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Abstract – The pressures on the use of the seashore are steadily rising, not only in developed countries but worldwide.
Anthropogenic activity has long impacted the marine continental shelf down to a depth of approximately –200 m. New
activities are now affecting this coastal space such as renewable energies, recreational uses and aquaculture in addition
to the traditional ones of navigation or fishing. This evolution raises new sources of conflict amongst users which can
require state involvement in order to manage the different stakeholders and pressure groups. However, the coastal space
still offers a large potential for development for two reasons. Firstly, the physical three dimensional potential of this
space enables the whole water column to be used, principally to increase the fishing productivity as in Japan. Secondly,
innovative synergies can be created between socio-technical and ecological uses (a “fourth dimension”) such as the
eco-design of wind turbine foundations in order to create fish habitat or sea grass settlement. This new vision in “4D”
for the design and the management of coastal infrastructure can potentially reduce the risk of conflict as different uses
of the coastal space would not necessarily exclude one another. Indeed, several forms of synergy could be developed
such as fisheries with aquaculture or biological sustainability with social acceptability. Until now, limited attempts at
such an approach have been done. We suggest this is likely due to the absence of a common eco-engineering vision
and the lack of experience amongst biologists and engineers in the co-construction of projects. This eco-engineering, or
“green” vision, also takes into account the complexity and resilience of the ecosystem in the long term, if underwater
engineered infrastructures are also “eco”-designed to increase ecological gain This new conception, for development
within the coastal area, provides for an increased bio-oriented complexity to engineered structure and therefore a better
resistance of the ecosystem in the long term to anthropogenic pressures and a reduction in multi-user conflicts.
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1 Introduction

The “area” of the coastal sea is defined here as the space
limited by the marine continental shelf, i.e. the volume of the
sea, from the coastline to depth of approximately –200 m. This
coastal space is approximately 27 million km2, representing
7% of the surface of the oceans, but equivalent to only 0.3%
of the oceans volume. The horizontal offshore extension of
this area is highly variable according to countries. At present,
this multi-use space is biologically fragile although highly ex-
ploited and damaged.

Most trends affecting the sea are having an increasingly
critical impact not only on the general quality of the seawater
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but also on the sustainability of living resources (Pauly et al.
1998; Kavanagh 2007). Could the increasing pressure on this
area be properly managed in order to secure both marine
productivity and a “green” infrastructure development which
could be in symbiosis with the natural ecosystem?

2 The coastal zone: an endangered
ecosystem

2.1 The demographic pressure on the coast

Half of the world population is concentrated in a 50 km
strip along the coastline; this population density is five times

Article published by EDP Sciences

http://dx.doi.org/10.1051/alr/2011135
http://www.alr-journal.org
http://www.edpsciences.org


130 D. Lacroix and S. Pioch: Aquat. Living Resour. 24, 129–135 (2011)

higher than that of the rest of inhabited land (Crossett et al.
2004). Among the 20 largest cities of the world, 16 are close
to the sea. This concentration of mankind will grow as esti-
mations indicate that 75% of the population will live less than
50 km from the sea by 2050 (Saunier and Laffitte 2007). The
needs for water, food and energy will increase; in turn related
waste and water pollution will progressively affect all marine
ecosystems.

For example, in the Mediterranean, about 136 million peo-
ple are recorded as living along the 46 000 km of coast (The
Blue Plan, Benoit and Comeau 2005). The Blue Plan expects
50 million more people by 2025. In addition, tourism repre-
sents a huge flow of population: about 170 million tourists in
2007, which represents 25% of the world tourism. There will
probably be 312 million visitors by 2025.

