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Abstract
Along the German North Sea coast, the observed high spatial competition of stakeholders has encouraged the idea of integrating open ocean aquaculture in conjunction with offshore wind farms beyond the 12 miles zone. The article provides an overview on the current state of transdisciplinary research on a potential implementation of such a multifunctional use concept on a showcase basis, covering biological, technical, economic and social/policy aspects as well as private–public partnerships and the relevant institutional bodies. We show that the cultivation of seaweeds and blue mussels is biologically and technically feasible in a high-energy environment using modified cultivation strategies. The point of departure of our multi-use concept was that the solid groundings of wind turbines could serve as attachment points for the aquaculture installations and become the key to the successful commercial cultivation of any offshore aquatic organism. However, spaces in between the turbines are also attractive for farming projects, since public access is restricted and thus the cultivation site protected from outside influences. An economic analysis of different operation scenarios indicates that the market price and the annual settlement success of juvenile mussels are the main factors that determine the breakeven point. Social and policy science research reveals that the integration of relevant actors into the development of a multi-use concept for a wind farm-mariculture interaction is a complex and controversial issue. Combining knowledge and experience of wind farm planners as well as mussel fishermen and mariculturists within the framework of national and EU policies is probably the most important component for designing and developing an effective offshore co-management regime to limit the consumption of ocean space.
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Introduction
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 (BMU 2006). In Germany, it generated a call of the Federal Ministry of Education and Research to the various federal states to develop projects that address ICZM on a regional level. In 2004, the programme Coastal Futures (Kannen 2004) tying up various administrative and scientific bodies and the public along the west coast of the State of Schleswig-Holstein was granted funding. This programme focussed 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 through wind power. In order to sustain sufficient open space for future development, the idea of combining offshore wind power generation with other uses, such as aquaculture operations, emerged (Buck 2002). 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, we provide an overview on the current state of research undertaken within this focus.

Background
“Fisheries have rarely been sustainable”. This statement by Pauly et al. (2002) was based on the lack in sustainability, induced by a serial depletion of wild stocks worldwide because of improved technology, geographical expansion and exploitation of previously spurned species lower in the food web. In exchange, aquaculture was often discussed 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 (FAO 2004). 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 capture fisheries and aquaculture plays a significant role in global food security (FAO 2004). In 2004, approximately 160 million tonnes of aquatic organisms were produced worldwide (Fig. 1). From that amount, global aquaculture accounts for almost 37.7% of total edible production, totalling about 60 million tonnes of aquatic organisms (FAO 2006). Today, a wide range of aquatic species is raised in various systems, onshore as well as in the ocean. According to the FAO (2004), approximately 300 different species, ranging from fish to shellfish, crustaceans and algae are produced in aquaculture systems. Most of these traditionally founded aquaculture enterprises are concentrated in well-protected and therefore favourable inshore water areas (Burbridge et al. 2001).
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Fig. 1Global production of aquatic organisms originating from fisheries and aquaculture within the last 55 years (data source FAO 2006, modified after Buck 2007b)




