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CADORET, Dr Christian VICENTY, Dr Yves HENOCQUE, Prof. Denis BAILLY

Prof. TAKAI Rikuo, Tokyo University of Marine Science and Technology and Prof. Yvon BERLAND signing of the agreement 
between the “Université de la Mediterranée” and “Tokyo University of Marine Science and Technology”.
From the left, Dr. IZUMI Mitsuru, Vive-President, Director of the Offie of Liaison and Cooperative Research; Dr. TAKAI Rikuo, 
President, Pr. Roger GIUDICELLI, Vice-President; Prof Yvon BERLAND, President; M. BAMBA Masahiro, Consul général of 
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•	 Aquaculture: resource preservation and harmonious management
•	 Artificial Reefs: enhancement and protection of natural environments
•	 Biodiversity: impact of human activities, invasive species, and protection of 

natural environments
•	 Coastal Managements: interactions between ports and natural environments, 

ecological and economical consequences
•	 Observation of Marine Environment: emergence of new technologies
•	 Physical, Chemical, Biological and Biogeochemical Functioning: natural 

and anthropic environments
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Son Excellence Monsieur Iimura Yutaka
Ambassadeur du Japon en France
Le 13ème Colloque franco-japonais d’Océanographie s’est déroulé en 2008, 
l’année célébrant le 150ème anniversaire des relations diplomatiques entre nos 
deux pays.

Dès la signature du traité franco-japonais de paix, d’amitié et de commerce en 
1858, le Japon s’est empreint de l’influence de la France. Notre pays a pu disposer 
des techniques et des savoirs français dans de très nombreux domaines visant à 
l’édification d’un Etat moderne tels que la pensée politique, le code civil, 
l’organisation de l’armée et de la police et l’industrie. La France a également été 
influencée par le Japon, bien que de façon plus modeste et essentiellement dans le 
domaine des arts et de la culture. La peinture de style Ukiyo-é et les poteries 
japonaises sont à l’origine du “Japonisme” qui a joué un rôle décisif dans la genèse 
de l’impressionnisme et de l’Art Nouveau.

Aujourd’hui il existe entre la France et le Japon des liens forts dans les relations 
commerciales, les investissements, les échanges entre collectivités locales, 
l’enseignement supérieur et la recherche, les sciences et les technologies. La coo-
pération dans le domaine de l’océanographie a commencé il y a déjà plus de 
cinquante ans avec les recherches menées par le bathyscaphe français dans la 
Fosse du Japon. Les deux Sociétés d’Océanographie franco-japonaises ont large-
ment contribué à la développer.

Je tiens à rendre hommage aux nombreuses personnes qui ont travaillé à 
l’organisation de ce colloque et apprécie leur passion sans laquelle cette manifes-
tation n’aurait pas eu lieu. Enfin, je tiens à les féliciter du très grand succès qu’elle 
a rencontré.

M. Yutaka Iimura
Ambassadeur du Japon en France

Translation

The 13th France-Japan Colloquy in Oceanography took place in 2008, the year 
celebrating the 150th anniversary of the official diplomatic exchanges between 
our two countries.

Since the signing of the France-Japan Treaty of Peace, Friendship and Trade in 
1858, Japan has been marked by French influence. Our country has been able to 
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use French techniques and knowledge in numerous areas in order to edify a mod-
ern State, for example, in political thinking, developing a civilian code of justice, 
organization of the army and police, and in industry.

France has also been influenced by Japan, although more modestly and essen-
tially in the domain of arts and culture. Paintings of Ukiyo-é and Japanese ceram-
ics are linked to the origins of the “Japonisme,” which played a decisive role in the 
genesis of impressionism and Art Nouveau.

Today, this relationship still exists between France and Japan, with strong links 
in commercial trade, investments, exchanges in the fields of local collectives, 
upper level education, science, and technology. The cooperation in the field of 
oceanography began more than 50 years ago with the research involving French 
bathyscaphs in the Japanese trench. The two Sociétés franco-japonaises 
d’Océanographie have broadly contributed to that development.

I am paying tribute to the numerous persons who have worked for the organiza-
tion of the colloquy, and I appreciate their passion, without which that event should 
not been happened. Finally, I would like to congratulate them for the very large 
success obtained.
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Monsieur le Professeur Fançois Gros
Secrétaire perpétuel honoraire de l’Académie des Sciences

Il m’est particulièrement agréable de rédiger la préface de cet ouvage qui regroupe 
les textes des communications présentées au cours du 13ème Colloque franco-
japonais d’Océanographie. Cette importante réunion scientifique s’est déroulée à 
Marseille et à Paris entre le 8 et le 12 septembre 2008.

Ce Colloque couvre un champ continu de la recherche en sciences et technolo-
gies marines depuis les caractères physiques et chimiques des océans jusqu’aux 
aménagements du littoral, en passant par la biodiversité, l’aquaculture et les récifs 
artificiels.

L’Académie des Sciences est attentive à de telles activités qui renforcent les 
liens existant entre les océanographes français et leurs confrères du Japon. 
Certaines Fondations de l’Institut se sont d’ailleurs donné pour mission d’aider de 
telles initiatives comme l’aide apportée par M. le Chancelier Gabriel de Broglie. 
Le Comité consultatif conjoint franco-japonais que j’ai co-présidé de longues 
années considère aussi avec un grand intérêt les rencontres de ce niveau qui, 
grâce à l’établissement de relations personnelles entre chercheurs des deux pays, 
complètent parfaitement les relations établies entre les administrations et entre les 
organismes officiels des deux pays.

Ce colloque très ouvert donne surtout des perspectives vers des domaines 
réellement porteurs d’avenir, comme les biotechnologies marines, la biogéo
chimie, les technologies d’aquaculture, de nouvelles approches en biodiversité 
des populations marines, les nouveaux types de récifs artificiels et les tout 
récents appareillages permettant des observations très fines du milieu marin. 
Les plus hautes instances de chacun des deux pays – Ambassades, Ministères, 
Directions nationales et régionales de la recherche scientifique – ne s’y sont 
pas trompées en accordant leur soutien à cette manifestation. Des perspectives 
vers la médecine et vers la pharmacie sont déjà ouvertes en nutrition, santé, 
nouveaux médicaments, cosmétiques, pour ne prendre que quelques exemples. 
L’établissement, à cette occasion, d’un jumelage entre deux universités, française 
et japonaise, favorisera grandement le flux de ces échanges, bénéfiques aux deux 
partenaires. Il pourrait servir d’exemple à d’autres universités.

Aussi suis-je heureux de remercier les deux Sociétés franco-japonaises 
d’Océanographie, l’Université de la Méditerranée, le Centre d’Océanologie de 
Marseille et les Comités d’organisation qui, dans chacun des deux pays, ont mis 
sur pied cette intéressante et si productive manifestation. Elle aura des suites 
dans le prochain colloque au Japon dans un proche futur et demeurera, j’en suis 
convaincu, d’une grande fécondité dans un avenir plus lointain. Que les organ-
isateurs, et notamment les Professeurs Hubert Jean Ceccaldi, Imawaki Shiro et 
Yagi Hiroki soient vivement loués pour cette belle réussite.

Prof. François Gros, Secrétaire perpétuel honoraire de l’Académie des Sciences

Translation

I am particularly glad to draw up this foreword of this book, gathering the texts of 
the communications presented during the 13th France-Japan Colloquy of 
Oceanography. This important scientific meeting was held in Marseille, then Paris, 
between September 8 and 12, 2008.
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That meeting covered a continuous field of research in marine sciences and 
technologies, from physical and chemical characteristics of the oceans, to coastal 
management, and moving to biodiversity, aquaculture, and artificial reefs.

The French Academy of Sciences pays attention to such activities, as they rein-
force the existing links between the French oceanographers and their Japanese 
colleagues. One of the founding principles of the Institut de France is to help to 
such initiatives, with the cooperation of Chancellor Gabriel De Broglie.

The joint France-Japan Consultative Committee, which I have co-chaired for 
many years, is also interested in such high-level meetings because they make the 
personal relationships easier between researchers of both countries, completing 
perfectly, by that way, the relationships established between administrations and 
official bodies of the two countries.

This meeting provided above all perspectives on scientific fields that are very 
promising for the future, such as marine biotechnologies, biogeochemistry, tech-
nologies of aquaculture, new approaches to the domain of biodiversity of marine 
populations, new models of artificial reefs, and very recent apparatus leading to 
very fine observations of the marine surroundings. The highest official bodies in 
each country – Ministries, Embassies, National and regional political and admin-
istrative bodies in scientific research – have taken appropriate decisions to help 
this event with their strong supports. Other perspectives in the fields of medicine 
and pharmacy have been already opened in nutrition, health, new drugs, and cos-
metics, to name a few examples. Signing a document to establish a “twinning” 
between two universities, French and Japanese, at this point will facilitate greatly 
the flux of exchanges, for the benefit of both partners. It will constitute a good 
example for other universities.

Accordingly, I am glad to thank the two Sociétés franco-japonaises 
d’Océanographie, the University of Méditerranée, the Centre d’Océanologie de 
Marseille, and the two organizing Committees; in each country, they have set up 
this very interesting and productive event. It will certainly produce numerous after 
effects, such as a new meeting in Japan in the near future, and it will induce fruit-
ful work together in the future.

I am glad to express my sincere praise to the organizers, and in particular 
Professors Hubert Jean Ceccaldi, Imawaki Shiro, and Yagi Hiroki for this nice 
success.
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Monsieur le Professeur Yvon Berland
Président de l’Université de la Méditerranée

L’Université de la Méditerranée et le Centre d’Océanologie de Marseille, dirigé par le 
Professeur Ivan Dekeyser, ont pleinement participé au 13ème Colloque franco-japonais 
d’Océanographie qui s’est tenu au mois de septembre 2008. Ce dernier était organisé 
avec les deux Sociétés franco-japonaises d’Océanographie du Japon présidée par 
Professeur Imawaki Shiro et la Société franco-japonaise de France, présidée par le 
Professeur Hubert Jean Ceccaldi.

Ce fructueux colloque permettra de renforcer notablement dans le futur une 
coopération interuniversitaire qui existait déjà, mais de façon plus modeste, dans 
le domaine de l’Océanologie.

L’Université se réjouit d’avoir pu apporter son concours à cette belle réussite, 
notamment en hébergeant les séances d’échanges scientifiques à la Faculté de 
Pharmacie grâce à son Doyen Patrick Vanelle, et en participant à son soutien 
administratif.

L’Université se félicite particulièrement d’avoir établi de façon formelle, à la 
faveur de ce colloque, des accords d’échanges scientifiques et techniques avec les 
Professeurs Takai Rikuo et Izumi Mitsuru, respectivement Président et vice-Président 
de l’Université des Sciences et Technologies marines de Tokyo, au cours d’une 
cérémonie amicale à laquelle ont participé les Professeurs Yvon Berland et Roger 
Giudicelli, respectivement Président et vice-Président de l’Université de la 
Méditerranée, plus de quarante congressistes scientifiques japonais, Monsieur 
Bamba Masahiro, Consul Général du Japon à Marseille et Monsieur Jean-Louis 
Armand, Conseiller pour la Science et la Technologie de l’Ambassade de France 
à Tokyo.

De très intéressantes journées scientifiques ont été vécues. Elles conduiront à 
établir des orientations générales sur les relations entre l’homme et les milieux 
marins. Elles devraient aussi renforcer les liens entre les équipes de chercheurs des 
deux pays, en les incitant à travailler ensemble dans le but essentiel de pouvoir 
partager leurs connaissances.

C’est grâce à ces connaissances nouvelles mises en commun que pourront 
s’établir et se développer des projets de recherche originaux dans des disciplines 
qui, compte tenu des problèmes environnementaux très actuels, sont appelés à 
jouer un rôle primordial à l’échelon mondial.

Prof. Yvon Berland
Président de l’Université de la Méditerranée

Translation

Université de la Méditerranée and Centre d’Océanologie de Marseille, lead by 
Professor Ivan Dekeyser, have taken a full part to the Colloque franco-japonais 
d’Océanographie held in September 2008. That meeting was organised by the 
Société franco-japonaise d’Océanographie of Japan leaded by Professor Imawaki 
Shiro and by the Société franco-japonaise of France, leaded by Professor Hubert 
Jean Ceccaldi.

This fruitful meeting will give a new framework to intensify notably the future 
a cooperation between universities that already exists, and more modestly, in the 
field of marine sciences.

Foreword



xvi

Our university is very glad to have given its support to this nice success, in 
particular the sessions of scientific exchanges in the amphitheatres of the Faculty 
of Pharmacy, thanks to the cooperation of the Dean, Professor Patrick Vanelle, 
with the help of his efficient administrative staff.

Our University is particularly glad to have formally established, in the frame-
work of that binational meeting, scientific and technical agreements with Professors 
Takai Rikuo and Izumi Mitsuru, respectively, President and Vice-President of the 
Tokyo University of Marine Sciences and Technology, during a friendly ceremony, 
with the participation of the Vice-President Roger Giuducelli and the leading team 
of the University de la Méditerranée. More than 40 scientists travelled from Japan 
to attend the meeting. We have been glad also to receive Mr. Bamba Masahiro, 
General Consul of Japan in Marseille, and Mr. Jean-Louis Armand, Main Advisor 
for Science and Technology in the French Embassy in Tokyo.

Very interesting scientific meetings took place. They will lead to establishing 
general directions for the future concerning the relationships between mankind 
and marine environments. They will also strengthen the links between the teams 
of the two countries, inciting them to work together with the final aim to share 
their knowledge.

Thanks to this new knowledge acquired in common, new projects of research 
will be established and developed in some disciplines having strong links with 
very contemporary problems at a global scale, at the world dimensions.
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Monsieur Tominaga Shigeatsu
Président du Conseil d’administration de la Fondation Franco-Japonaise 
Sasakawa

“Homme libre toujours tu chériras la mer! La mer est ton miroir; tu contemples ton 
âme” écrivait Arthur Rimbaud. Ces vers nous rappellent à quel point la mer est 
précieuse pour l’homme. La mer est aussi, pour l’homme, un moyen de liberté car 
elle lui permet de se connaître plus profondément. La chérir, l’aimer, la connaître, 
c’est se comprendre soi-même.

La mer est un miroir, et dans cet échange franco-japonais, connaître signifie, non 
seulement analyser, étudier les écosystèmes, mais également comprendre le rapport 
singulier qu’entretiennent, du fait de leur histoire et de leur géographie particulière, 
la France et le Japon. Le partage des connaissances, l’étude des différences métho-
dologiques, conceptuelles, permettent aux scientifiques, non seulement de progresser 
dans leur compréhension de ces objets très complexes que sont les écosystèmes 
marins et côtiers, mais, en élargissant les champs de recherche aux domaines 
juridiques, urbanistiques, philosophiques, anthropologiques, la mer, objet d’étude, 
redevient le miroir où les particularités françaises et japonaises se reflètent et se 
comprennent.

De nos jours plus personne n’ignore à quel point les écosystèmes marins et 
côtiers sont fragiles. Les hommes modifient, parfois bouleversent, ces équilibres 
fragiles. Or, du devenir de ces écosystèmes dépend l’avenir de l’humanité.

Comprendre leur évolution, les causes de ces changements, les raisons des 
bouleversements est devenu aujourd’hui une nécessité vitale.

Parce que la mer représente tant pour l’humanité, en tant que Président de la 
Fondation Franco-Japonaise Sasakawa dont la mission est de développer des 
relations de culture et d’amitié entre la France et le Japon, je suis heureux que nous 
ayons soutenu ce colloque organisé par les deux Sociétés franco-japonaises 
d’Océanographie de France et du Japon, et par le Centre d’Océanologie de Marseille. 
Cette réunion aura permis à plus de 150 chercheurs, principalement français et 
japonais, de se rencontrer de façon concrète, d’échanger et ainsi de faire progresser 
le savoir et contribuer à éclairer l’avenir. Les liens entre nos deux pays, dans les 
domaines de l’océanographie et dans les disciplines connexes s’en trouvent ainsi 
renforcés. De tous mes vœux, j’espère que les relations nouées pendant ces quatre 
jours de conférences perdureront.

Pour conclure, permettez-moi de remercier tous les partenaires qui avec 
nous ont soutenu cet événement ainsi que M. Hubert-Jean Ceccaldi, qui a su 
trouver les mots et nous convaincre de l’importance des relations franco-japonaises 
dans ce domaine.
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M. Shigeatsu Tominaga,
Président du Conseil d’administration de la Fondation Franco-Japonaise 
Sasakawa

Translation

“Man of freedom, always you shall cherish the Sea! The sea is your mirror; you 
contemplate your soul” wrote the French poet Arthur Rimbaud. These verses remind 
us that the sea is precious for mankind. The sea is also, for any man, a means of 
freedom because it gives to each one the possibility to know himself more deeply

To cherish it, to love it, to know it is also understand himself.
The sea is a looking glass and, in this France-Japan exchange, to know means, 

not only to analyze, to study the ecosystems, but also to understand the peculiar 
relationships to keep alive the exchanges between France and Japan, because there 
is some resemblance of their peculiar history and geography. The sharing of their 
knowledge and the study of their methodological and conceptual differences lead 
the scientists not only to progress in the understanding of these very complex 
objects of the marine and the coastal ecosystems, but also to widen the fields of 
research to the domains of law, urbanism, philosophy, anthropology, etc. The sea, 
as an object of study, becomes again the mirror where the French and Japanese 
peculiarities are reflected and leads us to understand each other.

Today, nobody ignores the fact that the marine coastal ecosystems are fragile. 
Mankind modifies and sometimes disrupts these fragile equilibriums. Yet, the evo-
lution of these ecosystems in the future depends on mankind. Understanding their 
evolution, the origin of these changes, and the reasons for these upheavals are 
becoming a vital necessity.

Because the sea represents so much for mankind, as I am the President of the 
Fondation Franco-Japonaise Sasakawa whose mission is to develop relationships 
in culture and friendship between France and Japan, I am glad to have established 
the support for this meeting, organized by the two Sociétés franco-japonaises 
d’Océanographie from France and from Japan, as well as the Centre d’Océanologie 
of Marseille. This meeting has induced the active presence of more than 150 peo-
ple, mainly French and Japanese, to meet each other, directly, then to exchange 
information and to make progress in knowledge and to contribute to improving the 
future. The links between our two countries in the field of Oceanography and other 
related disciplines will be strengthened. In all my wishes, I hope that the links 
established during these 4 days of conferences will continue in the future.