This evolution leads to a general anthropological modifi-
cation of the coast. In the Mediterranean, the rate of modi-
fied coast compared to natural landscape will shift from 40%
in 2000 to 50% in 2025 (Benoit and Comeau 2005). Towns,
harbours, highways, airports, pipe-line, dredging, off-shore
wind mills, refineries, marinas, etc., modify the ecosystem and
destroy natural habitats. The amount of waste and concrete
thrown into sea every year is increasing with little apparent
regard for the recommendations of impact studies. Moreover,
the rise of the sea level (the average rise is estimated at be-
tween 0.4 to 0.8 m by the end of the century according to the
Intergovernmental Panel on Climate Change (IPCC 2007) will
necessarily require the construction of new coastal infrastruc-
ture to protect human life and economic interests.

2.2 The degradation of the environment
and living resources

The degradation of coastal marine ecosystems has been
well established: sewage from industry and towns, organic
muds, radio-nuclides, oil and coal waste, all the products and
by-products of human activity finally reach the sea where sev-
eral of them are integrated into the food chain. The impact is
higher in closed seas such as the Mediterranean (Blondel et al.
2010).

Regarding fisheries, FAO reports that more than 2/3 of
the species are in a situation of full exploitation or over-
exploitation (FAO 2011) with a steady decline for 50 years
of the global trophic index which integrates 200 species in the
food chain web (Pauly and Watson 2005). If this rate is main-
tained, most of the targeted species for fishing will disappear
before 2050 (Worm et al. 2006). Some fishing techniques, like
trawling, are known to destroy habitats and related fauna in ar-
eas where spawning grounds and nurseries are present (Cury
and Miserey 2008).

Every year, a longer “red” list of endangered species re-
quiring protection is published by IUCN. National and inter-
national laws and regulations are now numerous but most of
the time they give only limited results.

2.3 The situational awareness

An increasing number of reliable studies show that ecolog-
ical services provided by marine ecosystems and particularly

coastal ecosystems for human well-being, are critical: 45%
of the world primary production, 50% of the oxygen produc-
tion, and a sink for carbon dioxide estimated at up to about
40 000 GT/year (Falkowsky et al. 1998; Ocean Resources –
MarineBio.org). However at present, we observe little appar-
ent long term vision in the use of these resources, living or
not.

Nevertheless, a number of states and international orga-
nizations are starting to pay more attention to fragile marine
areas such as mangrove swamps or coral reefs. At the World
summit of Johannesburg (2002), it was recommended: “to pro-
mote the integrated management of coasts and oceans at the
national and international level, to develop networks of marine
protected areas”.

In 2008, the European Union provided a common maritime
strategy with a consistent framework for all activities (Direc-
tive 2008/56/EC of Parliament and Council of June 17, 2008,
on strategy for marine environment).This set of laws under-
line the importance of integrated coastal zone management,
the protection of biodiversity and the correct governance for
fisheries and other uses of the sea.

The recent European law about environmental liability
added impact study regulations, for all EU countries. In addi-
tion, the Millenium ecosystem assessment (2005) which had
focused on ecological goods and services, helped decision
makers and citizens to prioritize an integrated approach for
marine use. The global economic estimation of aquatic ecosys-
tems reaches approximately some US$ 21 billion; this value
exceeds that of any other terrestrial ecosystem (Costanza et al.
1997).

This suggests that there are substantial economic benefits
to be gained by preserving coastal ecosystems, not to mention
social and aesthetic values that are harder to quantify. But how
can we preserve, maintain or enhance the coastal ecosystem?
Logically, this can be achieved by preventing the four main
factors which perturb the marine ecosystem: pollution (which
includes climate change due to human activities), overfishing,
habitat destruction and invasive species (Jackson et al. 2001).
Three of these threats concern political decisions and reme-
dies through management and educational actions. Several so-
lutions have been tested in various countries to remedy habitat
destruction for example, by the use of artificial reefs.