                     
Even though over-reporting its aquaculture production (Rawski and Xiao 2001), the People’s Republic of China 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 (Naylor et al. 2000). Salmon farming, e.g., requires large inputs of wild fish as fish oil and fish meal for the production of feed. On the other hand, the major increase in aquaculture production originates from herbivorous species and the production is anyway heavily skewed towards herbivores (Roth et al. 2002). Hence, the farming of non-carnivorous species that is not dependent on fishmeal-based feeds is considered a sustainable way of producing food.
On top of this debate, nowadays an increasing limitation of favourable coastal sites for the development of modern aquaculture is evident in countries such as Germany (Buck 2004). 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 in Germany and other countries bordering the North Sea are diverse and still emerging. This situation is in contrast to the production progress in developing countries, in which the installation of aquaculture systems benefits from the often weak enforcement of integrated coastal management schemes, which regulate equal access to the coastal resources (Davis and Bailey 1996; Adger and Luttrell 2000). Thus, the rise of aquaculture production has specifically taken place in developing countries, especially in Asia, which holds approximately 91.4% of the global production share (Rana 1997; Lee and Turk 1998; FAO 2006). In addition frequently in various cases, overlapping use of coastal habitats adds to the increasing pollution of coastal waters and gives rise to spatial conflicts, thus leaving little room for the expansion of modern coastal aquaculture systems. This problem has triggered the movement to offshore areas, where little spatial regulations have been established so far and clean water can be expected (Krause et al. 2003). There is an enormous economic potential for extensive marine aquaculture in offshore areas.
What is extensive marine aquaculture?
In contrast to intensive aquaculture operations, extensive aquaculture covers a line of production in a sustainable manner. Following the definition of the FAO (1989, 1997) aquaculture is the farming of aquatic organisms including fish, molluscs, crustaceans and aquatic plants with some sort of intervention in the rearing process to enhance production, such as regular stocking, feeding and protection from predators. Specifically, marine aquaculture, also called mariculture, concentrates on aquatic organisms cultivated in brackish or marine environments. If aquaculture operations are characterized by (1) a low degree of control (i.e. environmental control, nutrition, preditors, competitors and disease agents), (2) low initial costs, (3) low level technology, (4) low production efficiency and (5) high dependence on local climate and water quality (natural water bodies such as bays, ponds, embayments), it is defined as extensive marine aquaculture (Eleftheriou 1997). Finally, offshore aquaculture or open ocean aquaculture is defined as (1) being in a marine environment fully exposed to all kinds of oceanographic conditions (Ryan 2005), and (2) located at least eight nautical miles off the coast (Buck 2004), avoiding tremendous stakeholder conflicts in nearer coastal areas (Dahle et al. 1991). The procedures and applied techniques for the cultivation of organisms mainly depend on the species; their life cycle determines the phase of cultivation and the location for the grow-out, where market size is reached.
In the North Sea, only indigenous species can be considered for aquaculture to avoid the disruption of local flora and fauna in ecologically highly sensitive areas of the Wadden Sea. This limits the economic opportunities of aquaculture enterprises, since only a few indigenous candidates are regarded as high-value species (BLE 2003). Following a feasibility study by Buck (2002), only culture species with modest service needs can be considered as favourable candidates. In this study, the most suitable candidates identified for offshore extensive aquaculture were the sugar kelp (Laminaria saccharina), 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 seaweed are cultured mainly in extensive systems throughout the world (Hickman 1992; Critchley et al. 2006; Buck 2007a), the latter for historical and traditional reasons being mostly found in Asian countries. Worldwide, several techniques exist to cultivate mussels and seaweed either in co-culture or in single culture. Basically, both organisms are cultured in a suspended manner in the water column, floating or submerged. Today, the use of rafts, longlines and ring methods dominate (Fig. 2). The latter two were the main cultivation techniques used throughout our research studies in offshore areas of the German Bight (North Sea; Hickman 1992; Buck and Buchholz 2004; Buck 2007a).
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Fig. 2Methods to cultivate mussels and seaweed in a suspended or floating design. a shows a raft system where mussel collectors are attached vertically from a wooden frame. b A horizontally installed longline floating on the surface. The mussel collectors are attached below the water surface vertically to the longline. c A floating ring system for the cultivation of seaweed at harvest time (Buck and Buchholz 2004)




                        

Offshore wind farms as a newcomer
High and reasonably steady wind speeds occur regularly in offshore areas, making such areas prime candidates for renewable energy production by wind energy farms. In Germany, a major political incentive1 exists currently to install large offshore wind farms (Tiedemann 2003; BMU/Stiftung Offshore Windenergie 2007). The promotion of wind power is mainly driven by the policy to reduce the dependence on conventional fossil energy resources as well as the need to reduce the environmentally harmful CO2 loads. Thus, the emerging branch of offshore wind farms appears as a new stakeholder on the list of users (Gierloff-Emden 2002; Dahlke 2002; Tiedemann 2003).
At present, 47 project applications for wind farms in the Economic Exclusive Zone (EEZ) of the German North Sea and in the Baltic Sea are in the planning process (BSH 2008) with the total number of wind turbines per farm ranging between 80 and 500 (Buck 2002). In November 2001, the Federal Maritime and Hydrographic Agency (BSH) granted the first approval for the installation of a pilot offshore wind farm: The Prokon Nord Company received the permit to install 12 wind turbines in the German EEZ of the North Sea, approximately 45 km north of the island of Borkum with the option of expanding the wind farm up to a total of 208 wind turbines by the year 2010. Since then, a total of 20 wind farm development projects have been approved in German waters, most of them planned seaward of the 12 nautical miles zone: 17 in the EEZ of the North Sea and 3 in the EEZ of the Baltic Sea (BSH 2008). Currently, only a test field of 12 wind turbines at the site of the licensed wind farm “Borkum West” is being constructed. Experience gained in this project should give developers practical knowledge in the construction and operation of offshore wind farms at depths and at distances from the shore that are beyond comparison to those anywhere in the world (BMU/Stiftung Offshore Windenergie 2007; Dena 2007).
In contrast to neighbouring European states, the prospect of moving wind energy developments offshore stagnates in Germany mainly due to a very complex licensing procedure and the high environmental restraints (BMU/Stiftung Offshore Windenergie 2007; BWE 2007). A further constraint lies in the spatial competition of offshore wind farms with other utilization of the marine waters in the German Bight. Such conflicts result from shipping (trade or private), recreational activities, extraction or disposal of gravel, military missions, fisheries, aquaculture, cable and pipelines, nature reserves areas, and other marine and coastal protected areas (Wirtz et al. 2003; Buck et al. 2004; BSH 2007). However, despite the number of competing users within offshore regions being lower compared to coastal areas (Jentoft 2000), the quest for spatial efficiency remains to be a key incentive also for offshore developments in the future.