To conclude, let me thank all the partners with whom we have cooperated in 
support of that event, as well as Mr. Hubert-Jean Ceccaldi, who found the words 
to convince us of the importance of the France-Japan relationships in that 
domain.

Foreword



xix

Monsieur le Professeur Imawaki Shiro
President of the Société franco-japonaise d’Océanographie du Japon

The year 2008 was the 150th anniversary of the cultural exchange between Japan 
and France, which originated from the trade treaty between the two countries 
signed in 1858, near the end of Edo era. During the one and a half centuries, we 
have had very rich exchange activities between the two countries in various 
fields.

In April 1960, the Japanese-French Oceanographic Society (Societe franco-
japonaise d’Oceanographie) was established in Japan in order to stimulate the 
scientific exchanges between Japan and France in the fields of oceanography and 
fisheries. The establishment was mostly indebted to the late Professor emeritus 
Tadayoshi Sasaki of Tokyo University of Fisheries. It was almost 50 years ago. 
Today, the Society has about 200 regular members. The Society holds its scientific 
conference in June every year. In 1963, we started to publish a society bulletin 
“Umi” in Japanese, which is called “La mer” internationally. The bulletin has been 
issued four times a year. In 1966, we established a Society prize. Its first winner 
was Professor emeritus Kenzo Takano of the University of Tsukuba, who stayed 
at Grenoble University in France for several years in the 1960s.

In 1984, the French-Japanese Oceanographic Society was established in France. 
It was deeply indebted to Professor emeritus Hubert Jean Ceccaldi of “Ecole 
Pratique des Hautes Etudes.” Professor Ceccaldi served as the Director of the 
Maison Franco-Japonaise in Tokyo for 4 years from 1988 and contributed tremen-
dously to cultural exchanges between the two countries.

The Japanese-French Oceanographic Society in Japan and French-Japanese 
Oceanographic Society in France have been stimulating oceanographic activities 
between the two countries. The two societies started to hold joint oceanographic 
symposia. The first symposium was held in Montpellier in 1983. The present sym-
posium in Marseille and Paris in 2008 is the 13th, and we have almost 40 scientists 
from Japan.

This is a very brief summary of the history of exchange activities in the ocean-
ography and fisheries fields. Another field of ocean sciences may be ocean engi-
neering. France has been leading the world in deep ocean expeditions. The manned 
deep-sea vessel, the bathyscaphe F.N.R.S. III, visited Japan in 1958; it was 50 
years ago. French and Japanese scientists carried out a deep ocean expedition in 
Japan Trench in that bathyscaphe. In 1962, another bathyscaphe, “Archimede,” 
visited Japan to carry out a deep ocean expedition in Chishima Trench. Those 
activities using bathyscaphes were succeeded by IFREMER in France and 
JAMSTEC in Japan. JAMSTEC built manned deep submersibles called “Shinkai 
2000” and “Shinkai 6500” to contribute to deep ocean science.

In the field of physical oceanography, France has been contributing tremen-
dously In the field of satellite altimetry. CNES of France launched a satellite 
TOPEX/POSEIDON in 1992 in collaboration with NASA of the United States of 
America. This satellite measured variations of the sea-surface height very pre-
cisely. Nowadays, physical oceanographers are addicted to satellite altimetry. Its 
successor, Jason-1 of CNES and NASA, has already finished its job, and Jason-2, 
launched in June 2008, is now operating. France is leading in the satellite altimetry 
observation of oceans.
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The next meeting, the 14th Japan-France Oceanography Symposium, will be 
held in Kobe, Japan, in 2010. Kobe is a sister city of Marseille. The year 2010 is 
the 50th Anniversary of the Japanese-French Oceanographic Society, and the 
Symposium is one of the activities of celebrating the anniversary. As the President 
of the Society, I would like to invite all of you to participate in the 2010 Symposium 
in Kobe.

Finally, I would like to thank the organizing committee led by Prof. Hubert 
Jean Ceccaldi and also Prof. Hiroki Yagi of Otaru University of Commerce, Japan, 
for their perfect preparation of the symposium.

Prof. Shiro Imawaki.
President of the Japanese-French Oceanographic Society
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Le maire de la ville de Marseille
Jean-Claude Gaudin

Notre ville a eu le plaisir d’accueillir le 13eme Colloque Franco-Japonais 
d’Océanographie dont le Centre d’Océanologie de Marseille était le principal 
partenaire. Les échanges et les communications scientifiques de ce colloque et 
leur publication sont du plus grand intérêt pour Marseille dont la bordure maritime 
s’étend sur 57 km.

Cette façade littorale représente un espace fragile où se concentrent les enjeux 
et les défis liés à sa préservation et à sa valorisation. Aussi, dans le cadre de son 
engagement en faveur de la protection de l’environnement et du développement 
durable, Marseille a lancé et réalisé d’importants projets.

Géolide, la plus grande station biologique enterrée au monde pour le traitement 
des eaux usées, est en service. L’implantation de récifs artificiels dans la rade du 
Prado recrée des conditions favorables à la prolifération de la faune et de la flore. 
Quant au Parc Maritime des Iles du Frioul, il est intégré dans le réseau Natura 
2000.

Le Groupement d’Intérêt Public des Calanques préfigure le Parc National des 
Calanques, le premier parc national périurbain pour protéger et valoriser les 
espaces naturels et exceptionnels, terrestres et maritimes, du site. De plus, la Ville 
a défini le “Plan de Gestion de la Rade de Marseille” destiné à mettre en cohérence 
les différentes politiques publiques intervenant sur cette zone.

D’autre part, ce colloque a contribué à conforter les liens que notre ville a tissés 
avec le Japon, en particulier avec la ville-port de Kobé, avec laquelle Marseille a 
échangé un serment de jumelage il y a près d’un demi siècle. L’accueil de cette 
manifestation s’inscrit donc dans la vocation d’ouverture et d’échanges de notre 
ville et la tenue de ce colloque d’intérêt international contribue au rayonnement 
scientifique et intellectuel de Marseille.

Jean-Claude Gaudin
Maire de Marseille
Vice-Président du Sénat

Translation

Our city has had great pleasure in welcoming the 13th Colloquy of Franco-
Japanese Oceanography; the Centre d’Océanologie de Marseille was the main 
partner.

The exchanges and the scientific communications of that meeting and their 
publication are of highest interest for Marseille, with its littoral reach 57 km 
long.

That coastal area represents a fragile space where numerous important stakes 
and challenges linked to its preservation and its development are concentrated. So, 
in the framework of the commitment to protect the marine environment and sus-
tainable development, Marseille has launched and carried out important projects.

Géolide, the largest underground biological water treatment facility in the 
world, is functioning. Immersion of artificial reefs in the Prado Bay create favor-
able conditions for the proliferation of marine fauna and flora. The maritime natu-
ral park of the Frioul Islands is integrated in the Natura 2000 network
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The public interest group “Calanques” is a prefiguration of the new natural 
marine park, the first periurban national park existing, in order to protect and 
enhance the value of the exceptional terrestrial and maritime natural spaces, of this 
site. Moreover, the city has defined “Management Planning of the Larger Bay of 
Marseille” with the aim to add coherence to the different public policies acting 
within that area.

However, this scientific meeting represent a valuable contribution to strengthen 
the links with Japan, particularly with the port city of Kobé, with which Marseille 
exchanged an oath of twinning almost half a century ago. In this, the welcome of 
this scientific event fits well with the attitude of opening and of exchanges of our 
city and this international meeting as a concrete contribution to the scientific and 
intellectual fame of Marseille.
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Preface

For a long time, very fruitful dialogues have been established between Japanese 
and French oceanographers, by means of different kind of contacts. These 
dialogues and our common scientific meetings are continuing by this Colloque 
franco-japonais d’Océanographie.

Personally, I have also had the chance to promote these exchanges directly 
several times with the Société franco-japonaise of Japan, especially when I was 
Director of Maison franco-japonaise (Nichi-Futsu Kaikan) in Tokyo, for 4 years. 
It was a nice opportunity to establish new personal contacts, exchanges, seminars, 
visits to laboratories and research centers, meetings in Japanese municipalities, 
receiving students for work on their thesis, etc. Such relationships are one of the 
best ways to understand another approach to scientific problems and to get to 
know another culture better.

This 2008 scientific meeting in Marseille is the 13th of a rather long series. 
Fortunately, as a good symbol, it was the year of the 150th anniversary of the trade 
and friendship treaty established in 1858 between Japan and France. We have 
received the support of the French Academy of Sciences and the Foundation Louis 
D., of the Embassy of Japan, of the Maison de la Culture du Japon à Paris, of the 
Conseil Régional Provence Alpes Côte d’Azur, of the Conseil Général des Bouches 
du Rhône, of the Municipality of Marseille, of the Faculty of Pharmacy, of the 
Agence de l’Eau Rhône Méditerranée Corse, of Fondation franco-japonaise 
Sasakawa, and several other public and private organisations. We are glad to have 
received numerous members of the Société franco-japonaise d’Océanographie of 
Japan and a number of Japanese scientists to stimulate personal, friendly, and effi-
cient scientific exchanges between Japanese and French specialists in the oceanog-
raphy and fisheries fields.

It is also a great pleasure for me to thank President Imawaki Shiro, recently elected 
President of the Société franco-japonaise d’Océanographie of Japan, and especially, 
on the Japanese side, a sincere cordial message to my friends of more than 25 years, 
Professors Yagi Hiroki, Komatsu Teruhisa and Koike Yasuyuki, and Drs. Arakawa 
Hisayuki and Tanaka Tsuneo. All my sincere thanks also go to colleagues of the 
Organizing Committee, such as Professor Ivan Dekeyser, Drs. Georges Stora, Yves 
Henocque, Patrick Baraona, Guy Herrouin, Eric Delort, MMr. Mathias Girault, 
Maurice Libes, Mrs Catherine Walch, Brigitte Pantat, and Dominique Poirot also for 
their invaluable efforts in the preparation and the success of this symposium.

We would like to thank especially Professor François Gros, Honorary Perpetual 
Secretary of the French Academy of Sciences, for his kind and continuous support 
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of our Society within the exchanges between Japan and France in the field of 
marine sciences and to express our grateful thanks to Mr. Gabriel de Broglie, 
Chancellor of the Academy, for the grant obtained from the Foundation Louis D.

We are greatly indebted to His Excellency Mr. Iimura Yutaka, for his con-
stant support during the preparation of our program, for his presence and his 
address during the meeting in Maison de la Culture du Japon à Paris. We are 
strongly indebted to Ambassador Iimura for having invited the main organizers of 
this meeting for an exceptional reception at his residence.

Special thanks to Professors Yvon Berland and Roger Giudicelli for the 
support given to our meeting, for giving us the chance to use some of the material 
possibilities of the Université de la Méditerranée, and for offering a nice reception 
to the members of the meeting, and especially to Professor Patrice Vanelle, Dean 
of the Faculty of Pharmacy of Marseille, for the use of the amphitheatres and 
the numerous facilities of the Faculty. We are glad to express our gratitude to 
Mr. Jean-Claude Gaudin, Mayor of Marseille, Vice-President of the French Senate, 
to Mrs. Dominique Vlasto, European Representative, in charge of the Tourism 
Office, and Mr. Didier Réault, Municipal Delegate in charge of marine and littoral 
activities in Marseille City, for the grant and the support given to our meeting in 
Marseille and for the magnificent reception in the historical City Hall. Mr. Réault 
kindly gave the first address at the opening of our scientific meeting.

We are very pleased to thank deeply Mr. Pierre Boissery, in charge of studies at 
Agence de l’Eau, Rhône, Méditerranée, Corse, for the efficient help and the support 
that benefitted our meeting. Mr. Jacques Saugier, chargé de mission for the 
Economy, and Mr. Philippe Lassalle, chargé de mission for the Integrated 
Management of Coastal Zone, in the General Secretary of Regional Affairs of the 
Prefecture have fortunately supported our meeting by their encouragement and by 
the allocation of a grant contributing to our budget.

Mr. Tominaga Shigeatsu, President of the Fondation Franco-Japonaise 
Sasakawa and the Administrative Council of the Foundation, has integrated our 
multidisciplinary project in the program of their activities and has given important 
material support for our meeting; we are glad to thank all the members of that 
Council and also Mr. Eric Mollet for his help. In Marseille, we are glad to thank 
the two successive General Consuls Mr. Kobayashi Masao and Mr. Bamba 
Masahiro for their kind help and for their participation tinour to our project. We 
have obtained the support of the Regional Council of Provence Alpes Côte d’Azur, 
mainly interested in scientific research and coastal management. We would like to 
express our thanks to Mrs. Christine Sandel, Conseiller for the coastal zone, then 
Mrs. Genviève Kalfon and Ms Florence Papini, leading the service Enseignement 
supérieur et Recherche as well as Mrs. Josette Sportiello, Mr. Benoît Vasselin, and 
Mrs. Valérie Raimondino, driving the Service “Mer.” The Conseil Général des 
Bouches du Rhône helped by giving us very useful materials.

In Paris, we have been very pleased to cooperate with Mr. Nakagawa Masateru, 
President of Maison de la Culture du Japon (Nihon Bunka Kaikan), and with Mrs 
Karine Masneri. We used the magnificent meeting room and the French-Japanese 
translation facilities for a synthesis of the 3-day meetings in Marseille, then to listen 
to four conferences of high standard given by Professors Taniguchi Akira from 
Tokyo University of Agriculture Okhotsk at Hokkaido (“Relationships between 
mankind and marine environments: example of Japan”) and Nakagawa Heisuke 
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from Hiroshima University (“Actual situation and future of aquaculture with exam-
ples on fish species in Japanese coasts”) as well as Mrs. Catherine Bersani, General 
Inspector in the French Ministry of Ecology (“New criteria to be used on the evolu-
tion of laws in regulation of coastal zones”) and Professor Bernard Salvat, from 
Ecole Pratique des Hautes Etudes (“Actual situation and recent evolution of coral 
reefs in the world”).

We are glad to benefit from the presence of eminent persons such as Mr. Jean-
Yves Perrot, President Directeur Général of the Institut Français pour l’Exploitation 
de la Mer (IFREMER), and Dr Emmanuel Thouard, in charge of international 
relationships with Asian countries.

We would like to thank also the Ministry of Foreign Affairs for the support of His 
Excellency Mr. Gildas Le Lidec, Ambassador of France in Japan, and Professor 
Jean-Louis Armand, Conseiller pour la Science et la Technologie in the French 
Embassy in Tokyo, who participated personally in our meetings in Marseille and 
Paris. We are thanking also the Centre National de la Recherche Scientifique (CNRS) 
and the Institut National des Sciences de l’Univers (INSU) for their interest concern-
ing our 13th Colloquy on Franco-Japanese Oceanography.

We are deeply indebted to Dr. Robert Doe, to Ms Nelly Hemink and to  
Mrs. Nina Bennink, scientific editors for Springer, for their patience and their help 
in the publication of this book.

This meeting opens new ways for future cooperative programs and personal 
exchanges for mutual benefit to the two communities of researchers. The following 
meeting will be held in Kobe and in Tokyo in October 2010. We are quite glad to 
pursue with success this fruitful common adventure.

Prof. Hubert Jean Ceccaldi
Président de la Société franco-japonaise d’Océanographie
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A Brief History of the Activities Between the Two 
Sociétés franco-japonaises d’Océanographie

Scientific and technological relationships in the field of marine sciences between 
France and Japan have been facilitated by dialogues and exchanges established 
between the Société franco-japonaise d’Océanographie of Japan (founded in 1960 
and gathering around 300 members), and the Société franco-japonaise 
d’Océanographie of France (founded in 1984 and gathering several tens of per-
sons as well as public and private organizations).

These two Societies are mainly associations of researchers and other specialists 
in marine fields who have expressed their wish to promote efficient and pleasant 
relationships between Japanese and French individuals as well as organizations, 
having similar fields of activities.

These Societies enhance friendly and informal relationships and lead very often 
to the beginning and the basis of cooperative researches.

The Société franco-japonaise d’Océanographie of Japan was founded by the 
late Dr Sasaki, Professor at the University of Fisheries of Tokyo (Tokyo Suisan 
Daïgaku), when the French specialists in deep diving with their bathyscaphs came 
to Japan. Its head office is located in Maison franco-japonaise (Nichi-Futsu 
Kaïkan) in Tokyo (Ebisu area, Shibuya-ku). Like in other disciplines, there are 
more than 20 other Sociétés franco-japonaises. Currently, its President is the 
Professor Imawaki Shiro, former Professor at Kyu-Shu University, who is actually 
Operating Executive Director in JAMSTEC.

The Société franco-japonaise d’Océanographie of France was founded in 1984 
by Dr. Hubert Jean Ceccaldi, Emeritus Professor of the Ecole Pratique des Hautes 
Etudes, one of the Grands Etablissements of higher education in France and 
several other specialists in Marine sciences: Y. Henocque, C Mariojouls, F. Simard, 
J.-M. Thierry, A. Nishikawa, N. Lucas, D. Bailly, The office of the Society is located 
at the Institut oceanographique in Paris (close to the Luxembourg Gardens). 

For several decades, the exchanges between the members of the two Societies 
have been very fruitful and very friendly. The exchanges reached a maximum during 
common meetings (colloques, symposiums) alternatively organized in France and in 
Japan, approximately every 2 or 3 years. It is interesting to summarize them briefly.

First edition in France: Montpellier, 1983
The Colloque franco-japonais devoted to “Aquaculture”, in the Sciences and 
Technology University of Languedoc (Université des Sciences et Techniques du 
Languedoc), plus visits of Montpellier and Etang de Thau (molluscs production). 
Six specialists from Japan and 21 French participants.