3 Green marine construction approach

3.1 Example of application on offshore wind farms

The underwater structure and foundation of a wind farm
may act as an “artificial reef”. In fact, these new structures
may induce bio-aggregation due to the phenomena of species
attraction for hard substratum. Most of the time the result is
an increasing aggregation of fishes and biota around the de-
vices (Wilhelmsson et al. 2006; Wilhelmsson and Malm 2008).
However, this function could have a negative impact on some
species in the long term. For example, fishes may be con-
centrated around windmills without adequate refuge. Conse-
quently, even if there is no concentration of biomass from sur-
rounding areas as has been suggested (Grossman et al. 1997),
the risk of increased fishing and related over-exploitation is
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clear (Inger et al. 2009). Moreover, climatic hazards may affect
the concentrations of juveniles around hard substratum close to
the surface, lacking complex refuge (Pastor 2008).

An improvement of the structure associated with the
submerged part of offshore windmills has been proposed
(Michler-Cieluch et al. 2009a). However, most of the time, the
improvements are limited to a simple addition to the structure
for a single specific use. For example, the solid foundations of
wind turbines can serve as an attachment point for aquaculture
devices notably for seaweed and mollusc culture (Buck et al.
2004; 2010), foundations of wave energy machines, with man-
ufactured holes, have shown significant positive effects on pop-
ulation numbers of edible crabs Cancer pagurus (Langhamer
and Wilhelmsson 2009). Moreover, even without any modi-
fication of the design, an offshore wind farm could act as a
no-take zone for fishes (Punt et al. 2009).

Instead of limiting the adaptation of a wind farm to one sin-
gle target in terms of ecological improvement or aquaculture
production, several aims could be targeted by an eco-design
of the device, from the outset of the conception of the project.
This vision could lead to the design of a foundation supporting
a wind turbine, which is effective for fish habitat. It could be
link with a series of artificial reefs installed around an the area
to create a “habitat web”, with a corridor and a reservoir area.

The key idea is to take advantage of the structure itself and
to integrate it into a global vision of the management of the
area. The addition of complex structures should furnish a more
diverse ecosystem as is observed on ship wrecks (Lindquest
and Pietrafesa 1989). Ideally, the additional structures should
be conceived according to the requirements of local species
in order to offer effective new habitats such as bricks if crus-
tacean are abundant locally (Koike 2001) or rocks for sea
bass, etc. (Pioch 2008). Thus, artificial habitats could be de-
signed specifically to be part of the infrastructure and its sur-
roundings. A main target could be to provide higher diversity
along the vertical structure from the sea surface (mainly for
post-larvae and juveniles), to the sea bed (for adults). The eco-
design strategy consists in adding essential artificial habitats
(with the ecological functions of protection, breeding, spawn-
ing and feeding) for the different species or life stages. The
artificial habitat could also have structural benefits by lower-
ing scour at the feet of the foundations through reducing the
water currents and the speed of sediment transport (Fig. 1).

This set of artificial habitats on the foundations and be-
tween them, should stimulate the increase of biodiversity and
biomass throughout the whole wind farm as observed in reef
parks (Bombace et al. 1994; Jensen 2000; Charbonnel et al.
2002; Monteiro and Santos 2000; Santos and Monteiro 2007).

3.2 A broad field of application today and for the future

Numerous countries are interested in marine energy tech-
nologies because they realize their future importance. Some
technologies are well known (involving tide, wind) but most
of them are, as yet, experimental (involving waves, currents).
Up to now, considering only the North-East Atlantic, the North
Sea and the Baltic Sea area (i.e. 10 countries), 39 wind farms
are functioning, more than 3000 foundations are installed on

the sea bed, and 318 new projects are under study (Lacroix un-
published data). In France, marine renewable energies could
represent up to 7.7% of the French target for renewable en-
ergies by 2030; offshore wind turbines represent the main
technology to be developed (Lacroix and Paillard 2008). This
trend, toward marine renewable energies, has been discussed
for years as it raises a number of issues involving several
groups of actors: the state, fishermen, tourists, associations of
ecologists, local lobbies etc. (Buck et al. 2004; 2010).