Moving offshore: the multi-use idea
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 of extensive shellfish and macroalgae aquaculture (Buck 2002; 2004). Offshore wind farms provide an appropriately sized area free of shipping traffic. At the same time the infrastructure for regular service support is readily available and hence such sites provide an ideal opportunity for devising and implementing a multiple-use concept (Buck et al. 2004; Michler-Cieluch 2008). However, in contrast to coastal inshore areas where beaches and their adjacent nearshore zones act as buffers to absorb wave energy, offshore regions are high-energy environments fully exposed to waves, weather and currents. Numerous studies have demonstrated that waves can reach remarkable heights in offshore areas (e.g. Führböter and Dette 1983; Becker et al. 1992). In this context, the solid foundation structure of wind turbines provides support for anchoring cultivation devices that can withstand the harsh weather conditions (Buck et al. 2006). Furthermore, offshore structures are well known for their artificial reef function, thus supporting biodiversity in ecosystems. In comparison to inshore areas, water quality, a major element in aquaculture operations, is regarded to be very good (Takayanagi 1998; BSH 2006). 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. The above issues are considered as key incentives to move offshore with aquaculture operations.
Since an overall interest exists to move aquaculture activities to offshore locations, different suggestions for technical structures were proposed (see proceedings of various OOA-Conferences: e.g. Stickney 1998; Bridger and Costa-Pierce 2003). Major difficulties in the development of suitable techniques for open ocean (offshore) aquaculture are the harsh environmental conditions, which place an enormous stress on the materials used. It would be advantageous for Germany’s offshore aquaculture 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 or tripods, offer a possibility to connect systems used in aquaculture. The combination of these two industries has to cope with the forces generated by the high-energy environment. Hence in designing such structures, the forces must be taken into consideration.

Scope of offshore aquaculture research activities in the German North Sea
Only a few scientific studies dealing with the prospects of offshore aquaculture were available prior to the beginning of our studies presented below 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 conditions exist (e.g. Langan and Horton 2003 for offshore mussel cultivation; Neushul and Harger 1985; Neushul et al. 1992 for offshore seaweed cultivation), but data on system and species performance are urgently needed to derive methodologies for the assessment of its environmental and economic viability. Therefore, the assessment of the potentials and constraints for sustainable aquaculture development in all marine habitats requires input from various scientific disciplines 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. Turner 2001; Pérez et al. 2003; Bridger and Costa-Pearce 2003; Dalton 2004; Naylor and Burke 2005).
The Coastal Futures Programme initiated an integrated assessment of theoretical and practical challenges of aquaculture operations in the North Sea in combination with offshore wind farms. Several studies were carried out, all of which contribute to specific aspects of such a combined utilization of offshore space.
In the following, we group the completed and ongoing projects (see Table 1) into the following key areas of research:(a)Biological studies, in which the focus is placed on cultivation and subsequent performance characteristics of indigenous bivalve and seaweed species exposed to extensive offshore aquaculture farming conditions. Further, the health status and infestation rates with parasites, bacteria and viruses of candidates are determined to gain reliable predictions on where the highest growth rates and best product quality for consumers can be achieved. To evaluate the significance and comparability of the employed parameters, 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.