Publication of the communications (152 pages, ISBN 2-906495-00-X)
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Second edition in Japan: Sendai, 1984
Colloque franco-japonais devoted to “Aquaculture”, organized with the help and 
the support of Kitasato University, the Japanese Society of Scientific Fisheries, 
Kajima Corporation, and Tokyo Electric Power Co. Visits to hatcheries of fishes 
and molluscs. Nine French and 34 Japanese participants.

Communications on October 4th
Publication of the communications (102 pages, ISBN 4-9900030-2-0)

Third edition in France: Marseille, 1985
Colloque pluridisciplinaire franco-japonais “Les aménagements côtiers et la ges-
tion du littoral” (Coastal management and littoral planning), organized with the 
support of numerous public and private organizations:

Ministries of Foreign Affairs, of Agriculture, of Environment, of Transportation, 
of Industrial Conversion and Foreign Trade, then the help of IFREMER, of CNRS, 
of Conseil régional PACA, of the Municipal Council of Marseille City, of the 
Office régional de la Mer, of Office de la Recherche Scientifique et Technique 
Outremer, of Institut National de la Plongée Professionnelle (I.N.P.P.), of Marseille 
Trade and Industry Chamber, of Naturalia et Biologia Association, of the Fondation 
océanographique Ricard, of Compagnie maritime d’expertises (COMEX), of 
Marseille Port Authority, of Ecole Pratique des Hautes Etudes and Centre 
d’Océanologie de Marseille, etc.

Scientific meetings in Marseille on 16 to 21 September.
There were 24 Japanese scientists were and 320 French specialists attending the 

meeting. Eight volumes of results were published, amounting to 1,105 pages.

	1.	 Océanographie physique and dynamique sédimentaire (Physical oceanography 
and sediment dynamics), 193 p. (ISBN 2-906495-02-6)

	2.	 Eaux colorées (Coloured waters, red tides), 109 p. (ISBN 2-906495-03-4)
	3.	 Télédétection, communications, 53 p. (ISBN 2-906495-04-2)
	4.	 Microbiologie des eaux côtières (Microbiology of coastal waters) 99 p. (ISBN 

2-906495-05-0)
	5.	 Caractères biologiques des eaux côtières (Biological characters of coastal 

waters) (ISBN 2-906495-06-9)
	6.	 Récifs artificiels (Artificial reefs), 167p. (ISBN 2-906495-07-7)
	7.	 Exploitation des ressources (resources exploitation) (ISBN 2-906495-08-5)
	8.	 Aquaculture, 187 p. (ISBN 2-906495-09-3)

Fourth edition in Japan: Shimizu, 1988
Colloque franco-japonais “General oceanography”, held in the Marine Building 
of Shimizu belonging to the Municipality. Presentation of communications, then 
visits to aquaculture centers, University Tokai, JAMSTEC, Fisheries Agency, fish 
market of Yaizu, organized with the help of Japanese Science and Technology 
Agency, the Ministry of International Trade and Industry (MITI), the French 
Embassy, the Prefecture of Shizuoka, the société franco-japonaise du Japon, the 
Maison franco-japonaise de Tokyo (Nichi-futsu Kaikan).

Scientific meeting in Shimizu and Tokyo, on 3 to 7 October.
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Twenty French specialists and 50 Japanese attended the meetings.
Publication in 1989 of a special issue of “La Mer” (Journal of Société franco-

japonaise d’Océanographie of Japan) tome 27 (3), 165 p.

Notice: This meeting was followed by an important multidisciplinary meeting in 
the Maison franco-japonaise in Tokyo on October 17, where ten Sociétés franco-
japonaises in different disciplines went to explain common areas of research. One 
hundred French specialists and 300 Japanese attended this meeting in Tokyo, 
including three conferences in marine subjects.

Fifth edition in Japan: Hiroshima and Higashino, 1989
Series of six French-Japanese colloquys, on the main themes:

“Founding an algal park in Seto-nai-kai” (Création d’un parc algal dans la 
mer intérieure du Japon), on the basis of research work of Dr. François Simard 
(resident in Maison franco-japonaise in Tokyo), between May 16 and March 29, 
1990.

These six colloquy-seminars were held in the National establishment for the 
Merchant Marine in Hiroshima, and in the Cultural Center of Higashino, a city 
located in Omishima, in Seto-Naï-Kaï, with the help of the municipality, the 
Hiroshima Prefecture, and the French Group “Aménagements du Littoral.”

Ten French specialists and around 100 Japanese attended the meetings.
Publication of a 152-page book by the publishing bureau of Maison franco-

japonaise.

Sixth edition in Japan: Tokyo 1990
Colloque franco-japonais: “Littoral et conflits” (Coastline and conflicts) held in the 
Maison franco-japonaise.

Communications on 8 October.
Visits to Tokyo by Suisan Daigaku and representatives of several hatcheries 

with the support of the French Embassy, the Ministry of National Education, 
IFREMER, and the Société franco-japonaise du Japon.

Six French specialists and 25 Japanese specialists have participated to the 
meeting.

Texts of the communications and comments have been edited by the publishing 
bureau of Maison franco-japonaise, 105 p.

Seventh edition in Japan: Tokyo 1990
Colloque franco-japonais: “Déterminisme du recrutement biologique en mer” 
(Determinism of Biological Recruitment at sea).

Communications on 13 to 14 November.
Visits of Tokyo Suisan Daigaku and several hatcheries,
With the support of French Embassy, the Ministry of National Education, the 

Centre National de la Recherche scientifique (CNRS), of IFREMER, and of the 
Société franco-japonaise d’Océanographie du Japon.

Six French specialists and 25 Japanese specialists have participated to the 
meeting.

Texts of the communications and comments have been edited in a fascicule of 
a series published by the bureau of Maison franco-japonaise.
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Eighth edition in France: Nantes 1991
Three colloques franco-japonais:

“−− Facteurs déterminants de la croissance en aquaculture” (“Détermining fac-
tors of the growth in aquaculture”) Communications November 13th and 14th
“−− Economie et gestion des Pêches” (Economy and management of fisheries)

−− Co-developpement des pêcheries et des activités de loisir dans les régions 
côtières (Co-development of fisheries and leisure activities in coastal zones)

Meetings in the halls of IFREMER in Nantes.
Communications from 2nd to 5th
With the support of the Centre National de la Recherche scientifique (CNRS), 

of IFREMER, of Institut océanographique de Paris, of Union des Océanographes 
de France, and of the Société franco-japonaise du Japon.

Six Japanese specialists and 30 French specialists have participated to the 
meeting.

Texts of the communications and comments have been edited as a special issue 
of the review “Oceanis”, 1992, vol. 18, fasc. 1: 1–140, and vol. 18, fasc. 4: 
371–503.

Ninth edition in Japan: Tokyo 1991
Colloque franco-japonais: “Flux océaniques” (“Oceanic fluxes”).

Communications from 25 to 27 November in Maison franco-japonaise (Nichi-
futsu Kaïkan)

Themes of the international JGOFS Program,
With the support of the French Embassy, the Ministry of National Education, 

the Centre National de la Recherche scientifique (CNRS), of the University of 
Fisheries of Tokyo (Tokyo Suisan Daigaku), and of the Société franco-japonaise 
d’Océanographie du Japon.

Eleven French specialists and 21 Japanese specialists have participated to the 
meeting.

Texts of the communications have been edited as a special issue of the journal 
“La Mer,” published by the Société franco-japonaise d’Océanographie du Japon, 
tome 29, fasc. 4, 162 pp.

Tenth edition in Japan: Tokyo 1992
Two colloque franco-japonais of Oceanography

“Biotechnologie et environnement” (“Biotechnology and Environnement”)−−
“Déterminisme du recrutement biologique en mer” (Determinism of Biological −−
Recruitment at sea).

Communications on August 31st in Maison franco-japonaise de Tokyo (Nichi-
futsu Kaïkan)

With the support of French Embassy, the Ministry of National Education, the 
Centre National de la Recherche scientifique (CNRS), of IFREMER, of Tokyo 
University of Fisheries (Tokyo Suisan Daigaku) and of the Société franco-japonaise 
d’Océanographie du Japon.

Six French specialists and 25 Japanese specialists have participated in the 
meeting.
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Texts of the communications and comments have been edited in a multigraph 
fascicule published by the bureau of Maison franco-japonaise.

Eleventh edition in France: Paris, 1997
Colloque franco-japonais: “Observations en zone côtière et prévisions à moyen et 
long terme” (“Coastal zone observation and forecast in the medium and long 
term”)

Meetings in Institut océanographique de Paris
Communications from 6 to 8 October.
Visit the exposition SEAMER in the exhibition hall and fair located in the Porte 

de Versailles in Paris.
Transfer by TGV to Brittany and reception in Vannes, visit the Morbihan Gulf 

by boat, the Vilaine River estuary, La Roche Bernard, Auray hatcheries, and back 
to Paris.

With the support of the French Ministry of Foreign Affairs, Ministry of 
Education and Scientific Research, Centre National de la Recherche scientifique 
(CNRS), the Société Daniel Jouvance et Création, and of the Société franco-
japonaise du Japon.

Twelve Japanese specialists and 94 French specialists participated to these 
meetings.

Texts of the communications and comments have been edited as a special mul-
tigraph fascicule of summaries and texts of communications.

Twelfth edition in Japan: Tokyo 2005
Colloque franco-japonais: “Compréhension mutuelle nouvelle pour les recherches 
en Océanographie et en pêcheries, en France et au Japon” (“Mutual new under-
standing for research in oceanography and fisheries, in France and in Japan”).

Communications and scientific meetings on 5 November at Tokyo University 
of Marine Science and Technology (or KaiyoDai) and on 6 November at Maison 
franco-japonaise (Nichi-Futsu Kaikan).

Visits of university laboratories, research vessels, official bureaus, and private 
enterprises in Onjuku, Abiko, and Shimizu.

With the support of French Embassy, Marine Environment Research Institute, 
Kaiyodai, the Foundation Sasakawa, and the Société franco-japonaise 
d’Océanographie of Japan.

Three French specialists and 85 Japanese specialists have participated to these 
meetings.

Summaries of the communications have been edited in a multigraph fascicule.

Thirteenth edition in France: Marseille 2008
Colloque franco-japonais: “Global Change: interactions mankind/marine envi-
ronments” (“Le changement global: interactions homme/milieux marins”)

Meetings at the Faculty of Pharmacy of Marseille on 8 to 10 September and at the 
Paris Nihon Bunka Kaikan (Maison de la Culture du Japon à Paris) on 12 September.

With the support of French Embassy in Tokyo, the Embassy of Japan in Paris, 
the Municipality of Marseille, The Water Agency Rhône-Méditerranée-Corse, the 
Regional Council of Region Provence-Alpes-Côte d’azur, Tokyo University of 
Marine Science and Technology Kaiyodai, the France-Japan Foundation Sasakawa, 
the Foundation Louis D., and the Société franco-japonaise d’Océanographie of 
Japan.
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Thirteenth Colloque franco-japonais  
d’Océanographie Marseille,  
September 8th, 9th and 10th and Paris,  
September 12th, 2008

The general theme of the present colloquy was:
“Global Change: interactions mankind – marine environments” (“Le change-

ment global: interactions homme – milieux marins”).
In this framework, the session subjects selected for this Colloque franco-

japonais were:

Oceanography, microbiology, biogeochemistry−−
Coral reefs−−
Biodiversity−−
Management of littoral zones and artificial reefs−−
Aquaculture−−
New techniques of observation in the marine environment−−

This was suggested during the meeting held in Tokyo in November 2005, orga-
nized by the Société franco-japonaise d’Océanographie of Japan; then, it was 
established after further exchanges by several mails between members of the two 
Sociétés and the Committee of organization.

Scientific meetings in Marseille took simultaneously in two amphitheatres in 
the Faculty of Pharmacy of Marseille on 8 to 10 September; then in Paris, in Nihon 
Bunka Kaikan (House of Japan Culture or Maison de la Culture du Japon à Paris) 
on 12 September. Forty-two Japanese specialists and 120 French specialists par-
ticipated in these meetings. Summaries of the communications have been edited in 
a multigraph fascicule.

During the whole meeting, we were very pleased to welcome Professor Takai 
Rikuo, President of Tokyo University of Marine Sciences and Technology, 
Professor Izumi Mitsuru, Vice-President, and the Professor Imawaki Shiro, 
President of the Société franco-japonaise of Japan.

We were glad also to receive Professor Takagi Ken, a prominent actor in the 
organisation of the international Salon TECHNO-OCEAN, and the well-known 
Professor Taniguchi Akira. All the other Japanese participants were eminent in 
their specialities, and the French members of the Société franco-japonaise 
d’Océanographie of France were proud to receive them and to meet them during 
these gatherings.

There were 42 Japanese participants, each one specialized and well known in 
their own discipline. There were 120 French specialists in marine sciences. These 
scientists presented 70 oral communications and 50 posters during these 3 days.

These meetings were officially integrated in the manifestations of the 150th 
Anniversary of the signature of the First Treaty of Friendship between France and 
Japan.

Mr. Didier Reault, in charge of the relationships between Marseille and the 
numerous coastal activities, represented the Mayor Mr. Jean-Claude Gaudin, Vice-
President of the French National Senate, already engaged in Paris. A magnificent 
reception was given for all the participants of the Colloquy in the historical recep-
tion salons of the City Hall.
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In Marseille, the Colloque franco-japonais was officially integrated into the 
seasonal program: “Septembre en Mer” (“September at Sea”), gathering all events 
happening at the end of summer in the city during that month.

The President of the University, Professor Yvon Berland, and the Vice-
President, Professor Giudicelli, in charge of International Relations of the 
University, offered a very nice reception in the Presidence building of the University 
in the Gardens of Pharo.

On that occasion, a twinning and an agreement of scientific exchanges were 
signed between the two Universities: Tokyo University of Marine Sciences and 
Technology, and the Université de la Méditerranée, in presence of Mr. Bamba, 
General Consul of Japan in Marseille,

After these 3 days of meetings in Marseille, the participants moved to Paris on 
11 September to attend the second part of the meetings.

On 12 September in the morning, in Paris Nihon Bunka Kaïkan (Maison de la 
Culture du Japon) participants established a preliminary evaluation of the scien-
tific exchanges in Marseille, then some possible perspectives for future 
cooperation.

We have been very honored to receive several very important persons who 
participated in these gatherings, such as His Excellency Mr. Iimura Yutaka, 
Ambassador of Japan in France, Professor François Gros, Secrétaire perpétuel 
honoraire de l’Académie des Sciences de Paris, Mr. Jean-Yves Perrot, President 
Directeur Général of IFREMER (Institut Français pour l’Exploitation de la Mer), 
Mr. Patrick Baraona, President of Marine cluster (Pôle de compétitivité “Mer”), 
Mr Tominaga Shigeatsu, President of the France-Japan Sasakawa Foundation and 
Mr Jean-Louis Armand, Advisor for Science and Technology in the French 
Embassy in Japan. We do not want to forget the representatives of the different 
Ministries (Research, Education, Environment, Equipment, Army, etc.) who 
assisted with these meetings in Paris.

We are very grateful to H.E. Mr. Iimura for having invited the main organizers of 
this scientific meeting to his residence in Paris for an unforgettable dinner, and to Mr. 
Nakagawa, Director of The Organisation Committee, wishes to express his gratitude 
to the organizations and to the persons who gave their support to make this meeting 
a success. We would like to thank particularly the Municipality of Marseille (Mme 
Dominique Vlasto and Mr Didier Reault), the Water Agency Rhône-Méditerranée-
Corse (M. Pierre Boissery), the Regional Council of Region Provence-Alpes-Côte 
d’azur, the French Academy of Sciences, the Foundation Louis D., the French 
Embassy in Tokyo, the Embassy of Japan in Paris and the General Consulate of 
Japan in Marseille, the France-Japan Foundation Sasakawa, the Dean of the Faculty 
of Pharmacy of the University of Marseille (Prof. Pierre Vanelle), the Tokyo 
University of Marine Science and Technology Kaiyodai, and the Société franco-
japonaise d’Océanographie of Japan. Particular mention must be made of our col-
leagues and friends in Japan, the Professors Imawaki Shiro, Yagi Hiroki, Koike 
Yasuyuki and Komatsu Teruhisa, Arakawa Hisayuki and NNN Tsuneo
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Abstract  The chum salmon Oncorhynchus keta 
(Walbaum) resource of Japan has been dramatically 
improved by artificial propagation, and this resource 
increased rapidly in the 1980s. However, an unex-
pected decrease was observed in 1992, 1999, 2000, 
and 2008. An accurate resource evaluation of each 
year’s class group is necessary to determine the 
appropriate method of managing the salmon resource, 
and the adult return rate is one of the indices that can 
be used for this purpose. This rate is calculated as a 
ratio of the number of recurrences (i.e., the total adult 
returns to rivers and coastal seas) to the number of 
chum fry stocked, and it has fluctuated around a total 
mean value of about 3% in Hokkaido and Honshu 
Islands in recent years. However, the adult return rate 
also varies by region from 0.1% to about 10%. The 
return rate of the northern area tends to be higher than 
that of the southern area, and that of the Pacific Ocean 
side tends to be a higher measurement of the local 
resource because the number of salmon caught by set 
nets, etc., in the coastal sea area catches might not be 
an accurate measure of the area’s resources.

This report introduces an example of a research 
approach in Japan that attempts to achieve high-
ranking stabilization of this accurate adult salmon 
return rate.

1   Introduction

In Japan, three species of Oncorhynchus, chum salmon 
O. keta (Walbaum), pink salmon O. gorbuscha 
(Walbaum), and masu salmon O. masou (Brevoort), are 
stocked by artificial propagation. Nowadays, the stock-
ing number of chum salmon is about 1.8 billion per 1 
year. Their return number is about 60–70 million. Thus, 
the return rate is about 3% in Japan. However, the adult 
return rate also varies by region from 0.1% to about 
10%. The return rate of the northern area tends to be 
higher than that of the southern area because the direc-
tion of their spawning migrations is from the northern 
area to the southern area. There are many set nets along 
the coast of north Japan, and possibly the salmon of 
southern origin is caught by set nets in the northern area. 
This might also be one of the important reasons why the 
survival rate of the juveniles released in the northern 
area is higher than the population released in the south-
ern area, and also a reason explaining the phenomenon 
that the return rate of the Pacific Ocean side tends to be 
higher than that of the Sea of Japan side. The amount of 
animal plankton consumed by salmon on the Pacific 
Ocean side is more than that consumed on the Sea of 
Japan side in spring when they are stocked.

