multifunctional, spatially
effective, and sustainable use of ocean space. This will
require new kinds of scientists (with new kinds of
career structures) who are trained to work in multidis-
ciplinary teams. The need for such training is now
widely recognized and is reflected in the emerging
curricula’s of many new MSc courses.

It is mandatory to discover what to do, at what
scale, in what modality — engineering, farming, legisla-
tion, social organization, economic initiatives, etc. —
and how to do it. Since the activities in the ocean
realm are concerted in integration, future activities
must also be integrated over all these modalities.
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Glossary

Biofloc A mixture of detritus, bacteria, and other
microscopic organisms that aggregates in flocs,
which are used for controlling water quality and
enhancing the delivery of natural foods to omniv-
orous species in aquaculture.

Ecosystem An area of the natural environment
in which the structure and functions of the phys-
ical (rocks, soil, etc.) and natural (all living organ-
isms) environments are considered together in
interacting food webs.

Escapees The unintended releases of cultured organ-
isms from captivity into the wild.

Polyculture The practice of making compatible the
culture of multiple species in the same physical
space by stocking or planting organisms having
different food, spatial, or temporal niches.

Resilience The ability of a natural or aquaculture sys-
tem to absorb abrupt changes or disturbances with-
out collapsing. A resilient aquaculture ecosystem
can withstand physical and economic shocks and
rebuild itself.

Stewardship An ethic that engages all affected stake-
holders in the cooperative planning and manage-
ment of the environmental quality to prevent
degradation and facilitate recovery in the interest
of long-term sustainability.

Watershed An area of land where all of the water that
is under it or drains off of it goes into the same
place.

Definition of Ecological Aquaculture

Ecological aquaculture is an alternative model of aqua-
culture development that uses ecological principles
as the paradigm for the development of aquaculture
[1, 2]. Ecological aquaculture plans, designs, develops,
monitors, and evaluates aquatic farming ecosystems
that preserve and enhance the form and functions of
the natural and social environments in which they are
situated. Ecological aquaculture farms are integrated
“aquaculture ecosystems” designed to deliver both eco-
nomic and social profit (Fig. 1).

Ecological aquaculture incorporates at the outset —
and not as an afterthought — planning for not only the
sustainable production of aquatic foods, but also for
innovation [3], community development, and the
wider social, economic, and environmental contexts
of aquaculture at diverse scales, both large and small,
and at the commercial, school, and homeowner
scales [4, 5]. Ecological aquaculture also uses the
“aquaculture toolbox” [6] to play vital roles in non-
food, natural ecosystem rehabilitation, reclamation,
and enhancement.

Introduction

The roots of ecological aquaculture are in Asia [7, 8]. In
this century, however, Asia, especially China, during
the period from 1980s to present has chosen the indus-
trial model of aquaculture development, and has dis-
mantled much of its rich ecological aquaculture
heritage, and choosing instead to intensify and import
vast quantities of feedstuffs. As a result of intensifica-
tion and the use of imported feeds, freshwater