 

(b)Physical and technical studies, where the effects of the prevailing hydrodynamics on candidates and culture constructions are investigated at specific offshore sites within the national boundaries of the German North Sea. At the same time the technical requirements needed for farming structures in high energy environments and their possible combination with offshore wind farms are assessed. New system designs for offshore farming will be developed and prototypes (e.g. offshore ring, offshore collector) are in the test stage. In addition to offshore seaweed and mussel cultivation, a new technology for finfish mariculture of turbot and cod will be tested in the project AquaInno (Fisch and Buck 2006). A floating plant (pond-in-pond systems), combining “in pond raceways” (IPR) and “recirculation aquaculture systems” (RAS), will be designed for nearshore employment and developed further for use in more exposed habitats.

 

(c)Management and institutional studies, which focus on the analysis of potential management approaches to implement a multi-use concept of offshore areas, integrating various stakeholders and their respective views and knowledge systems. This endorses the examination of the prevailing case laws and regulative and management framework conditions as well as a suggestion of decisive offshore co-management strategies to support such activities.

 

(d)Economic studies, in which economic evaluation of such multi-use concepts in offshore locations is conducted taking into consideration market conditions as well as investment and operating costs.

 


The conceptual approach relied on the results of a theoretical feasibility study (Project No. 1 in Table 1), which was carried out prior to practical research in the field. The sequence of and relations between the different projects are displayed in Fig. 3.
Table 1List and description of offshore aquaculture projects including funding agencies


	No.
	Project
	Funding
	Description

	1
	Feasibility Study1
	Alfred Wegener Institute (AWI)
	Proof of concept for aquaculture operations in offshore wind farms 

	• Review of worldwide offshore aquaculture experiences (biology, techniques, multi-use ideas)

	• Feasibility study for a combination of aquaculture in offshore wind farms in the North Sea

	• Preliminary market analysis

	2
	Roter Sand1
	AWI
	Development of offshore-technology and system-design

	• Technical aspects and biological feasibility at the offshore test site Roter Sand
                                          

	• Development of submersible longline systems and floating ring systems

	3
	Offshore-Aquaculture1
	The Senator for Environment, Construction, Transport and European Affairs (SUBVE); AWI
	Potential of blue mussel and sugar kelp culture at all planned offshore wind farm sites in the North Sea

	• Settlement success of mussel larvae

	• Growth rates of seaweed and mussels

	• Biological and physical site-selection-criteria

	4
	Coastal Futures2, 3
	Federal Ministry for Education and Research (BMBF); AWI
	Assessment of multi-use issues of wind farm–mariculture interactions in offshore areas within an integrated coastal zone management approach 

	• Aspects of co-management and cooperation between involved actor groups such as wind farmers, fishery groups and public authorities

	• Potential schemes for governance and management arrangements

	5
	MytiMoney2
	BMBF; AWI
	Assessment of economic potentials for offshore mussel cultivation

	• Calculation of the economic valuation of joint wind farm–mariculture use in offshore locations by taking into consideration market conditions, investment and operating costs

	• Development of a model in order to assess different scenarios

	6
	MytiFit1
	SUBVE; AWI
	Fitness, settlement success and overall health of offshore cultivated mussels

	• Test of different substrates for the offshore collection of mussel spat

	• Analysis of mussel infestations with macro- and microparasites, bacteria and viruses

	• Assessment of health and energy situation of mussels using biodiagnostic techniques

	• Analysis of mussel growth and shell stability

	7
	AquaLast1
	SUBVE; AWI
	Use of offshore wind turbines as anchor points for open ocean longline aquaculture

	• Modelling and calculation of possible loads by currents and wave action

	• Evaluation of the hydrological conditions and mechanical loads onto the foundation in a field experiment off Sylt

	• Development of a computer program to correctly predict loads for large scale offshore longlines

	8
	GIS German Bight1
	AWI
	GIS-based decision support tool for offshore aquaculture development

	• Mapping of all German mariculture sites

	• Determination of potential open ocean aquaculture installations in the German Bight

	9
	River Jade2
	SUBVE; AWI
	Settlement, fitness and health of nearshore cultivated mussel

	• Nearshore reference site (settlement, growth, mussel health and shell stability) for the MytiFit project

	• Part of student education programme

	10
	AquaInno2
	Federal Ministry of Economics and Technology (BMWI)
	Pond-in-Pond system for nearshore environments
• Floating recirculation system
• New technology for juvenile fish after smoltification

	11
	Euro-Tour2
	IMARE; SUBVE; AWI
	Fitness and health status of Mytilus along the European Atlantic coast
• Site-Selection-Criteria for mussel cultivation in nearshore/offshore areas from southern Portugal to northern Denmark along the Atlantic Coast


1Completed, 2ongoing, 3interdisciplinary between all projects
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Fig. 3Chronological 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 with maps and tools to limit regional stakeholder conflicts, and (G) establishing an inshore reference station to support the data collected offshore




                        
All of the results contribute to the Coastal Futures programme and support the quest to find innovative new approaches for sustainable use and alternative livelihoods of coastal populations.