Changes in the status of the resource occur because 
of deterioration of water quality or over catching. The 
water quality of the Toyohira River, which flows through 
the center of Sapporo City, deteriorated and became an 
unsuitable environment for the fish, but has improved 
gradually since about 1970 because of expansion of the 
drainage system. A picture of the Toyohira River, which 
flows through Sapporo City, is shown in photo 1.

With the improvement of the water quality, the 
salmon have been able to breed naturally since the latter 
half of the 1970s. Some of Sapporo’s citizens thought, 
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“Let’s return the salmon to the Toyohira River,” and a 
movement developed to bring back the salmon at that 
time. In the spring of 1979, discharge of the fry was 
recommenced after an interval of about 30 years; the 
fry became parent salmon in the autumn of 1981 and 
came back to the Toyohira River. Since then, discharge 
has continued, and natural egg laying in the Toyohira 
River has been confirmed every year since 1985. At 
present, the existence of salmon in Toyohira River is 
confirmed by both natural egg laying and artificial pro-
liferation. One million salmon fry were stocked every 
year from 1979–1981. However, the number was 
reduced upon the confirmation of parent fish’s upstream 
migration and natural egg laying. After 1988, the num-
ber was about 200,000. Since 1997, about 1,000 to 
2,000 salmon are stocked every year.

The salmon resource in the Rhine River could be 
recovered using an artificial proliferation method like 
the one described above. Up to 150,000 salmon were 
captured in the Rhine before 1890, and these numbers 
might be reached again.

The following approaches can be used to secure 
salmon resources. However, they are only part of the 
approach in Japan.

The bio-resource characteristics of chum and pink 
salmon were investigated by examining the changes in 
the rhodopsin-porphyropsin ratio. The visual pigments 
present in the rod outer segment are of two types: rho-
dopsin and porphyropsin. Rhodopsin is present in most 
marine fishes, and porphyropsin is present in most 
freshwater fishes. The absorption spectrum of the 
visual pigment in each fish is closely related to the light 
conditions of their habitat. For example, the maximum 
wavelength of the absorption spectrum of the visual 

pigment of a deep-sea fish is shorter than that of a 
coastal species. Some fish possess both visual pig-
ments in the retina. The proportions of these two visual 
pigments may be modified by their habitats. Assuming 
the proportions of these two pigments in anadromous 
fish are different between fresh and seawater regions, 
the ratio should indicate the triggering of migration 
between the two water areas. Furthermore, the differ-
ence in the rhodopsin-porphyropsin ratio may be 
reflected in the difference of their depth of habitat.

In addition, a change in the amount of swimming 
energy consumed growing up in order to estimate the 
amount of food necessary so that the released salmon 
fry might survive in the coastal waters was presumed 
in this study. This finding is considered useful for 
deciding on an appropriate number of discharge indi-
viduals and time if the food situation on the coast can 
be understood. In this chapter, it is introduced as the 
estimation of the swimming energy.

2  Materials and Methods

2.1 � Bio-resources Characteristics 
Considered from the Changes in 
Rhodopsin Ratio

2.1.1  Materials

The life stages of materials investigated in this report 
were from eyed egg individuals up to spawning adult 
chum and pink salmon. Before release, the individuals 

Photo 1  Toyohira River  
that flows in Sapporo City 
(http://www.welcome.city.
sapporo.jp/)

(http://www.welcome.city.sapporo.jp/)
(http://www.welcome.city.sapporo.jp/)
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were produced in the Chitose and Kitami branch office 
of the National Salmon Resources Center hatchery. 
After release, the juvenile individuals were caught off 
the coast of Shibetsu and Shiraoi with small round hall, 
pair trawl, and set nets. Young chum and pink salmon 
were caught in the Sea of Okhotsk with the trawl net. 
During feeding or homing migration, salmon were 
caught in the North Pacific Ocean with a drift gill net in 
a joint investigation between Japan and Russia. The 
spawning individuals were caught off the coasts of Shari 
and Atsuta with the set nets; they were also caught in the 
Shari River, the Tokoro River, and the Chitose River. 
The near position of a sampling area is shown in Fig. 1.

2.1.2  Analysis of Composition of Visual Pigment

Visual pigments consist of a chromophore group with a 
specific protein, opsin, in a lipoprotein complex. Various 
kinds of pigments with different absorption spectra are 
distributed over the whole animal kingdom, although 
opsin differs interspecifically. Spectral sensitivity in 
scotopic conditions can be analyzed by measuring the 
absorption spectrum of visual pigment located in the 
outer segments of the rods. Photosensitive visual pig-
ments are classified into rhodopsin, a vitamin A

1
-based 

pigment, and porphyropsin, a vitamin A
2
-based pig-

ment. Most marine fishes have rhodopsin, and most 
freshwater fishes have porphyropsin. The absorption 

spectrum of visual pigment that each fish has is closely 
related to the light conditions in the fish’s environment. 
For example, in the absorption spectrum of a fish living 
in the deep sea, the lmax (wavelength of peak absor-
bance) is shifted to the short wavelengths compared to 
that of a coastal species. Some fishes have both visual 
pigments in the retina. The proportions of these two 
visual pigments can change with habitat. For example, 
the rhodopsin of Ayu Plecoglosus altivelis (Temminck 
& Schlegel) dominates the retina while at sea, whereas 
porphyropsin is dominant while in fresh water (Hasegawa 
and Miyaguchi 1997). Lmax of chum and pink salmon 
is 503 nm in rhodopsin and 527 nm in porphyropsin.

Retinal and 3-dehydroretinal, which are the chro-
mophores of visual pigment, were analyzed by essen-
tially the same method as reported by Suzuki and 
Makino-Tasaka (1983). An entire eye was homoge-
nized with 200 ml of 1 mol NH

2
OH (neutralized with 

1N KOH) and 1 ml methanol to form retinaloxime and 
3-dehydroretinaloxime. After the solution had been 
cooled by ice for about 5 min, 1 ml dichloromethane and 
0.5 ml of distilled water were added and mixed vigorously. 
Then, 2 ml of n-hexane was added, and the mixture was 
centrifuged at 3,000 rpm for 5 min at 4°C. The chlo-
romethane/hexane layer, which is the top part of the 
solution, was transferred to another tube by a pipette. 
One milliliter of dichloromethane and 2 ml of n-hexane 
were added to the residue again. The extraction was 
repeated two times. The extracts were combined, evap-
orated under vacuum, and dissolved in 300 ml of elution 
solvent for HPLC analysis with 7% ether in n-hexane 
containing 0.075% ethanol. The flow rate of elution 
solvent was kept constant at 0.6 ml min−1 by a Shimadzu 
LC-10A. HPLC was carried out with a Shimadzu HPLC 
system SPD-10AV equipped with a Sorbax SIL (4.6 × 
150 mm). Peak area was determined by integrating the 
absorbance at 360 nm with a Shimadzu Chromatopac 
CR-6A. Examples of the chromatogram of chum salmon 
just before releasing are shown in Fig. 2.

2.2  Swimming Energy of Salmon Fry

2.2.1  Consumption of Oxygen

A total of 745 chum salmon fry Oncorhynchus keta 
(Walbaum) (53.7 ± 6.7 mm fork length and 1.6 ± 0.5 g 
body mass; means ± SD) that had been bred in the 
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Fig. 1  Research areas for determining the rhodopsin ratio of 
chum and pink salmon. A, offshore Shibetsu; B, offshore Shiraoi 
(mouth of the Shikiu River is included); C, Sea of Okhotsk; D, 
North Pacific Ocean; E, Tokoro River; F, Shari River and set net; 
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Chitose branch of the Salmon Resources Center were 
used for the experiment. About 150 fry were made to 
swim for 5 h at water velocities of 4.7, 9.3, 14.1, 18.8, 
and 28.1 cm s−1 in the water tank shown in Fig. 3. The 
change in the oxygen concentration in the tank was 
continuously recorded with a DO meter (KRK DC-300, 
Saitama, Japan). The change of the DO value during 
the 5 h (300 min) was estimated from the difference 
between the average of 50 measurements over 5 min 
immediately after the start of the experiment and the 
average of 50 measurements over 5 min near the end of 

the experiment. All fish were replaced at the end of 
each water velocity trial. All experiments were carried out 
at a water temperature of 10.2 ± 1.3°C (mean ± SD).

2.2.2  Consumption of Caloric Body Energy

One hundred fifty chum salmon fry were made to swim 
for 98 h in the water tank at a water velocity of 28.1 cm 
s−1 and a water temperature of 10.0°C. Another 149 
individuals that had been bred under similar conditions 
were used as a control population to measure the total 
value of body energy before the experiment. The 299 
fish used in the experiment were measured (fork 
length), weighed (body mass), and their condition fac-
tor calculated from ([body mass (g)e(fork length 
(mm))−3] × 106). After homogenization, all individuals 
were freeze-dried, and 1 g sample of each of them was 
used to measure their body energy using a calorimeter 
(Ogawa Sampling OSK200, Saitama, Japan).

3  Results and Discussion

3.1 � Bio-resources Characteristics 
Considered from the Changes in 
Rhodopsin Ratio

Change of visual pigment composition in chum and 
pink salmon is described in Fig. 4 for every life stage. 
The first life stage in the hatchery is from the eyed egg 
until before release. The rhodopsin ratio in each spe-
cies slightly exceeded 50%. The ratio decreased 
sharply to 30% at the time of hatching. It increased 
gradually after that and recovered to nearly 40% at 
surfacing fry. The rhodopsin ratio continued to 
increase further until it was released from the start of 
predation behavior after the fish were moved to the 
breeding pond, where it reached about 70–80%. This 
change in composition tendency was the same in both 
species.

However, the rhodopsin ratio of pink salmon increased 
at all stages in this life stage compared to that of chum 
salmon. The second life stage is the period when the 
fish live in the sea. The between-individual difference 
of visual pigment composition (standard deviation, 
SD, of the rhodopsin ratio) of both species was largest 
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Fig. 3  The experimental apparatus. a, Swimming tank; b, net 
lattice; c, rectification lattice; d, lid for sealing up; e, motor; f, 
impeller; g, DO electrode; h, water temperature sensor; i, tem-
perature adjustment circulation valve

Fig. 2  Example of the chromatogram of chum salmon just before 
releasing 1,11-cis-retinaloxime; 2,11-cis-3-dehydroretinaloxime; 
3, all-trans-retinaloxime; 4, all-trans-3-dehydroretinaloxime
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in the case of the group caught with the set net when 
they had returned to the coast for spawning at the life 
stage before upstream migration (see Fig. 5). It is 
thought that there is a downward tendency in the rho-
dopsin ratio of the fish just before they ascend to the 
river for spawning, and its higher value in the fish that 
go further south is maintained.

In the set net, which catches fish that have carried 
out the homing migration, individuals that were con-
tinuing their migration further to the south could be 
captured. The number of fish of local origin can pos-
sibly be estimated correctly using the difference in the 
rhodopsin ratio of the individuals caught with each set 
net laid on the Japanese coast (Fig. 6).

The area of the third life stage is the river, where 
the fish carry out spawning behavior. The rhodopsin 

ratio decreased sharply in this period. The rhodopsin 
ratio of chum salmon was always higher than that of 
pink salmon in the sea-life stage. Judging from the 
knowledge about the relation between the spectral 
sensitivity of fishes and their habitation water depth, 
the selected water depth of chum salmon in sea water 
may be deeper than that of pink salmon. The differ-
ence between both species in selected water depths 
may be the factor that should be taken into consider-
ation when estimating the resources of both species in 
the ocean (Fig. 7).
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Fig. 5  Composition changes in retinal pigments after release. 
Sea run comprises two locations: (i) at the mouth of the Shikiu 
River, offshore Shiraoi and offshore Shibetsu; and (ii) Shari 
coast and Atsuta coast. Upstream migration comprises the Shari 
River, Tokoro River and Chitose River, Tokoro River and Chitose 
River. Five points are the average value, and error bars are stan-
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Fig. 4  Composition changes in retinal pigments in the hatchery

Fig. 6  Standard deviation of rhodopsin ratio reflected in the 
catch rate of each local origin (N, M, or S)

Fig. 7  Difference of swimming depth estimated by the rhodop-
sin ratio of both species



8 E. Hasegawa et al.

3.1.1  Swimming Energy of Salmon Fry

Oxygen demand measured at the five swimming speeds 
is shown in Table 1. From Table 1, at a swimming speed 
of 28.1 cm s−1, 1.47 mg l−1 of oxygen was consumed. The 
capacity of the tank was 172.18 l, so a total of 253 mg 
(1.47 mg l−1 × 172.18 l) of oxygen was used, which is 
equivalent to 0.177 l because the weight of 1 l of oxygen 
is 1.429 g. Furthermore, because the calorific content of 1 
l of oxygen is 4,800 cal (Schmidt-Nielsen 1984), the 149 
fish consumed a total of 850 cal (4,800 cal l−1 × 0.177 l) 
in 5 h or about 27.4 cal day−1 per individual (850 cal (149 
individuals)−1 × 24 h (5 h)−1). The energy usage at the 
other swimming speeds was similarly calculated. The 
results, converted to joules, are shown in Fig. 8, where 
1 cal = 4.1868 J. The relationship between the amount E 
(J g−1 day−1) of energy consumed during a day and swim-
ming speed U (cm s−1) is given by:

	 0.4519E = 20.735U     � (1)

The coefficient of determination (r2 = 0.952) of 
Eq. (1) is greater than that of the exponential equation 
used by Brett (1964) and Kaufmann (1990), so Eq. (1) 
was used in the present study for the following 
analyses.

The experiments described above were designed to 
estimate the amount of energy consumed by chum 
salmon fry when swimming using a hydrodynamics 
model. When a fry swims, it is subject to drag from the 
water. The drag is calculated in dynes (D) from the 
expression

	 ρ W

2
DD = S U C /2  � (2)

where r is water density(g cm−3), S
W

 is wetted 
surface area (cm2) of the fry, U is swimming speed 
(cm s−1), and C

D
 is the drag coefficient (Webb 1975).

When a salmon fry’s shape is assumed to be an 
ellipsoidal body, the surface area is represented by the 
elliptic type, considering the wither height, body 

Table 1  The characteristics of the experimental fish and their oxygen demand at five swimming speeds

Swimming speed 
(cm s−1) 4.7 9.3 14.1 18.8 28.1

Fork length (cm) 5.2 ± 0.72 5.2 ± 0.73 5.4 ± 0.53 5.4 ± 0.77 5.6 ± 0.50
Body height (cm) 0.91 ± 0.16 0.96 ± 0.18 0.99 ± 0.13 0.98 ± 0.16 1.07 ± 0.11
Body width (cm) 0.57 ± 0.10 0.57 ± 0.11 0.60 ± 0.07 0.58 ± 0.10 0.64 ± 0.09
Body mass (g) 1.44 ± 0.54 1.50 ± 0.55 1.68 ± 0.45 1.67 ± 0.58 1.84 ± 0.43
Number of fish 154 147 148 147 149
Oxygen consump-

tion (mg/1/5 h)
0.54 0.80 0.96 1.26 1.47

Mean ± SD
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Fig. 8  Relation between E (consumed energy per day per 1 g of body weight) and U (swimming speed) of chum salmon fry
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length, and body width. Because body mass is calcu-
lated using the wither height, body length, and body 
width, the area of body surface becomes a function of 
body mass. Figure 9 shows the relation between S

W
 

and body mass; the equation becomes

	 0.6825 2
wS  = 7.9135W      (r  = 0.970) � (3)

The mechanical work (erg) of chum salmon fry 
done during a day is given by (distance moved [cm] 
during a day × D[dyn]). Because the distance moved 
during a day is 86,400 U (cm) (1 day = 86,400 s), and 
D(dyn) = 1/2 × 1 (g cm−3) × 7.9135W0.6825 (cm2) × U2 
(cm s−1) × C

D
, the mechanical work done by a fry in a 

day is 34,186.32W0.6825 U3 C
D
 (erg) per unit body mass 

(g). That is, the mechanical work of 0.03418632W−0.3175 

U3 C
D
 (J) is done in a day. If the average value of body 

height and body mass of fry used in the experiments at 
each swimming speed is substituted in the theoretical 
formula (2), the energy consumed during a day is 
3.14C

D
 (at U = 4.69 cm s−1), 24.81C

D
 (at U = 9.38 cm 

s−1), 80.59C
D
 (at U = 14.06 cm s−1), 191.49C

D
 (at U = 

18.75 cm s−1), and 627.02C
D
 (at U = 28.13 cm s−1).

When the measured values shown in Fig. 8 are 
the same as the theoretical value, C

D
 is the drag coef-

ficient for each swimming speed. That is, it becomes 
C

D
 = 632.05U−2.5041(r2 = 0.999) (Fig. 10). When this C

D
 

is substituted in the theoretical formula, the follow 
equation is obtained:

	

1 1

0.3175 0.4959 1

E(U,W)(Jg day ) = 
21.607W (g)U (cm sec )

− −

− − � (4)
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This expression gives the energy consumed per unit 
body mass when the fry swims for 24 h. Figure 11 
shows the relationship between energy consumption 
per day at different swimming speeds and body mass.

Webb (1975) measured a fish’s drag coefficient 
under several conditions, such as varying body size, 
rigidity, and with the paired fins amputated as possible 
sources of error in dead-drag measurements at each 
swimming speed. For the relation between swimming 
speed and C

D
 in sockeye salmon Oncorhynchus nerka 

(Walbaum), Brett (1963) indicates that it is compara-
tively small and the rigidity level is low (length 18.6 
cm and 47.9 g in body mass), showing a similar ten-
dency to the result obtained in the experiments 
described here. It is understood that C

D
 decreases as 

swimming speed increases.
Next, the energy consumption value calculated by 

this theoretical formula is compared with the decreased 
value of the body energy of the fry measured after they 
were made to swim in the water tank. The fork length, 
body mass, and condition factor of the 149 chum salmon 
fry chosen as the control group (individuals measured 
before swimming) were 51.3 ± 4.7 mm, 1.5 ± 0.5 g, and 
10.7 ± 0.9 (means ± SD), respectively. The equivalent 
values of the 150 individuals after experimentation were 
51.3 ± 4.2 mm, 1.3 ± 0.4 g, and 9.7 ± 0.7 (means ± SD).