Numerous other infrastructures are built in the sea or on
the seashore all over the world; all with well established eco-
logical impacts (Inger et al. 2009; Bulleri and Chapman 2010;
Lapena et al. 2010). In the case of an offshore wind farm, in-
novative synergies have been proposed between ecological en-
hancement and technical, social and economical interests. The
objective is to optimize the effects of underwater infrastruc-
tures to enhance the capacity for multi-use, in order to reduce
conflicts. (Forst 2009; Michler-Cieluch et al. 2009a), and to
balance conservation and exploitation (Queffelec et al. 2009)
as well as to look for spill-over positive impacts (Petersen and
Malm 2006; Punt et al. 2009). But these proposals link the
main target of the wind farm (renewable energy production)
to only one secondary objective, in order to take into account
the demand of one stakeholder at a time: the fishermen or the
aquaculturists (Michler-Cieluch et al. 2009b) or the ecologists.

The new concept is to conceive the building, the installa-
tion and the regular management of a wind farm not only for
a primary user (electricity production for instance) but also for
all the secondary potential users, from the outset of the project.
This could help to plan a specific marine project for the widest
panel of stakeholders. The idea is similar to the eco-design
of construction: to maximize the positive effects (physical, bi-
ological and socio-economical) from the early stages of the
project design, to enhance the environmental integration.

In this way, the needs of the energy supplier and the other
potential users of the wind farm area could all be addressed.

Firstly, at present the energy supplier, owner of the wind
farm, needs a very small part of the surface of the ground for
the foundations and the paths for the electric cables. The man-
agers of the project are naturally looking for good relations
with all local stakeholders in order to avoid conflict. They also
wish to give an ecological image of the farm, with proof of
their concern for sustainable development of existing activi-
ties, such as fishing. Consequently, it is their in own interest
to find the ways and means to involve all stakeholders in the
project.

Traditionally, fishermen have a major role in this type of
situation. They want to maintain their activity and their in-
come. Provisions could be made for artificial reefs and re-
served trawling paths between the piles from the outset of the
planning of the settlement of wind turbines of the site.

The aquaculturists could also be interested in reliable
moorings for pelagic-fish cages or long lines for shellfish,
higher water quality, reuse of fish waste by cultured bottom
fishes and an opportunity for a remote control of their devices
through cameras and feeding/harvest mechanisms fixed on se-
lected piles. Coastal tourism might be less sensitive to struc-
tural modification of the landscape as wind farms represent
renewable energy with “no carbon emission”. Visits of the site
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Fig. 1. Eco-designed offshore foundation for fishes, sea-grass and multi-use purposes: diving, fishing, tourism, etc. c© Egis Eau/ Sylvain Pioch
and Jean-Luc Féron.

could be proposed with marketing specifically directed at the
collective approach of the planning of the project and the ex-
emplary involvement of all stakeholders.

Scientists would be naturally interested in numerous as-
pects of this type of combined activity with so many opportu-
nities for observation and monitoring on piles with electricity
and data transmission facilities including video. Several fields
of research could be explored: climate change, ecosystem evo-
lution, changes in fishing capacity, aquatic species behavior,
social perception of the farm and political acceptability, multi-
disciplinary studies, etc.

The country administration or the local authorities should
notice the opportunity of a new marine protected area with nu-
merous technical possibilities for the monitoring and the lo-
cal availability of skilled people for impact assessment. Media
should react positively to an innovative project as it increases
the awareness of the benefits of cooperation between stake-
holders and the many opportunities for education and moni-
toring (Fig. 2).

This type of management, which combines local inter-
ests in the short term and global interest in the long term,
is actually a mixture of basic Integrated Coastal Zone Man-
agement (ICZM) principles as they emphasize the care of

environmental sustainability, and the recent ecosystem based
approach, which gives a more important role to human activi-
ties (Costa Pierce 2010).