Detailed results of the projects
Over the last decades, substantial insight has been gained on the terms and conditions active in the offshore 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 comprising mariculture activities, it is therefore necessary to determine the appropriate biological, technological and management requirements as well as the performance characteristics that would allow the employment of favourable and cost-effective methodologies. To meet this end, special focus was placed on the combination of extensive offshore shellfish and seaweed farming at exposed sites within the proposed offshore wind farm boundaries.
Due to the wide spectrum, which is covered in the nine projects specified above, the outcomes are manifold. In the following, we present the various project results according to their contributions towards the main research topics involved.
Biological studies
The theoretical Feasibility Study Project (No. 1) was aimed to ascertain the biological, technical and economic feasibility of an offshore marine aquaculture 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 on offshore aquaculture compared to many other coastal countries throughout the world. Nevertheless, a synthesis of a selection of parameters (e.g. geo-physical and biological parameters) allowed the identification of suitable candidates for commercial offshore aquaculture. These candidates include blue mussels (Mytilus edulis) and oysters (Ostrea edulis, Crassostrea gigas), which could be maintained extensively in the offshore region. Moreover, labour 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.
In the Offshore Aquaculture Project (No. 3), the biological feasibility of cultivating mussels, oysters and kelp within offshore wind farm sites was investigated. The growth of these species was excellent in offshore environments, but differed depending on exposure sites, system designs, installation mode, and season. Settlement of young mussels on artificial collector substrates decreased with increasing distance from the shore (Walter et al. 2008). However, this did not limit the economic potential, if the thinning procedure was omitted following a “One-Step-Cultivation” concept (Buck 2004). Further, mussels were free of parasites at offshore locations due to dilution effects and the interrupted reproduction cycles of some macroparasites (Buck et al. 2005). Hydrodynamic forces could 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 (Buck and Buchholz 2005).
After the principal feasibility of offshore cultivation of algae and mussels was proven by the outcome of the Offshore Aquaculture Project, two further ongoing projects, MytiFit and River Jade (No. 6 and No. 9), were started in 2005 to elucidate more details regarding cultivation techniques. Additionally, the overall health status of mussels cultured under different conditions and the impact on economic aspects was investigated (Brenner et al. 2007). Specific aims of the projects were the development of suitable offshore spat collecting techniques, detailed knowledge about parasites (macro and micro), bacteria and virus infestations at different sites, implementation of biodiagnostic techniques for the 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 mussels as a product for human consumption. Modified and improved techniques for offshore farming withstand the high-energy environment of the North Sea, 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 provides 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. Preliminary results attest offshore areas satisfying settlement success and excellent growth rates (Manefeld 2006) and low infestations with macroparasites (Voss 2006), microparasites, bacteria and toxins (Brenner et al. 2007).
First results in the Euro-Tour Project (No. 11) show that mussels originating from offshore habitats have a better health status regarding the infestation with macro- and microparasites (Buck and Brenner, unpublished data), while macroparasites were found in mussels from nearshore areas in the Wadden Sea (the Netherlands, Germany, Denmark), whereas microparasites were absent.