An analysis of variance (ANOVA) of the fork length 
of both groups of individuals was done to determine 
whether the individuals measured before and after the 
experiment had been drawn from the same statistical 
population. Both the ANOVA and a Student’s t-test of 
fork length were not significant (p > 0.05), and so it 

was concluded that both groups of individuals had 
been selected from the same population.

Next, the variance of body mass and the condition 
factor of both groups were examined by ANOVA, and 
the null hypothesis that there was no significant differ-
ence between these two variables was rejected (p < 
0.05). Welch’s t-test of the difference of both mean 
values was then done, and both mean body mass and 
average condition factor were found to be significantly 
different (p < 0.05) before and after the experiment, 
both values being lower after the experiment.

The body energy of both populations measured 
with the calorimeter was 5,634 cal g−1 (dry weight) in 
the case of the control group (before swimming) and 
5,664 cal g−1 (dry weight) for individuals after swim-
ming. However, because the water content of the for-
mer was 80.3%, and that of the latter 80.8%, the 
average body dry masses were 0.2955 g (1.5 g × 0.197) 
before swimming and 0.2496 g (1.3 g × 0.192) after 
swimming. Therefore, the calorific content was 1,665 
cal (5,634 cal × 0.2955) before swimming and 1,414 
cal (5,664 cal × 0.2496) after swimming, expressed as 
calories per individual, so that 251 cal (= 1,050 J) had 
been used in swimming.

The amount of energy consumed by a fish of W = 
1.5 g after swimming for 98 h at U = 28.1 cm s−1 calcu-
lated using Eq. (4) is 405.6 J in 98 h. On the other 
hand, if the energy used is calculated by measuring the 
consumption of calories, a value of 1,050 J per indi-
vidual is obtained. That is, the estimate of the energy 
consumed calculated using equation (4) and combin-
ing oxygen demand and hydrodynamic theory is not 
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similar to that measured with a calorimeter. However, 
the value almost corresponded to the energy require-
ment of the hunger test (unpublished data).

Moreover, the oxygen demand increases exponen-
tially with the water temperature (Brett 1964; Clark 
and Seymour 2006), so temperature should always be 
given when energy consumption values are reported. 
The relationships between a certain amount of the food 
energy in the sea area and the number of salmon fry 
will be determined by considering the water tempera-
ture, the amount of energy of food, and the energy uti-
lization efficiency, etc., in this research in the future.
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Abstract  Abalones are one of the most important 
coastal animal resources in Japan, and the study of 
their seed culture has a long history of more than 40 
years. Most of the produced seeds have been released 
to the seabeds. The total number released nowadays 
is almost 3 million (small individuals) per year. 
However, the annual production of natural abalones 
has decreased remarkably in the last 10 years.

Still, the culturing of market-size abalones has been 
started in several regions in Japan, such as Haliotis 
discus in the south and H. discus hannai in the north. 
The production of cultured abalones is slowly increas-
ing. This tendency has the benefits of preventing over 
catching of natural stocks and reducing the importa-
tion of cultured abalone from foreign countries.

Under these conditions, we tried to improve this 
trend with some experiments on seed culture methods.

	1.	 Using artificial food (a microparticle diet) to replace 
natural diatoms for feeding post-larval abalones to 
improve the survival and growth rates

	2.	 Trials for the improvement of artificial production 
of inter-specific hybrids among three large size 
species

The result will lead to recommendations for newly 
developed adult cultures in closed spaces. The possi-
bility of producing regional specialities is suggested.

1  �Introduction

Abalones are one of the most important coastal animal 
resources in Japan, and the study of their seed culture 
has a long history of more than 40 years. Most of the 
produced seeds have been released to the natural sea-
bed for restocking. Currently, the total number of 
released seed abalones is almost 3 million per year. 
However, the annual production from natural stocks 
has decreased remarkably in the last 10 years.

The culturing of market size abalone has been 
started in several regions, such as Haliotis discus discus 
in the south of Japan, for example, in the Matsuyama 
region in Ehime Prefecture, and H. discus hannai in 
the north, for example, in Hokkaido and in Kesen-
numa in Miyagi Prefecture. The production of cultured 
abalone is increasing progressively. This tendency has 
the benefits of preventing over catching of natural 
stocks and reducing the importation of cultured aba-
lone from foreign countries.

Under these conditions, we tried to improve this 
trend with some experiments on seed culture methods 
as follows. The first experiment involved replacing 
natural food with microparticle artificial food to feed 
post-larval abalones. A new post-larval abalone cul-
ture system, Stott’s abalone post-larval production 
system (SAPPS), was tested using commercially 
available artificial diets. The second experiment 
involved improving hybrids among the three princi-
pal species. These experiments were conducted 
from 2000 to 2005 at Tateyama Station-Banda, 
Tokyo University of Marine Science and Technology 
(former Banda Marine Laboratory, Tokyo University 
of Fisheries).

Trials on New Methods for Seed Culture  
in Japanese Abalones
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2  �First Experiment

We used artificial food (microparticle diet) to replace 
natural food (diatoms) for feeding post-larval abalones 
to improve the survival and growth rates.

2.1  �Materials and Methods

The experiment was conducted over a period of 4 
weeks to test the SAPPS method (Fig. 1) against the 
Diatom method (Table 1). Two plates from each treat-
ment of SAPPS-Cos (diet supplied by Cosmo, 
Matsuyama, Japan), SAPPS-Adam (diet supplied by 

Adam and Amos, Mt Barker, SA, Australia), and 
Diatom were placed into 10-l flow-through tanks 
(three treatments replicated three times each). Brood 
stock at Banda Marine Laboratory was induced to 
spawn using UV light, and the resulting larvae were 
used in the trial when they were deemed ready to set-
tle. Once the larvae had metamorphosed into post-
larvae (on the experimental plates), the trial was 
commenced to compare SAPPS (using the two com-
mercial diets) to Diatom in terms of post-larval growth 
and survival. Food was resprayed onto plates every 
second day, and measurement for post-larval survival 
was calculated every second day.

2.2  �Results and Conclusion of the First 
Experiment

The Cos diet, when compared to the Adam diet, had 
higher moisture, lipid and ash contents, and lower pro-
tein content (Table 2). Final survival of post-larvae was 
significantly higher in SAPPS-Cos (56.7 ± 11.15%) 
compared to the other three treatments [9.4 ± 2.7%, 
8.5 ± 1.1% and 3.0 ± 2.4% for the Diatom, SAPPS-
Adam and PPS-Adam diets, respectively. The final 
length of post-larvae in SAPPS-Cos (1,065 ± 73 mm) was 
significantly higher than those in the other treatments 
(average of 812–883 mm) (Table 3, Fig. 2).

The Cosmo diet was superior to the Adam diet in 
terms of growth and survival of post-larval abalone. 
The level of protein in the Adam diet could have been 
too high, and the level of lipid too low. SAPPS was 

Fig. 1  Stott’s abalone post-larval production system (SAPPS)

Table 1  Main species and density of diatoms that were present 
on the collector plates of spats

Species Cell density (%) Final density (cells/cl)

Navicula spp. 40 8.4 × 104

Nitzschia spp. 3 6.3 × 103

Amphora bigibba 12 2.3 × 104

Entomoneis sp. 3 6.3 × 103

Melosira 
nummuloides

2 4.2 × 103

Diploneis sp. 1 2.1 × 103

Tabularia sp. 2 4.2 × 103

Amphora spp. 4 8.4 × 103

Cyclophora 
tenuis

3 6.3 × 103

Others 30 6.3 × 104

Total 100 21 ± 0.3 (1 × 106)
(Scott et al. 2004)

Table 2  The size and composition of the different diets
Diet *
Adam * Cosmo * Diatom

Particle size – wet (mm) 43 ± 16 38 ± 13 –
– dry (mm) 32 ± 10 28 ± 8 –

Moisture (%) 7.5 6.8 1.6
On dry matter 

basis (%)
Crude protein 54.4 34.3 18.3
Crude lipid 2.5 4.9 8.1
Crude ash 14.1 17.1 52.8

(Scott 
et al. 
2004)

*Diet Adam: supplied by Adam and Amos; Mt. Barker, SA, 
Australia

Diet Cosmo: supplied by Cosmo; Matsuyama, Japan
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superior in terms of growth and survival of post-larvae 
when compared to the other two methods. This is pos-
sibly because SAPPS is a continuous system where 
artificial food is resprayed onto wet plates that have liv-
ing post-larvae attached. There is potential for SAPPS 
to be used instead of, or together with, the current dia-
tom method in the production of post-larval abalone.

3  �Second Experiment

Trials were conducted to improve the artificial produc-
tion of interspecific hybrids among three principal 
species.

3.1  �Materials and Methods

Adult Haliotis discus discus (HDD), H. gigantea (HG) 
and H. madaka (HM) were collected from Tateyama 

Bay, in the offing of Tateyama Station-Banda. Cross-
breeding between these principal species was 
attempted in several trials from 1985 to 2002. Spawning 
was induced with ultraviolet-irradiated seawater and 
heat shock, common methods used in the abalone 
hatcheries in Japan. The fertilization rates of homolo-
gous crosses and the hybrids were estimated. The pro-
duced hybrids were reared in separate tanks, avoiding 
mixing with the other hybrids or pure strains.

For the reproductive viability of the hybrids, 
HM×HDD and HDD×HM hybrids were induced to 
spawn. The fertilization rate and number of hatched 
trochophore larvae were estimated, and development 
of larvae was monitored to observe progeny viability 
of F2HMxHDD and HDDxHM hybrids. For the gonad 
characteristics of the hybrids, gonads of at least 
3-year-old abalones were collected from September 
2005 to January 2006. The fixed gonads were sec-
tioned at a thickness of 8 mm and stained with Mayer’s 
hematoxylin and eosin. Slides were observed to 
establish sex, the most abundant gametogenic cell 
type present and the most advanced gametic cell 

Table 3  Results in the three different treatments for Haliotis discus discus

Treatment No. larvae settled
Final
Shell length (mm) Daily growth rate (mm) Survival rate (%)

SAPPS – Adam 377 841 19 8.5
PPS – Adam 243 812 18 3.0
SAPPS – Cos 334 1,065 27 56.7
Diatom 381 883 21 9.4

(Scott et al. 2004)

Fig. 2  The average percentage survival (± standard deviation) of postlarval Haliotis discus in the three different treatments 
(trial 1)
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type present in each abalone. The gametic cell types 
and maturity stages for male and female abalones 
were identified following the method of Tomita 
(1967/68).

3.2  �Results and Conclusions

All hybrids responded positively to spawning stimula-
tion [HM×HDD (two males, one female); HDD×HM 
(four males, three females); HDD×HG (three males, 
two females) spawned] (Fig. 3). Fertilization rates of 
homologous gametes of H. discus discus and H. madaka 
were on average more than 80%, but they were sig-
nificantly lower in H. gigantea. On the contrary, fertil-
ization rates of heterologous gametes were less than 
20% except the reciprocal crosses of H. discus discus 
and H. madaka (22.4% in DDxM, 60.8% in MxDD) 
(Table 4). For the F2 generation, the fertilization rate 
was averaged at 56% (40.9–68.5%).

In the back-crossing, fertilization rates averaged 
45.6% (HDD-HDD×HG), 70.6% (HDD×HG-HDD) 
and 3% (HG-HDD×HG). The larvae followed the 
same development stages as described for abalones. 

At the end of 5 months of rearing, the F2 hybrids were, 
on average, 9.9 mm (4.94–13.58) in shell length and 
0.14 g (0.04–0.3) g in body weight.

Fig. 3  Gamete combination (Female × Male) and fertilization rate [mean (%); range] of each combination (HDD = H. discus discus, 
HM = H.madaka, HG = H. gigantea) (Faruq 2007)

Table 4  The fertilization rate of homospecific, heterospecific, 
hybrid and back-cross (Faruq 2007; Koike et al. 1988)

Parents No. of 
trials

Fertilization rate (%)
Female Male Average Range

Homospecific crosses
DD DD 6 90 71.4–100
M M 5 81 19–96.2
G G 7 34 0.3–86.7

Heterospecific crosses
DD M 3 22 6–65.3
M DD 3 61 3.4–97.6
G M 3 2 0.4–8.5
M G 3 5 1–9.6
G DD 5 20 0.8–53.6
DD G 4 1 0.5–4.2

Hybrid crosses
DD×M DD×M 1 59 40.2–87
M×DD M×DD 1 69 58.9–76.3
DD×G DD×G 1 41 38.5–45.1

Back-crosses
DD DD×G 1 46 42–53.3
DD×G DD 1 71 64.7–74.2
G DD×G 1 3 0.9–5.6
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Most hybrid abalones sampled for gonad analysis 
could be sexed. Comparison of gonad histology of the 
parental species with the hybrid suggested that the 
hybrids had similar gonad development as the parental 
species (Fig. 4). Hybrids in spawning stage were 
observed in the spawning season of their parental spe-
cies from December to January.

It was observed that both male and female hybrids 
were able to produce and spawn gametes when they 
were stimulated by the conventional procedures. All 
four hybrid crosses for which histological observation 
of gonads was conducted were found to be proceeding 
through gametogenesis.

4  Conclusion

In conclusion, hybridization among principal abalones 
H. discus discus, H. gigantea and H. madaka is possi-
ble, with crosses between H. madaka and H. discus 
discus being relatively easier to accomplish than the 
other four crosses. The former experiment proved that 
H. discus discus female × H. madaka male hybrids had 
growth performance similar to and in some cases 
higher than the parental species (Faruq 2007). This can 
be useful in attempts to produce back-crossed and F2 
hybrids to obtain fast-growing strains.

To identify the hybridization and parenthood of the 
hybrid, analyses of allozymes and mtDNA are effective, 
and these aspects will be examined in future studies.
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Abstract  Transgenic aquaculture species with 
improved growth rates are at the premarket stage in 
the United States and may be produced in countries 
with less drastic regulations for environmental protec-
tion. The French market is widely supplied by imports 
from all over the world. Regarding the crisis provoked 
by plant GMO (genetically modified organisms) 

production, rumors of the unauthorized importation 
of GMF (genetically modified fish), even if fortuitous, 
would undoubtedly have detrimental effects on public 
confidence, and consequently on fish market and inno-
vation systems.

To anticipate such a situation, the DOG.M.ATIS 
project (2007–2010), funded by the French Research 
Agency (A.N.R.), proposes to develop dedicated strat-
egies through multidisciplinary approaches and to 
deliver:

A critical analysis of the technological reality and −−
expected evolution of GMF by characterizing the 
impact of the transgene and transgenesis technique 
on transgene stability and flow

Development of some methodologies and possible routes 
of GMF detection, based on detection strategies for 
plants and establishing specific methods for GM fish

An assessment of the risk of the fortuitous presence 
of GM fish in our markets by crossing the data from 
the scientific literature and an expert analysis of fil-
tered statistics of international trade

An assessment of public perception levels, using 
focus groups for analyzing the opinions of citizens and 
performing interviews with businesses and NGOs

Development of drafts for dedicated regulations and 
laws, developed based on an analysis of the current 
regulations for GM organisms and of the gaps existing 
within the reality of GM fish and the fish market chain

A description of examples of GMF and the ethical −−
implications, moving beyond the very classical–
theory-driven–scientific descriptions used in the 
GMO debate up to now

DOG.M.ATIS is a network of scientists in various 
fields: fish genetics and transgenesis, GMO detection, 
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fish market economy, consumer sociology, law, 
philosophy, and epistemology. We propose to unravel 
the multiple dimensions of GMF with progressive 
interdisciplinary approaches that will deliver results to 
be exploited both by experts in the different disci-
plines involved and by the overall network.

1  �Technological Reality

Since the first publication in 1987, more than 1,400 articles 
have been published dealing with transgenic fish. The first 
technique employed was micro-injection into one-cell-
stage embryos. It is operant, but lacks efficiency: the first 
generation is mosaic; neither the copy number nor the 
genomic location of the transgene is controlled. This leads 
to (1) the inevitable production of two generations before 
the transgenic line can be stabilized, (2) the lack of control 
of transgene expression, and (3) the selection of an integra-
tion event. This technique is still the easiest and most 
employed, and transgenesis has been carried out on the 
main aquaculture species and model fish. For most of the 
cases, transgenic aquaculture species are initially produced 
in research laboratories to study the main functions 
(growth, reproduction, disease resistance). The number of 
transgenic model fish lines produced has largely increased 
in recent years because of gene function and regulation 
studies. This leads to a strong dynamic for improving 
transgenesis efficiency: techniques for mass transforma-
tion, facilitation of genomic integration, and control of the 
site of integration are currently being tested. The patents 
published so far (90 references) serve five different 
purposes:

Improved livestock production (40%)−−
Bio-protein production (20%)−−
Dedicated biosensors, sentinel fish (10%)−−
Appearance of ornamental fish (6%)−−
New techniques (24%)−−

The risk of fortuitous presence is a reality, and trans-
genesis production and purposes will rapidly evolve. 
Our strategy is:

	(i)	 To quantify the actual risk by merging results 
obtained so far on transgenic fish with economic 
data

	(ii)	 To anticipate the evolution of GM fish by charac-
terizing the impact of the transgene and transgen-
esis techniques on transgene stability and flow

2  �Risk of Fortuitous Presence  
and Effects on the Market

World aquaculture production is growing tremen-
dously (from 1 Mt in the 1950s to 63 Mt in 2005, 
including plants) and within 5 years will probably 
comprise 50% of the seafood consumed. The European 
Union imports 50% of the consumed aquatic products, 
and half comes from non-European countries.