It could also facilitate the acceptance and the valorization
of existing wind farms by giving access to fishing, as found
in Denmark, on the Horns Rev wind farm, where fishermen
are allowed to fish inside the farm area. The agreement, to al-
low fishing, played a significant role in the social acceptability
of the project (pers. comm. with director of Danish fisheries).
The open consultation of all stakeholders reduces the risks of
NIMBY (“Not In My Backyard”) effect because “the crucial
factor in NIMBY issues is not egotism, nor any other person-
ality trait, but fair decision making that does not cause any per-
ceived injustice” (Wolsink 2005; Breukers and Wolsink 2007).
Today, it is time to consider natural issues and social dynamics
as a system and not as separate disciplines (Michler-Cieluch
et al. 2009a).

This approach, which has been developed here in the case
study of a wind farm, could be extended to many other in-
frastructures at sea: harbours, sea pipe-lines, electrical cable,
aquaculture devices and moorings etc. with the same double
set of effects: to improve the biological acceptability of the
new infrastructure and to facilitate the collective exploration
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Fig. 2. Example of multi-use management of a wind farm. The wind turbine density is artificially high to facilitate the presentation of the
concept. From left to right: diving, scientific studies, aquaculture, fishing, tourism. c© Denis Lacroix, Ifremer and Malo Lacroix.

of all the ways and means to maximize the usefulness of it for
all stakeholders (Pioch et al. in press). The evolution in the de-
sign and management of marine construction could contribute
to a reduction in their negative impact. Actually, it has been es-
timated that habitat destruction remains the first cause of bio-
diversity loss for 67% of endangered marine species (Bœuf
2008).

4 Conclusion

The “blue revolution”, a new way to consider the manage-
ment of the sea, particularly the coastal part, is still in its in-
fancy. Homo sapiens remains, in many ways a short-sighted
predator. The challenge is to humanize the coastal region of
the sea in the same way as human societies try to do on land
(Jamieson 2005), slowly learning how to integrate the rules
of sustainability and equity into their behavior for the sake of
future generations (Gunderson and Holling 2002). On the con-
tinental shelf, the current situation is rapidly changing under
the pressure of human exploitation, notably for aquaculture
and in the fisheries sector. This evolution is more noticeable
in Asia (FAO/NACA 2001). At the same time, an increasing
number of guidelines and general recommendations have be-
come available as numerous studies have been carried out and
published on this global issue in particular from international
bodies such as FAO, IUCN, European Commission, etc.

Concerning coastal zone management, decision makers
now have two types of tool to improve understanding of the im-
portance and the consequences of their choice of various sce-
narios. Firstly, numerous scientific disciplines have progressed
significantly for the past 20 years in this field, particularly
concerning ecosystem diagnosis, environment modeling, eco-
logical engineering, impact assessment and sociology (Callon
et al. 2001; Maruyama et al. 2007; Pahl-Wostl et al. 2008).
Secondly, foresight analysis has progressively become a new
practical tool with a broad set of methods (Schwartz 1991;
van der Heijden 1996; Cornish 2004; Mermet 2005).

This approach, which combines scientific analysis and
long term view, highlights the interest of more complex in-
frastructures at sea. At present, designers of underwater struc-
tures predict a higher resilience of ecosystems in the long term
to these structures as they have been adapted or conceived in
order to stimulate or protect marine life. This evolution was
mainly based on the Japanese model at the end of the previous
century (Nakamura 1985; Grove et al. 1989). Today, new con-
struction models are proposed in many countries in relation
to new biological targets such as those involving mitigation,
restoration or recreation (Baine 2001; Bortone 2006; Thanner
et al. 2006; Seaman 2007; Burt et al. 2009; Pioch et al. 2011).

This evolution could be enhanced by initiatives in the man-
agement of regional seas such as in the Mediterranean or in the
Baltic Sea. The existing ambitious program of offshore wind
farms could be the opportunity for a concerted action of all
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these disciplines (biology, ecology, sociology, etc.) at an inter-
national level.
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