Physical and technical studies
The first technically oriented studies were conducted in the project Roter Sand (No. 2). The results of this study allowed the identification of two offshore aquaculture systems that were best suited for offshore operations from a biological point of view. Depending on the impacting hydrodynamic properties, different technical setups were regarded as favourable. The first one is a floating and submergible ring system for the cultivation of seaweed. It withstands rough weather conditions and allows easy handling (Buck and Buchholz 2004). The second system is a submerged longline design for blue mussel culture (Buck 2007a). The longline should be installed 5 m below the water surface and be connected to foundations of offshore windmills. 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 the 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 technical realization and the implications of aquaculture technical requirements on design and construction of the grounding construction of offshore wind turbines were considered in the AquaLast Project (No. 7, Buck et al. 2006).
So far, modelling and experimental validation of a submerged 50 m longline aquaculture construction mounted between two steel piles, 17 nautical miles off the coast, showed significant forces of up to 90 kN (equivalent to 9 tons) induced by waves of up to 1.8 m significant wave height and tidal currents of up to 1.0 m/s (Zielinski et al. 2006). Given the high-energy environment in the North Sea and the non-linear relationship between water movement and its resulting forces, even higher mechanical loads are to be expected within the life cycle of such an arrangement.
Future work will (a) continue to monitor the experimental setup under different environmental conditions, (b) improve model parameters, such as drag coefficients by means of laboratory experiments, and (c) scale up the 50 m longline experiment as part of a simulation to full length using realistic foundations, such as monopiles and tripods. The resulting mechanical loads will then be considered as boundary conditions for the construction of wind farm foundations and additional demands in material, risk calculations and safety measures will be identified and economically quantified. The latter aspect will be a substantial factor for the successful integration of wind farmers in an offshore co-management scheme.
Furthermore, commercially produced nearshore collectors and self-designed collectors made of PP-fleece, PE or natural strand, like coconut, were tested under harsh offshore conditions. First results show that postlarvae and settled juvenile mussels prefer different materials and different material surfaces. With these results, a new collector for the use in high-energy environments can be developed.
Finally, the new pond-in-pond system in the AquaInno‐Project (No. 10, Fisch and Buck 2006) with an internal wastewater treatment for the use in sheltered and nearshore areas has the potential to lower environmental impact of fish culture facilities, such as net pens or cages, where pollution from faeces, medicine and food pellets is mainly “solved” by dilution. It is able to reduce the nutrient load not only from the fish holding unit, but also from the surrounding water column in which the entire system is floating. The system will be improved to fulfil new guidelines set by the EU.

Management and institutional studies
In the Coastal Futures Project (No. 4) research on stakeholders’ perspectives towards a potential wind farm–mariculture interaction reveals that integrating the perceptions and demands of the various resource users into the development of a multiple-use concept is a complex and controversial issue (Michler-Cieluch and Krause 2008). Different values need to be harmonized. So far, disagreements on the distribution of entitlements to benefits and profits between the different stakeholders can be observed (Table 2).
Table 2Pros and cons expressed by representatives of different stakeholder groups towards suggested “wind farm–mariculture integration” (modified after Michler and Buck 2007; Michler-Cieluch and Kodeih (2008)


	Pros
	Cons

	Combination would increase acceptance of offshore wind farms among population (administration)
	Uncertain profitability due to monumental technical requirements for operating mussel and algae cultures in the open sea (administration)

	Additional societal benefit (policy)
	Economic feasibility very questionable (fishery)

	Good innovative idea, though many open questions have to be answered in advance (wind energy)
	Offshore wind farms are a source of danger for shipping; danger of oil spills (tourism) 

	Multi-use of ocean territory reduces claiming of additional areas (tourism)
	Lack of in-depth information on impacts; not imaginable at present (policy)

	Additional jobs in the rural region likely (economy)
	Lack of “neutral” information (fishery)

	Opens up potentials for research and economic/financial benefit; possibility for international image (research)
	Exaggerated synergetic effects should not be interpreted; cultivation of shellfish is not part of a wind farm (economy)

	Initiation of a co-management scheme for the EEZ (research)
	The mariculture concept needs to see for itself. Otherwise it does not convince in combination with offshore wind farms (administration)

	Interesting with regard to local gastronomy (tourism)
	Loss of traditional fishery activities, e.g. trawl fishery (fishery)