For finfish, in 2005, the EU (15) imported 5.6 Mt 
(€16.6 billion) and showed a foreign trade deficit of 
1.6 Mt and €6.5 billion. European markets, and nota-
bly those in France, are widely supplied by imports 
from all over the world, among which farmed fish 
make up an increasing proportion. The import of GM 
fish, if commercially produced in an exporting coun-
try, thus appears to be possible in the near future. 
Considering the impact of the issue of GM plants, it is 
very likely that such an event would cause a crisis in 
consumer confidence.

To estimate the actual risk of fortuitous import of 
GMF, we use a crossed methodology with several 
steps:

Using the available scientific information (gathered in •	
the GMF database and through bibliographic synthe-
sis) and our expertise, we aim to (i) identify the spe-
cies and countries concerned by trangenesis, and (ii) 
score the probability of commercial production and 
export, considering the state of the fish culture sector 
and foreign trade, and the regulatory framework
Analyzing the import statistics of fish in France and •	
Europe, we try to point out the trade flows likely 
affected by GM species at the premarket stage and 
estimate the possible risk of finding GM fish; this 
analysis requires a good knowledge of the organiza-
tion of the European supply chain and of the aqua-
culture sector in the countries of origin, as the 
production mode (capture or culture fisheries) is not 
mentioned, nor the species for some taxa like tila-
pia, in the foreign trade statistics

Fish is a product known to varying degrees by European 
consumers. The French are generally do not eat much 
fish: fish consumption requires socialization, and most 
consumers look for advice from vendors and need to feel 
confident about what they buy. When buying fish, they 
take into account the way the fish was produced and 
commercialized. Mentioning the existence of GMF 
within this particularly fragile context could lead to 
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extreme reactions. Therefore, we plan to develop meth-
odologies that will highlight the perceptions of the public 
and the professionals, and the collective building of risk 
perception, instead of trying to measure the discrepancy 
between perceived risks and real risks. We assume that 
the consumers and actors have practical knowledge that 
deserves analysis. We aim to try to anticipate the changes 
in consumer behavior when faced with information from 
the media, NGOs, government, and businesses.

Regarding the consumers, we analyzed purchase situ-
ations by organizing consumer focus groups where we 
invited the consumers to talk about fish, and then GM 
fish, following a list of subjects developed in a collabora-
tion among sociologists, economists, and philosophers.

The first results of the focus groups that have already 
been performed led to three points: (i) a variability in 
consumer perception of “natural” and “artificial;” (ii) 
some unusual ideas of consumers about the GMF 
research sector; (iii) some new forms of criticism of the 
oppression and marketing characterizing present soci-
ety, notably concerning health and the environment.

Our study also includes in-depth interviews of eco-
nomic actors and representatives of NGOs about their 
perception of GM fish, both as a possible innovative 
technique in fish culture and as a possible new food 
product.

3  �GMF Regulation

The main concepts of the European directive (2001/18) 
on the deliberate release of genetically modified organ-
isms into the environment are:

	 (i)	 Diversity of the evaluation criteria
	(ii)	 Assessment of possible cumulative effect
	(iii)	 Bio-security monitoring plan
	(iv)	 Traceability
	(v)	 Assessment of the benefits and
	(vi)	 Public consultation

This can hardly be adapted to GMF, not only because 
none of the new requests can be immediately fulfilled, 
but also because only confinement is considered and 
not fortuitous presence. Neither the market chain nor 
the European network of GMO laboratories is ready to 
apply regulations 1829/2003 and 1830/2003 for GMO 
food and feed authorization and traceability. The regu-
lation gap for ornamental fish is even more obvious. 
The European Council is currently discussing a regula-

tion (SEC2006/421) concerning the use of alien species 
in aquaculture, which considers only the environmental 
risk and excludes the case of GMF. Considering the risk 
of negative perceptions of GMF by consumers, the 
complexity, opacity, and international dimension of the 
market, international trade conflicts can be easily fore-
seen. We propose developing a method to draw up reg-
ulation drafts in connection with public and private 
stakeholders. It includes the following steps:

	 (i)	 Identification of the main principles driving the 
norms concerning GMO.

	(ii)	 Sustaining the production of regulations by the 
European Commission, and

	(iii)	 Integration of the overall results of DOG.M.ATIS 
to demonstrate the dynamic interaction between 
public and private bodies. In addition, we will 
propose means and ways to ensure GMF 
traceability

4  �GMF Traceability

For plants, analytical methods have to be provided by 
GMO developers, and traceability has been made man-
datory to ensure reliable and cost-effective co-existence 
frames. Moreover, a modular approach concept has 
been developed to validate analytical methods in 
numerous food and feed matrices in a cost-effective 
way, a concept that is ready to be used in other areas of 
detection. The specifics associated with GMF detec-
tion identified so far are: the variability of the trans-
gene copy number in the host genome, the nature of 
the transgene, the lack of knowledge of the transgene 
flanking regions, the large discrepancy of the matrices 
to be analyzed (from live fish or eggs to freeze-dried 
compounds and multicompounds food and feed), and 
the necessity to identify the species and the donor 
organism for screening methods. We will do this 
sequentially and on experimental samples (chosen 
according to the results of the risk assessment study):

	1.	 Test the applicability of the different detection strat-
egies used for plants

	2.	 Analyze their cost and efficiency
	3.	 Test their adequacy to quantify transgene presence
	4.	 Test the possibility of multiplexing with species 

detection techniques
	5.	 Optimize DNA extraction (efficiency, cost, and 

purity)
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Our objective is, once protocols have been established, 
to propose guidance for carrying out GMF traceability 
taking into account the expected regulation and the 
features of the fish market chain.

5  �GMF and Ethics

The arrival of plant GMO provoked a break. The lack of 
acceptance of GMO is partly explained by the fact that 
the technique is perceived as artificial. Biotechnologies in 
general raise ethical problems, and ethics is indeed a 
generic science of interdisciplinary frontiers. This means 
that these problems also have to be considered by biolo-
gists themselves. The debates on GMO organized these 
last years in Europe have been mostly driven by experts 
having a very classical–theory-driven–representation of 
science. The evaluation criteria came either from episte-
mology of the theories or from some classical philoso-
phies of technology. Obviously, assumptions and 
highlights from epistemologies of models are missing. 
With fish, we are still upstream from an eventual crisis, 
but we already can confirm that the consumers have a 
preconception of what a GMF is. Our objective is to work 
out a global frame for future debates where both episte-
mologies of theories and models will be to some extent 
reunified with bioethics and technology assessment. We 
will (i) identify the epistemological profiles associated 
with GMF, (ii) analyze the connections between ethics 
and epistemology, considering that the epistemological 
requirement accompanies the ethical questions, and (iii) 
propose to identify the concepts discriminating the poten-
tial impacts of GMF on human representations, using an 
original methodology of collective work to explore prob-
able forthcoming intellectual strategies for GMF.

6  Conclusions

We propose to unravel the multiple dimensions of 
GMF with progressive interdisciplinary approaches 
that will deliver results to be exploited both by experts 
in the different disciplines involved and by the overall 
network (Table 1). The integrated chain approach is 
framed to release original and dedicated methods, 
novel research objectives in each domain covered by 
the project, and strategies for stakeholders. We have 

already identified the ways to interact with the eco-
nomic actors in the market chain and with the public. 
The network is already sufficiently productive to stress 
international connections.
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Abstract  In this study, we analyze the main 
characteristics of the different kinds of marine shrimp 
aquaculture with regards to their potential impact on 
the surrounding environment and to its sustainability. 
In order to evaluate the importance of the main fea-
tures of the impact, we consider parameters related 
to rearing practices and zootechnical aspects, such as 
stocking density, as well as the main characteristics 
of the ecosystem hosting the rearing activities and the 
receipt of wastes. Two main features, the ecological 
characteristics of the surrounding environment and the 
presence or absence of mangroves, are emphasized. 
At least, based on ecological considerations, we pro-
pose a theoretical scheme allowing determination of 
the best position of the different kinds of aquaculture 
within an ecosystem in order to minimize the impact 
and to insure the sustainability of the activity.

1  �Introduction

There are two main kinds of aquaculture, extensive 
and intensive, showing different characteristics con-
cerning their functioning (zootechnical aspects) and 
their potential relationship with the surrounding envi-
ronment. For organisms reared in an extensive way, the 
food comes from the surrounding environment (natu-
ral food web). For this kind of aquaculture, the main 
characteristic required concerning the environment is 
to be productive in terms of the trophic level. As a rule, 

extensive aquaculture does not produce wastes. 
Furthermore, the concentrations of nutrients in the 
effluents may be lower than in the in-flowing water 
(Hussenot et al. 2000). For intensive aquaculture, the 
food comes from the feed pellets added into the ponds. 
This type of aquaculture produces wastes. The quan-
tity of nitrogen in the wastes can reach up to four times 
the quantity of nitrogen in the harvested shrimps 
(Martin et  al. 1998; Funge-Smith and Briggs 1998) 
(see below about FCR). In that case, the main charac-
teristic required by the environment is to be able to 
eliminate or to assimilate the wastes.

Shrimp aquaculture has an impact on the surround-
ing environment (Landesman 1994). One of the most 
important features of the surrounding environment in 
relation to aquaculture and its potential impact is linked 
to the notion of confinement (Martin 2004). Confinement 
is the aquatic ecosystem’s capacity to change its water. 
Then, the level of confinement of an ecosystem is 
related to different kinds of parameters, such as the 
hydraulic characteristics (waves, tides, currents) and 
the geomorphology of the site (from fully closed eco-
systems to fully open ones). Confinement plays a lead-
ing role in the success of aquaculture. For extensive 
aquaculture, it will determine the level of nutrient con-
centrations in the water flowing into the ponds, and 
thus the capacity of this water to support the natural 
food web leading to the shrimps. For intensive aquacul-
ture, the level of confinement is in some cases respon-
sible for the accumulation, or not, of the organic wastes 
released from the rearing ponds into the surrounding 
environment (Trott and Alongi 2001). As a conse-
quence, for intensive aquaculture, the impact of organic 
wastes on the environment will depend on the confine-
ment of this environment. Increasing the confinement 
level leads to an accumulation of organic wastes in the 
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surrounding ecosystem and finally to a feedback impact 
of wastes within the rearing ponds.

2  �Results and Discussions

The impact of organic wastes released from shrimp 
aquaculture on the surrounding environment has been 
shown (Biao et al. 2004; Das et al. 2004; Sara 2007). It 
depends not only on the level of its confinement, but 
also on the quantity of wastes introduced within this 
environment. This quantity of wastes depends mainly 
on the intensification of the rearing system. As sug-
gested by Fuchs et  al. 1998 there are three possible 
ways to increase the waste fluxes:

	1.	 The size of the shrimp aquaculture farm: The impact 
on an ecosystem increases when an important sur-
face of rearing ponds is located near the same 
ecosystem.

	2.	 The annual number of rearing cycles: for instance, 
in inter-tropical countries, because of the tempera-
ture of the water, three cycles can take place each 
year).

	3.	 The stocking density (according to the different 
rearing systems: it can reach up to 100 shrimps m−2 
pond). The quantity of generated wastes depends on 
two main factors: the quantity of pellets added into 
the ponds and the food conversion ratio (FCR).

The FCR indicates the quantity of feed pellets used to 
produce 1 kg shrimp. Thus, for FCR = 2, for example, 
2 kg feed pellets are used to produce 1 kg shrimp. This 

means that FCR = 2 leads to the formation of 1 kg 
organic wastes per kg shrimps harvested. Thus, in 
some sites hosting 1,000 ha ponds with a production of 
6–10 t shrimp ha−1 year−1 and a FCR = 2, the quantity 
of waste rejected into the surrounding environment 
ranges from 6,000 to 10,000 t of organic wastes. Some 
sites can host up to 16,000 ha ponds (Fuchs et  al. 
1998).

The quality of management of the rearing system 
may have a huge influence on the formation of wastes 
(Biao and Kaijin 2007). Thus, the quality of the food 
(Chim et al. 2001), the rhythm of feed pellet distribu-
tion, once or several times per day (Della Patrona and 
Brun 2007), the water renewal (Lemonnier and Faninoz 
2006), and the pond water aeration (Della Patrona 
and Brun 2007) make a huge difference in the FCR 
performance (Della Patrona and Brun 2007) and con-
sequently in the formation of wastes. One of the main 
parameters controlling the FCR is the stocking density. 
Figure 1a, shows (Martin et al. 1998) that, for ponds of 
the same zootechnic conditions, the weight of the 
shrimp at harvest decreased when the stocking density 
increased. At the same time, FCR increased along with 
an increase of the stocking density (Fig. 1b). In fact, it 
has been shown that in earthen ponds, the natural food 
chain participates to a large extent in the nutrition of 
the shrimp. Thus, for example, natural prey (copepods, 
nematods, harpacticoïds, etc.) may represents 42% of the 
ingested food for Metapenaeus macieayi (Maguire and 
Bell 1981), from 37% to 43% for Penaeus japonicus 
(Reymond and Lagardère 1990), more than 50% for 
Penaeus monodon (Focken et al. 1998), and up to 84% 
for Penaeus subtilis (Nunes et al. 1997).

Fig. 1  Relationship between the stocking density and (a) the weight of shrimps at harvest, and (b) the food conversion ratio (FCR)
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For a same species, the variation of the proportion of 
natural food in the total food intake is inversely propor-
tional to the stocking density (Della Patrona and Brun 
2007). This explains the increase of the FCR along with 
the socking density (Fig. 1b). Before being removed 
from the pond, with the effluent or through mechanical 
means, the organic wastes accumulate in the pond at the 
water-sediment boundary layer level. This accumulation 
can lead to dystrophy in the pond ecology. Thus, it has 
been shown (Martin et al. 1998; Lemonnier et al. 2002) 
that the one of the consequences of the accumulation of 
organic matter is an increase in the concentration of 
nutriments in the sediment (Burford and Lorenzen 2004). 
Figure 2 shows the relationship between the concentra-
tions of N-NH

3–4
 in the 1-cm top layer of the sediment in 

ponds with increasing shrimp instant biomass. Thus, 
from very low to very high biomass (up to 800 g m−2), the 
concentration of N-NH

3–4
 can reach up to 7,000 mM mL−1 

in pore water. Furthermore, the accumulation of organic 
matter in the pond leads to a very high consumption of 
oxygen. Figure 3 shows, as a consequence of this con-
sumption, the redox potential measured in sediment 
cores sampled in ponds with increasing shrimp instant 
biomass. A decrease in the redox potential occurs from 
the lowest instant biomass to the highest one. Thus, for 
the highest instant biomass, the redox potential ranged 
from »−100 to »−300. This very low value explains the 
high concentrations of nutriments measured in highly 
intensified rearing ponds (Suplee and Cotner 1996).

Parameters relevant to the quality of the management 
of the ponds may explain the variations of the quantity 
of wastes released from the ponds to the surrounding 
environment. Nevertheless, some parameters that are 
not dependent on management may have an influence 
on the rearing performances, and, as a consequence, on 
the quantities of wastes produced. Thus, for similar 
management, variations in yield have been noted in rela-
tion to the season and are mainly attributed to the differ-
ence in salinity and/or temperature and to natural food 
availability (Scura 1995). A decrease in daylight inten-
sity for several days because of seasonal cloud cover has 
been shown to lead to a decrease in shrimp production, 
an increase in the FCR ratio, and an increase in waste 
formation (Garen and Martin 2002).

The relationship between aquaculture and environ-
ment is not only related to the level of confinement of 
the environment hosting the activity, and to the 
quantity of wastes introduced within this hosting 
environment, but also to the presence or not of 
mangroves. Needing warm water, shrimp aquaculture 
is mainly located within or near the tropical or equato-
rial areas. Furthermore, the activity needs huge sur-
faces to build the ponds. In order to minimize the 
functioning costs (pumping), the ponds are located 
very close to sea level. This is why during the huge 
development of shrimp aquaculture in the 1980s, the 
easiest and less expensive method for pond implanta-
tion was to eradicate the mangroves to build the ponds 

Fig.  2  Relationship between the concentration of N-NH
3–4

 in 
pore water and the instant biomass in ponds

Fig. 3  Relationship between the potential redox values and the 
instant biomass in ponds
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(Primavera 2005; Thu and Populus 2007). It is now well 
known that mangroves play an important role in the 
equilibrium of the coastal ecosystem (Blasco 2002).

It is not only a very productive ecosystem (De 
Graaf and Xuan 1998) showing a very high diversity 
(Carvajal and Alava 2007), but also a very efficient 
filter for a large variety of elements, particulate or 
dissolved, mineral or organic, issued from the catch-
ment basin (Thampanya et al. 2006), or from aquacul-
ture activities (Rivera-Monroy et  al. 1999; Gautier 
et  al. 2002). Destruction of mangroves has a huge 
impact on the surrounding environment (Hong 1996), 
including soil acidification (Mitra and Bhattacharyya 
2003). Mangrove clearance has also been shown to 
play a leading role in the decreasing performance of 
coastal marine fisheries (De Graaf and Xuan 1998) 
and biodiversity (Fondo and Martens 1998). The main 
environmental impact of shrimp aquaculture is the 
destruction of coastal mangroves and deterioration of 
water quality. Many aquaculture activities, located in 
areas where mangroves had been destroyed, collapsed 

after a few years of activity. This was mainly due to an 
increase of the trophic level up to dystrophic condi-
tions in the coastal ecosystem (Populus et  al. 2004) 
under the pressure of the input of organic matter from 
aquaculture and the input of particles from the catch-
ment basin. The consequences of mangrove destruc-
tion on the performances of aquaculture and of the 
speed of the collapses are directly related to the level 
of confinement of the surrounding environment 
(Populus et al. 2004).

The relationship among (1) the two main kinds of 
aquaculture (extensive and intensive), (2) the capacity 
of the surrounding ecosystem to change its water (con-
finement) and, consequently, to accumulate wastes, 
and (3) as a consequence the trophic level of this sur-
rounding ecosystem is shown in Fig. 4.

We see that there is an inverse relationship between 
the water change capacity and the potential accumula-
tion of organic matter (wastes). These characteristics 
determine the trophic level of the hosting ecosystem. In 
low confined ecosystems with high water capacity 
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change, oligotrophic features prevail (low phytoplankton 
concentration, low heterotrophic bacteria abundance, 
high oxygenation capacity, etc.).

In this kind of ecosystem, intensive aquaculture that 
does not need a productive environment may be highly 
successful and sustainable. In such an environment, 
when rational management is carried out, no degrada-
tion of the environmental characteristics occurs, insur-
ing the sustainability of the activity. On the contrary, 
ecosystems with a high level of confinement show 
hyper/dystrophic features, either naturally or under the 
pressure of the organic wastes released from aquacul-
ture activities. In this kind of ecosystem, aquaculture 
activity, either intensive or extensive, showed very 
poor or no performance. In some ecosystems, particu-
larly confined and dystrophic, or those becoming such, 
no rentable aquaculture activity is possible at all. The 
degradation of the environmental characteristics 
because of the input of organic wastes in a confined 
environment explains the many collapses of shrimp 
aquaculture activities worldwide in the 1980s (Martin 
2004). Concerning extensive aquaculture, the best 
positioning appears to be in eutrophic ecosystems, 
where the reared organisms can be fed small organ-
isms, such as meiofauna, grown in the food web devel-
oping from the input of nutrients and phytoplankton 
into the ponds (Reymond and Lagardère 1990). 
Respecting these considerations must lead (1) to insur-
ing the best choice for site selection, both for intensive 
and extensive aquaculture, (2) to minimizing the 
impact of wastes on the surrounding environment for 
intensive aquaculture, (3) to insuring a satisfactory 
development of the food web inside the ponds for 
extensive aquaculture, and (4) finally to promoting the 
best environmental conditions in order to obtain real 
sustainability.
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Abstract  The importance of algae, chitin, and laurate, 
which are widely ingested by numerous varieties of 
fish living in nature, was confirmed as a feed supple-
ment in cultured fish. These components were added 
to the composed diet of ayu (Plecoglossus altivelis), 
black sea bream (Acanthopagrus schlegelii), and red 
sea bream (Pagrus major) at the same level as found 
in the stomach content of wild fish.

The effects of these dietary supplements commonly 
improved the physiological conditions, such as accel-
eration of lipolysis activity and protein assimilation, 
depression of adipocytes, resistance to air dipping, and 
activation of liver function, without depression of 
growth.

1  �Introduction

Advances in fish nutrition have progressed consider-
ably with regard to growth performance. However, 
much concern has arisen over the quality of fish flesh 
and health in aquaculture. In response, a variety of 
feed supplements have been investigated with respect 
to their effects on the physiological condition and qual-
ity of cultured fish.

2  �Materials and Methods

2.1  �Fish and Rearing Conditions

In the dietary supplement experiment, food organisms 
in the stomach content of wild fish were preliminarily 
analyzed. Fish used for the feeding experiment were 
0-year ayu (Plecoglossus altivelis), black sea bream 
(Acanthopagrus schlegelii), and red sea bream (Pagrus 
major). The fish in the control group were fed a com-
posed diet. The supplement levels were selected based 
on the stomach contents of wild fish. For the experi-
mental group diet, certain contents of algae (<5% in 
dry diet), chitin (10% in wet diet), or lauric acid (0.5% 
ethyl laurate in dry diet) were supplemented to the 
control diet.

2.2  �Biological Measurements

All the fish in each replicate treatment group were 
weighed individually. Whole muscle, liver, and adipo-
cytes were obtained from 20 fish in each group. The 
adipocyte diameter was histologically measured in 50 
cells per fish.

2.3  �Vitality

For comparing liver function, fish were dipped in water 
containing anesthetic at a concentration of 0.1% for 
50s. Then, the fish were transferred to oxygen-saturated 
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fresh seawater, and the recovery time was recorded. 
For air-dipping resistance, fish were exposed to air 
dipping for 5 min and returned to oxygen-saturated 
seawater. Recovery time from the succumbed condi-
tion was recorded.

2.4  �Biochemical Measurement

The feed, muscle, liver, and adipocytes in the intraperi-
toneal cavity were frozen immediately after killing the 
fish and kept in a freezer. Lipid was extracted with 
methanol-chloroform. The lipid class composition and 
fatty acid composition were analyzed by an Iatroscan 
and a gas chromatograph.

3  �Results and Discussion

3.1  �Micro- and Macro-algae  
(Nakagawa et al., 2009)

A variety of wild fishes ingest algae, including some 
primarily carnivorous fish. The primary foods of wild 
ayu in nature are benthic blue-green algae and diatoms 
in rivers. Chlorella extract as a feed supplement affects 
physiological characteristics, such as lipid metabo-
lism, disease resistance, carcass quality, and vitality in 
ayu and yellowtail (Seriola quinqueradiata). In the 
giant (freshwater) prawn (Macrobrachium rosenber-
gii), dietary (cyanobacteria) Spirulina elevated growth 
performance and feed utilization over ranges of sup-
plementation of 5–20% of the diet.

Although the lipid content in the intraperitoneal fat 
body of cultured ayu was almost 98%, the Chlorella 
extract supplementation reduced the value to 66.7%. 
In vitro lipolysis activity was superior in the Chlorella 
extract (1%) fed group, suggesting activation of lipid 
utilization for energy prior to muscle protein consump-
tion. Chlorella extract suppressed body weight loss 
caused by starvation in ayu, because the reserved lip-
ids decreased remarkably and consumption of muscle 
protein might be suppressed.

The Chlorella extract improved the tolerance of 
hypoxic conditions and liver function distinctly. 
The preventive action exerted by Chlorella extract 

might involve some internal barrier to infectious 
disease, such as an inflammatory response and an 
increase in the number of phagocytes, rather than an 
immediate effect on the disease as an antibiotic 
substance.

Spirulina supplementation correlated with marked 
increases in some key substances for b-oxidation of 
fatty acids, including hepatic-free carnitine and 
long-chain acylcarnitine, carnitine palmitoyltrans-
ferase activity, etc. Red sea bream fed a diet supple-
mented with Spirulina at a 2% level exhibited 
elevated protein synthesis, and the stroma (connec-
tive tissue) fraction was significantly increased. The 
muscle protein composition measured by solubility 
approached that of wild fish. Spirulina increased 
total muscle collagen; the collagen fractions soluble 
at 20°C and 70°C decreased, but the insoluble col-
lagen increased.

The addition of a very small amount of algal meal 
has produced a significant increase in the growth and 
feed utilization of a variety of fish such as red sea 
bream, Japanese flounder (Paralichthys olivaceus), 
yellowtail (Seriola quinqueradiata), ayu, rockfish 
(Sebastes schlegeli), nibbler (Girella punctata), and 
snakehead (Channa striatus). The optimum feed effi-
ciency and protein efficiency were attained in black 
sea bream when the supplementation level of Ulva 
meal was 2.5–5.0% of the diet. Body weight loss of 
black sea bream during wintering was minimized with 
supplementation of Ulva meal. Growth of Japanese 
flounder was maximized with Ulva at 2% of the diet. 
Algae also affect other growth indicators when used as 
dietary supplements.

Supplementation with the following algae, 
Ascophyllum, Porphyra and Ulva, at 3–5% in prepared 
diets elevated the muscle RNA/DNA ratio (protein 
synthetic activity) and suppressed acid protease activ-
ity (protein catabolism) in red sea bream, providing 
biochemical proof of growth. The effect on growth is 
due to an acceleration of nutrient absorption by dietary 
algae.

The addition of a small amount of algal meal to the 
fish diet can exert considerable effects on carcass qual-
ity. While micro-algae generally decrease accumula-
tion of lipid in the muscle, macro-algae often induce 
an increase in muscle lipid. While muscle lipid of the 
control group of young yellowtail was 1.6%, supple-
mentation of Laminaria digitata at 1% increased 
muscle lipid to 5.2%. Similar tendencies for increased 
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muscle lipid occurred with supplementation of Undaria 
pinnnatifida and Ascophyllum nodosum in the diet of 
red sea bream and with Ulva in black sea bream. 
Sensory evaluation of fish meat showed that supple-
mentation of macro-algae in the diet generally 
improved the taste and quality as a whole. Under 
imbalanced nutritional conditions and inadequate feed-
ing regimes (overfeeding, inadequate feeding fre-
quency, etc.), muscle protein can be consumed in place 
of the reserved lipids. Fish reared under such condi-
tions cannot endure food shortage.

Supplementation of Ulva meal to a red sea bream 
diet or Laminaria meal to a yellowtail diet increased 
consumption of reserved lipids and suppressed mus-
cle protein consumption. Wild red sea bream and 
black sea bream ingest algae in nature, and the pro-
portion of algae ingested increases before wintering. 
The ingestion of algae before wintering could help to 
activate reserved lipids for energy during the winter 
period.

Stressors during fish rearing, such as high rearing 
density, treatment, low dissolved oxygen, water pollu-
tion, and nutritional imbalance, can depress disease 
resistance. Resistance to low oxygen levels was higher 
in algae-fed red sea bream, black sea bream, and in 
rockfish. Many algal species are likely to improve 
vitality in a similar way, because they contain a wide 
array of macronutrients, micronutrients, and other 
components.

Supplementation of Ulva meal to a prepared diet 
at 5% elevated phagocytosis in black sea bream. 
Effects of similar supplementation with Ulva were 
found in the numbers of lymphocytes and granulo-
cytes, agglutinin titer, and hemolytic and bactericidal 
activities in red sea bream. In addition, bactericidal 
activity after immunization was enhanced. A nutri-
tional disease involving retardation of growth and 
high mortality in the young yellowtail is caused by 
feeding continuously on sardines (Sardinops mel-
anocticta). The disease was reduced by supplementa-
tion of 0.5% of Laminaria digitata. Simultaneous 
addition of a vitamin mixture enhanced the effect, 
suggesting a synergistic effect of algae and certain 
vitamins. Atlantic salmon (Salmo salar) fed on a diet 
supplemented with alginate had high survival and 
complete hemolytic activity after challenge by 
Aeromonas salmonicida.

3.2  �Chitin (Nakagawa et al., 2009)

Crustaceans are important and often the major food 
organisms of larval fish and contain a considerable 
amount of chitin in the digesta (2.3–9.3% in dry 
weight). The growth, feed efficiency, and survival rate 
were improved by dietary chitin (10% in purified moist 
diet). The relative intestine length is an indicator of the 
diversified use of food and nutrients. The intestine of 
the animals in the chitin group was significantly longer 
than in the control group. The long intestine presum-
ably prolonged the evacuation time of food in the gut 
by increasing the surface area. Consequently, growth 
performance would be improved. The dietary chitin 
decreased the lipid content and size of lipid droplets in 
the liver. Low lipid reserves were mainly due to the 
reduction of the adipocytes accompanied by a reduc-
tion in the adipocyte diameter. Reduction of the liver 
oil globules and the adipocyte size might suggest sup-
pression of lipogenesis and activation of lipolysis. 
Suppression of body weight loss by the starvation in 
the chitin group could be due to sparing the consump-
tion of muscle protein.

The dietary chitin significantly reduced the impact 
of air dipping and improved the recovery time from the 
succumbed condition. During the treatment, 50% of 
the fish died in the control group, while the animals 
belonging to the chitin group recovered completely.

3.3  �Lauric Acid (Ji et al., 2005)

A small amount of lauric acid was found in the stomach 
content of wild black sea bream. Although dietary lau-
rate did not affect growth, survival, and feed efficiency, 
the muscle ratio was significantly increased. In addition, 
the hepatosomatic index, adipocyte ratio, and adipocyte 
diameter were significantly reduced by laurate supple-
mentation. Hepatic lipids were significantly low, and 
the value was almost half of the control group. Dietary 
laurate depressed triglycerides markedly, although free 
fatty acids and phospholipids were hardly influenced.

The dietary laurate significantly reduced the impact of 
air dipping and quickened the recovery time from the suc-
cumbed condition. In the liver function test, the survival 
from the anesthetic condition was only 40% in the control 
group, but fish in the laurate group recovered completely.
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Feeding laurate to fish led to a proportional decrease 
of monoenes and a slight increase in n-3 fatty acids in 
the hepatopancreas. While lauric acid was not found 
in these organs of the control group, lauric acid and 
DHA slightly increased in the heart, brain, and eye in 
the laurate group. Dietary laurate might account for 
the absorption and/or incorporation of DHA into the 
fish body.
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Abstract  Spirulina was long considered a blue alga 
(Cyanophycea). As a matter of fact, it is a cyanobac-
teria, described for the first time by Wittrock and 
Nordsted in 1844 under the name of Spirulina jenneri 
platensis Nordsted.

Appearing on earth 3.5 billion years ago, it origi-
nally produced the oxygen breathed by living organ-
isms. Spirulina has been consumed for a long time by 
many of the world’s populations (e.g., in Chad, 
Mexico, and India).

In different countries in the world, various strains have 
been described (Paracas, Lonar, etc.). In France, a strain 
was discovered in Camargue (Planchon 1994) outside of 
the usual temperature zone where this organism com-
monly grows. Cultivated out of its natural environment in 
favorable areas (Indo-Pacific, Subtropical Atlantic, etc.), 
it can also be grown in greenhouses in temperate coun-
tries, such as near the Mediterranean coast.

In recent years, several small producers have 
appeared in the French Mediterranean zone. Today, it 
is important to improve the production yield, and 
many experiments are being carried out in laboratories 
and greenhouses.

Several strains were tested using water from a 
brackish pool (Vaccarès in Camargue, in the Rhône 
River delta), and an experiment with sea-water was 
also carried out. To obtain good production, it is 

essential to protect the cultures from contamination by 
other microorganisms.

Currently, these experiments are being carried out 
at the Oceanographic Institute Paul Ricard located on 
Les Embiez Island in close collaboration with univer-
sity laboratories and other scientific research organiza-
tions. Résumé

La spiruline, longtemps considérée comme une 
algue bleue (Cyanophycée), est en réalité une 
cyanobactérie décrite pour la première fois par 
Wittrock et Nordsted en 1844 sous le nom de Spirulina 
jenneri platensis Nordsted.

Apparue sur Terre il y a 3,5 milliards d’années, elle 
produisit le premier oxygène respirable par les organ-
ismes. Elle est consommée depuis les temps les plus 
reculés par diverses populations du monde (Tchad, 
Mexique, Inde). Selon la région, on a pu décrire plu-
sieurs souches (Paracas, Lonar, … ). En France, une 
souche a été découverte en Camargue (Planchon 1994) 
hors des zones de température où ces organismes 
croissent habituellement. Cultivée à l’air libre en 
milieu naturel (Indo-Pacifique, Atlantique subtropi-
cal), elle ne peut l’être que sous serre en zone tem-
pérée comme près de la Méditerranée.

Au cours de ces dernières années, de nombreux 
producteurs de spirulines ont ainsi vu le jour en 
Méditerranée française. Il apparaît aujourd’hui impor-
tant d’améliorer le rendement de ces cultures. Afin 
d’atteindre de but, des expériences sont réalisées en 
laboratoire et sous des serres de type horticole. 
Plusieurs souches ont été testées en utilisant l’eau d’un 
étang saumâtre (étang du Vaccarès) et une expérimen-
tation en eau de mer est également en cours.

Afin d’obtenir une production de qualité, il est pri-
mordial de tenir compte des contaminations dues à 
d’autres microorganismes.
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C’est ce type d’expériences qui est conduit 
actuellement à l’Institut Océanographique Paul Ricard 
sur l’île des Embiez en collaboration étroite avec des 
laboratoires universitaires et d’autres organismes de 
recherche.

1  Introduction

Since 2004, the Oceanographic Institute Paul Ricard 
has been carrying out research on the cyanobacteria 
Arthrospira platensis, also called Spirulina. The main 
purposes are the scientific study of the nutritional 
composition of A. platensis developed in various con-
ditions, the possibilities of improving the nutritional 
qualities, and then its potential use to ameliorate mal-
nutrition in developing countries (Fox 1999).

2  Results and Discussion

The cyanobacteria Arthrospira platensis appeared on 
earth 3.5 billion years ago. This edible cyanobacte-
rium has a remarkable nutritional composition.  
A. platensis is composed of proteins (70%), carbo-
hydrates (16%), lipids (6%), minerals (9%), and 
fibers (7%). It contains vitamins (B1, B2, B3, …, E, 
including anti-oxidants and b carotene) and several 
oligo elements, such as Ca, Mg, Cu, Zn, P, and Fe. 
Eleven photosynthetic pigments are present in these 
cyanobacteria (mainly chlorophylls and phycocya-
nine) (Gershwin and Belay 2007).

Because of this interesting composition, A. platen-
sis can be considered as an alimentary complement for 
marasmic children in developing countries.

These cyanobacteria can be found in natural  
lakes (Chad) and are also cultivated in many countries 
in the world (India, Africa, France). Cultures of  
A. platensis require specific mediums characterized 

by a basic pH and a defined salinity. Fresh, brackish, 
and sea-waters can be used to prepare culture mediums 
(Jarisoa 2005).

The first stage of the study was to make cultural 
assays of the cyanobacteria using brackish water from 
Vaccarès pond.

Results showed that the water had sufficient quality 
for spirulina cultures considering the physical and 
chemical characteristics. The most appropriate culture 
medium for brackish water was Jarisoa’s medium, cur-
rently used for sea-water. Culture yield was 3.5 g/m²/
day (Rakotoarisoa et al. 2009).

The second stage, which took place on Les Embiez 
Island, was to evaluate the compositional evolution of 
Spirulina through time according to various parame-
ters: strains (Lonar, Toliara, and Paracas), conservation 
conditions, and culture mediums.

Another subject of the study was culture contami-
nation. Axenic conditions are hard to obtain in order to 
assure pure strains, particularly for cultures in green-
houses. Contamination can take place in spirulina cul-
tures. Decreasing the risks of contamination is one of 
the most important aspects of the study.

After determination of the contaminants, finding a 
way to eliminate them from the culture is the second 
part of the work.
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Abstract  Stock enhancement programs are conducted 
worldwide, with Japan leading in marine species. One 
of the target species for release in the country is 
black sea bream (Acanthopagrus schlegelii). A stock 
enhancement program for this fish in Hiroshima Bay 
has been conducted over the last 3 decades. The large 
number of juveniles released has contributed to fishery 
recovery.