                        
Our ongoing multidisciplinary social science research implies that the effective input of wind farmers and future mariculture operators such as mussel harvesters into a negotiation and bargaining process is the most essential component for the formation of an effective wind farm–mariculture co-management regime. Both acting groups know best what kind of tasks and activities have to be performed offshore for their purposes and what kind of rules would have to be applied for jointly using an ocean territory. Top–down induced management schemes by, e.g., the national government hold a high potential for failure. Moreover, involving the relevant actors improves the social acceptability of innovating concepts and their applicability (Heinelt 2002). Consequently, we argue that for developing and implementing a wind farm–mariculture multiple-use concept, co-management such as that described by Carlsson and Berkes (2005) 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 behaviour to the consequences of their own and other’s actions” (p. 67). 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.
If we consider co-management to be 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 (Carlsson and Berkes 2005). Since ways and means have to be developed that balance the respective interests of dominant and politically supported wind farming participants and small-scale entrepreneurial harvesters, this model can also be suggested for a prospective wind farm–mariculture interrelation. Therefore, the key question has to be resolved on how institutional arrangements could act as “boundary organizations” (see Cash and Moser 2000) in the prospect of an offshore co-management process between wind farmers, future mariculture operators and governmental agencies. However, 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 so far (Michler-Cieluch and Krause 2008).
The GIS
                           German Bight Project (No. 8) demonstrates that there are sites in the German Bight appropriate for open ocean aquaculture installations despite plenty of stakeholder conflicts. All test areas are situated near planned or approved offshore wind farms at places with adequate water depth, still not too far from the coast. Co-management arrangements comprising offshore wind farms and aquaculture allow for installing the latter within or in close vicinity to wind farm territory. This is due to the fact that the use of designated wind farm areas is restricted to other stakeholders such as fisheries. In addition, the planned wind farms offer enough room for large aquaculture installations (Koch 2006).

Economic studies
The Feasibility Study Project (No. 1) gave a general overview on market prices, market demands, classification of candidate species as high value products and the cost of some infrastructure. The study looked into the possible market value of offshore aquaculture products in comparison to the performance of existing conventionally operated farms in coastal waters. Main focus was placed on existing experience within the European community. A result was that a strong market exists for the suggested mussels and oysters as well as for brown and red algae. This market is likely to expand in the near future. Red algae can be directly sold to the consumer as a healthy “green and clean” bio-food or used in industry for various purposes (e.g. emulsifiers, ingredients for food, medicine). The feasibility study rounds up with a final evaluation of all factors, which are critical for the development of a commercial offshore aquaculture in combination with the planned wind farms in the North Sea region.
However, the MytiMoney Project (No. 5) principally highlights specific economic criteria needed for mussel farming at a site within an offshore wind farm in the German Bight. The economic analysis of the combined wind farm–mariculture use, focussing on seed mussel production, demonstrates that the service life of infrastructure as well as the mussel yield obtained per meter longline are crucial factors determining profitability (Fig. 4). In contrast, shipping costs and the idea of developing an offshore servicing vessel that can jointly be used for wind farm and mariculture operations and maintenance (Buck et al. 2004) does not seem to have a strong influence on general cost reduction patterns. Finally, a full economic analysis of different operation scenarios (best case–worst case) indicated that the market price and the annual settlement success of juvenile mussels were the main factors that determined the breakeven point.
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Fig. 4Factors influencing cost effectiveness of offshore seed mussel production within a wind farm territory in the North Sea




                        
Despite of these studies, the economics of a joint wind farm–mariculture utilization scheme still remain to be evaluated in detail. First results suggest concentrating on how to reduce investment costs for longlines used per culturing plot at offshore locations. This includes a more detailed analysis of the general start-up costs. Moreover, the prospect of cultivating mussels for direct consumption has to be considered in the future. The idea of having two production cycles in a single year is not possible due to the main spat fall event of blue mussels being between April and May (Pulfrich 1997).


Conclusion and outlook
By setting higher value on an inclusion of stakeholder knowledge and opinion, the initiation of the Coastal Futures Project (No. 4) 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 indicate 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 economic aspects are evaluated in more detail, it is important to initialize a comprehensive communication program to provide information to the key public and private actor groups (stakeholders). This in turn will increase their knowledge of the overall feasibility of combining different offshore uses and contribute to adding a joint wind farm–mariculture venture to their future portfolio.
Detailed data are needed to calculate the economic 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 offshore show that highest product quality 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.
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Footnotes
1Wind energy continues to be the world’s most dynamically growing energy source. The first initiative towards an economy based on renewable energy resources in Germany was set by the governmental decision to gradually reduce the use of nuclear energy and to respond to the gradually diminishing fossil and nuclear energy reserves. Simultaneously, the output of CO2 to the atmosphere is reduced (Kyoto protocol). So far, this development has been successful to such an extent that around 7.2% of the energy needs in Germany are covered by this technology. At the end of 2007, Germany had an installed capacity of 22,247 MW, generated by 19,460 operating wind turbines (BWE 2008). Within Europe as the leading market for wind energy with over 57 GW, Germany thus accounted for 39% in terms of 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 will overtake Germany by the end of 2009 (GWEC 2007).
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