Nevertheless, the augmentation of landings has led 
to several problems. The reduction of the market price 
of the species, an augmentation of the social pressure 
from oyster farmers demanding the protection of their 
interests, and losses of the genetic resources of the 
natural stock of black sea bream are some of the prob-
lems encountered.

In this chapter, we discuss the main constraints 
associated with the increase in the stock biomass. In 
addition, some lessons learned and recommendations 
to be considered before and during the development of 
future stock enhancement programs are given.

1  �The Stock Enhancement Programs  
in Japan

The release of hatchery-reared juveniles into the natu-
ral environment as part of stock enhancement programs 
is very controversial, but still extensively practiced 

worldwide to recover depleted fishery stocks. The 
economic feasibility of the releases and the biological 
impact on the wild stocks remain, especially from a 
genetic viewpoint, the main drawbacks to applying 
this management approach. Nevertheless, several stud-
ies have demonstrated that stock enhancement pro-
grams may increase the stock biomass of fisheries 
(Fushimi 2001; Kitada and Kishino 2006; Blanco 
Gonzalez et al. 2008a, b). More than 180 species were 
released into coastal and marine environments in 64 
different countries from 1984–1997 (Born et al. 2004). 
The magnitude of the releases as well as the number of 
species varies among countries, with Japan leading in 
marine stocking.

The history of the stock enhancement programs in 
Japan dates from the 1870s (Kitada 1999), though it 
was not until 1963 that the government started these 
programs, targeting several species, including red 
sea bream (Pagrus major) and kuruma prawn 
(Marsupenaeus japonicus). Stock enhancement pro-
grams are now extensively conducted throughout the 
country to recover depleted stocks of commercially 
valuable species. The total number of marine fish fin-
gerlings released in 1983 was 35 million, reaching 76 
million in 2006 based on the statistics of the Japanese 
Fisheries Research Agency (JFRA 2008). Regarding 
the facilities for mass production of the seedlings for 
release, these are operated either by the central or pre-
fectural/local governments for high migratory and near 
shore and coastal fisheries species, respectively 
(Imamura 1999; Fushimi 2001; Sugaya 2005).

The choice of the target species for release is based 
on the status of the natural stock and the market price. 
Therefore, small fishery cooperatives and associations 
are fundamental stakeholders playing a primary role 
in the management of the fishery resources. Their 
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demand for high-priced species for release reinforces 
the continuation of the stock enhancement programs 
of the target species.

2  �Stock Enhancement Programs  
for the Main Target Species

Traditionally, in Japan, red sea bream has been the 
marine finfish species accounting for the largest number 
of juveniles released in stock enhancement programs 
(Fig. 1). In 1983, more than 16 million hatchery-reared 
fish were released throughout the country. Meanwhile, 
the releases of the other two main fish species for 
stocking, black sea bream (Acanthopagrus schlegelii) 
and Japanese flounder (Paralichthys olivaceus), were 
~4 and ~3 million, respectively. In the 1990s, Japanese 
flounder releases increased drastically (>30 million in 
1999), surpassing those of red sea bream. Recently, the 
number of Japanese flounder juveniles released in stock 
enhancement programs has stabilized to ~25 million per 
year, while red sea bream accounts for ~20 million.

On the other hand, releases of black sea bream have 
decreased to ~2 million after reaching a peak in 1996 
(~10 million). In consequence, the relevance of the 
stock enhancement program for this species dropped 
to sixth place in 2006, below other species, such as 
Japanese pufferfish (Takifugu rubripes) or Pacific her-
ring (Clupea pallasii). In this chapter, we discuss the 
main constraints associated with the augmentation of 

landings of black sea bream in Hiroshima Bay, a region 
where a stock enhancement program has been con-
ducted for the last 3 decades. This bay is the main fishing 
ground for the species in Japan, and the intensive 
releases have contributed to the recovery of catches of 
the species in the bay from <200 t in 1980 to ~400 t in 
2005 (Blanco Gonzalez et al. 2008b).

Nevertheless, the different problems associated 
with the recovery of landings have created several 
socio-political conflicts that have resulted in the recent 
suppression of the stock enhancement program.

3  �Black Sea Bream Abundance 
Constraints in Hiroshima Bay

3.1  Reduction of the Wholesale Price

The stock enhancement program for black sea bream in 
Hiroshima Bay started after the drastic reduction in 
catches of the species registered in the 1960s and 1970s. 
At that time, black sea bream was a high-value fish in 
Hiroshima. The wholesale price of the species in 1985 
was ~2,000 Japanese yen (JY) kg−1 (1 euro = 150 JY), 
close to the market price of wild red sea bream (~2,500 
JY kg−1). These prices were especially high during the 
first months of the year (~2,800 and ~4,000 JY kg−1 for 
black and red sea bream, respectively), falling to a mini-
mum in summer (~1,200 and ~2,000 JY kg−1 for black 
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and red sea bream, respectively). The market price of 
the species was inversely correlated to their catch. 
In winter, landings of black sea bream made up barely 
~3 t, in contrast to summer, when > 5 t was registered. 
Red sea bream presented a similar pattern. Numbers of 
this species at the Hiroshima Central Wholesale Market 
fluctuated between ~700 kg and ~4 t in winter and sum-
mer, respectively. However, even though the production 
of cultured red sea bream presented monthly variability 
as occurs with wild catches, its wholesale price remained 
constant (~1,800 JY kg−1) throughout the year.

Recently, the numbers of both wild black and red sea 
bream have increased significantly at the Hiroshima 
Wholesale Market, from ~26 and ~50 t in 1985 to ~205 
and ~78 t in 2006, respectively. However, those increases 
in landings caused the price of both species to decrease 
drastically. In 2006, the mean prices of black and red sea 
bream were ~380 JY kg−1 and ~1,000 JY kg−1, respec-
tively. Therefore, the cost efficiency of the releases 
should be considered. The stock enhancement program 
for black sea bream in Hiroshima Bay has contributed to 
increasing the stock biomass (Umino et al. 1999; Jeong 
et al. 2007; Blanco Gonzalez et al. 2008a). Nevertheless, 
although the economic benefits of that investment were 
undoubtedly justified according to the scenario observed 
in 1985, the actual market price (~380 JY kg−1) may not 
ensure the continuity of the stock enhancement pro-
gram. As a result, fishermen demanded that the local 
authorities replace the releases of the target species for 
new species with much higher market values, such as 
Japanese pufferfish, devil stinger (Inimicus japonicus), 
or red spotted grouper (Epinephelus akaara).

The increase in the number of large supermarkets is 
another important factor that may have contributed to 
the reduction of fish prices. Some decades ago, fresh 
fish was sold by local fishmongers, maintaining high 
prices. Recently, most of the small fish stores have dis-
appeared, and the price of the fish sold at the super-
markets has decreased significantly.

3.2  �Black Sea Bream as a Predator of 
Pacific Oyster and Short-Necked Clam

Black sea bream is an omnivorous species, feeding on 
a wide variety of organisms, including shellfish, 
shrimps, crabs, small fish, and seaweeds, among others 
(Saito et al. 2008). Black sea bream’s favorite prey is 

mussels (Mytilus galloprovincialis). However, the 
population of this mussel species in Hiroshima Bay 
has decreased significantly in recent years, which may 
be partly explained by the increase in the mean sea-
surface temperature (>1°C) registered in the bay over 
the last 30 years (Takatsuji 2003). Because of the 
absence of mussels, Pacific oyster (Crassostrea gigas) 
spats were the main prey found in the stomachs of 
adult black sea bream (Saito et  al. 2005, 2008). The 
change of diet led to an important socio-economic 
problem because of the high value of the shellfish. 
Blue mussel meat is not popular in the Japanese cui-
sine; however, the annual oyster production in 
Hiroshima Bay is >200,000t, with a value of 38.2 bil-
lion JY (Kamiyama et  al. 2005). The short-necked 
clam (Ruditapes philippinarum) is another high-value 
shellfish species in Japan; however, the annual catch of 
this clam in the country has declined to <40,000 t. 
In Hiroshima Bay, the short-necked clam is intensively 
released by several fishery associations, who point to 
the predation pressure of black sea bream to explain 
the reduction of their catches in recent years. This situ-
ation has led to numerous pressures on government 
authorities from both oyster farmers and fishery asso-
ciations demanding the protection of their resources 
and capital. In consequence, the stock enhancement 
program for black sea bream in Hiroshima Bay was 
reduced and then stopped in 2009.

3.3  �The Quality of Black Sea Bream 
Meat

Whenever we talk about Japanese food, it is necessary 
to mention “sushi” and “sashimi.” Fish is mainly eaten 
raw and represents the primary source of protein for 
the Japanese people. Therefore, the freshness and qual-
ity of the fillets are very important factors considered 
by the consumers. In addition, marketing is another 
key component governing people’s consumption ten-
dencies. Many species of fish and shellfish are con-
sumed raw daily throughout the country; however, not 
all varieties have the same level of acceptance. Up to 
the early 1990s, the meat of black sea bream was 
highly appreciated, and demand was high for this fish. 
However, the increase in landings registered in the 
1990s produced a surplus of fish, while demand did 
not increase at the same rate. The main cause for the 
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low demand for raw fish is attributed to the quality of 
the flesh and the smell of the fish. The low prey selec-
tivity of the species is believed to cause the fish meat to 
have an unpleasant smell. Moreover, there is another 
important cultural component. In Japan, the combina-
tion of black-and-white is associated with funerals; 
therefore, the skin pigmentation of the species presents 
a “bad” image of the fish to the people. Contrarily, the 
colors white-and-red are associated with festivals and 
celebration. Therefore, red sea bream, with its charac-
teristic whitish/reddish coloration, is the main species 
eaten at weddings and can often be seen in worship 
images, such as the Seven Deities of Good Fortune, 
because of its “good” image among the people, which 
keeps it in high demand.

In addition, the low fat content of black sea bream 
is a reason for the low demand. Most of the landings of 
the species occur from April–June, when mature 
females move to shallow waters for spawning (Blanco 
Gonzalez et al. 2008b). At that time, most of the lipid 
reserves are consumed for reproduction, and the low 
fat fish meat is not desired by consumers, decreasing 
the price and the demand. In Hiroshima Bay, the lipid 
content of black sea bream marketed during the 
spawning season was 0.2% (Umino et al. 2009). This 
value is much lower than that reported for red sea 
bream, yellowtail (Seriola quinqueradiata), or 
Japanese flounder (Oku and Ogata 2000).

3.4  Other Biological Constraints

In addition to the above-mentioned constraints, our 
research aimed to provide some scientific evidence of 
the negative effects of intensive releases of black sea 
bream in Hiroshima Bay in light of the absence of an 
exhaustive monitoring and management plan.

Black sea bream juveniles have demonstrated fast 
and good acclimatization to natural conditions (Umino 
et al. 1999; Nakagawa et al. 2000; Jeong et al. 2007), 
and some of the previously released fish were observed 
to reach maturity (Blanco Gonzalez et al. 2008a).

Nevertheless, the high survival rate of the large 
number of juveniles released has triggered some 
genetic problems. The use of a limited number of 
breeders (n = 51) to produce the offspring for release 
has resulted in a low effective population size (Ne* ~ 
16) and an important genetic drift. The high rate of 

inbreeding detected (~3%) warns us of the necessity to 
carefully preserve and not compromise the genetic 
diversity of the species in the bay (Jeong et al. 2007; 
Blanco Gonzalez et  al. 2008a; Blanco Gonzalez and 
Umino 2009).

Although similar growth rates have been observed 
in both wild and hatchery black sea bream (Blanco 
Gonzalez et al. 2008a), a recent study comparing two 
black sea bream samples from 1983 and 2000 has 
revealed a significant reduction in size-at-age in recent 
years (Blanco Gonzalez et  al. 2009), suggesting that 
the intensive releases may have exceeded the carrying 
capacity of Hiroshima Bay.

This augmentation on the stock biomass may have 
created intra-specific competition for food, reducing 
the growth rate and the lipid accumulation on the body 
of the fish.

4  Lessons and Recommendations

In this chapter, we have reviewed the different prob-
lems and constraints of the augmentation of landings 
of black sea bream after the intensive releases carried 
out in Hiroshima Bay, Japan, because there is no 
appropriate existing resource management plan.

The stock enhancement program has confirmed its 
potential to contribute to restoring the depleted stock 
of black sea bream. Nevertheless, the implementation 
of large-scale programs requires a multidisciplinary 
approach, and all stakeholders should be involved and 
take active part in the management and decision pro-
cesses (Lorenzen 2008). Several lessons learned from 
this experience and a list of recommendations to be 
considered before and during the development of 
future stock enhancement programs for this species 
can contribute to achieving a responsible approach to 
these programs (Blankenship and Leber 1995).

4.1  �Before Implementing the Stock 
Enhancement Program

Black sea bream has proven to be a good species for 
stock enhancement. However, important biological and 
ecological aspects of the species should be investigated 
before implementing a stock enhancement program on 
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a large scale. Pilot experiments provide relevant infor-
mation for developing the stocking strategy, although 
the results achieved may differ greatly with the up-
scaling of the releases.

Considering that the large number of released black 
sea bream juveniles come from a limited number of 
breeders, a primary concern involves the conservation 
of genetics. The small number of broodstock reared in 
captivity has resulted in a very low effective popula-
tion size and high rates of inbreeding in the offspring, 
compromising the genetic diversity. Therefore, the off-
spring should be produced by a much larger wild-
origin broodstock.

The significant reduction in size-at-age observed in 
black sea bream is an indicator that the recovery of 
landings may have exceeded the carrying capacity of 
Hiroshima Bay for this resource (Blanco Gonzalez 
et  al. 2009). Though difficult, the estimation of the 
carrying capacity is necessary to manage the local 
fishery properly.

In addition, global warming and climate change 
play a key role in explaining long-term variations in 
marine production. Therefore, the possible enhance-
ment of the black sea bream population associated 
with variations in the environmental conditions must 
also be examined. Simulation and prediction models 
are other very useful tools to be considered for the 
enhancement programs. Integrating this information 
with stock assessment studies and other data obtained 
monitoring the stock biomass would provide a good 
estimation of the proper magnitude of the releases to 
be carried out without exceeding the carrying capacity 
of Hiroshima Bay. To date, more than 20 million black 
sea bream juveniles have been released since the stock 
enhancement program began in the 1980s; however, 
no study has been conducted on stock assessment and 
the limitations of the bay to support the influx of hatch-
ery fish. The age and size composition of the natural 
stock should also be evaluated.

Furthermore, little information is available on the 
exact location of the spawning and nursery areas in 
the bay as well as the possible factors that may induce 
the beginning of the spawning season. In addition, the 
characteristics of the habitats where this species 
occurs as well as possible intra- and inter-species 
interactions should be investigated. An understanding 
of all these factors and the compilation of all the infor-
mation gathered are essential to establish a proper 
management plan for the long-term.

4.2  �During the Development Process  
of the Stock Enhancement Program

One of the main problems of the stock enhancement 
program for black sea bream in Hiroshima Bay has 
been the lack of a proper monitoring plan. Releases of 
a given target species require continuous evaluation of 
the contribution of hatchery-reared juveniles and the 
possibility of adopting a feed-back strategy to manage 
the resources. Traditionally, the effectiveness of the 
stock enhancement program has been based on the 
recovery of landings. However, this approach is sus-
ceptible to annual variations in recruitment in addition 
to other environmental and climatological factors.

Moreover, results will be obtained in the long-term 
without understanding the proportion of released juve-
niles that add value to the stock. A parentage assign-
ment using genetic markers has allowed identifying 
those fish that were previously released (Jeong et al. 
2007; Blanco Gonzalez et al. 2008).

Furthermore, the contribution of the breeders could 
be evaluated and the genetic diversity monitored. 
In this regard, it is essential to replace the breeders 
periodically in order to avoid inbreeding problems and 
maintain the gene pool of the wild stock.

In case the stock enhancement program succeeds in 
augmenting the stock biomass, the number of juveniles 
to be released will probably differ from that estimated 
at the beginning of the program. The carrying capacity 
of Hiroshima Bay will continuously fluctuate, as will 
the number of juveniles released. The stock assess-
ment and carrying capacity analysis allow adjustment 
of the size of the releases, which should be adopted as 
part of the feed-back strategy. It should be mentioned 
that these estimations should not be limited to the 
intraspecific density-dependent effects, but it should 
also consider the interactions with other species 
sharing the same ecosystem.

Finally, new market opportunities to commercialize 
the target species must be examined. The recovery of 
the resource should not be accompanied by its devalu-
ation in the market, as occurred at Hiroshima Bay. 
Therefore, the continuity of the stock enhancement 
program will be conditioned by its cost-benefit ratio.
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Abstract  The haptophyte Isochrysis galbana is 
widely used as a food source for bivalve aquaculture 
as it is rich in fatty acid. In this study, the effect of dif-
ferent colors of intermittent light on the multiplication 
of cells of I. galbana and their fatty acid composition 
was investigated. I. galbana was cultivated under con-
ditions of white, blue (dominant wavelength; 470 nm), 
green (525 nm), or red (660 nm) intermittent light (fre-
quency; 10,000 Hz, duty ratio; 50%, light intensity; 52 
mmol photons m−2 s−1, water temperature; 20°C).

The concentration of cells and fatty acid composi-
tion were measured at 6 days after the beginning of 
cultivation.

Cell concentration of I. galbana increased with 
time. The cell concentration on the 6th day under the 
blue light condition was significantly higher than in 
other light conditions. The numbers of cells under 
white, red, and green light were 65%, 60%, and 40% 
of the blue light condition, respectively.

I. galbana contains mostly lipids of 16:0, 16:1n-7, 
and 20:5n-3 (EPA), which account for approximately 
50% of the total lipids.

In conclusion, the number of cells on the 6th day 
under the blue intermittent light was approximately 
double that under white continuous light, and there-
fore the amount of fatty acids available is also consid-
ered to be approximately double.

1  �Introduction

The haptophyte Isochrysis galbana is widely used as a 
food source for bivalve aquaculture as it is rich in fatty 
acid. In order to use microalgae as feed, it is necessary 
to produce a large amount of microalgae within a 
short time (Phatarpeker et al. 2000). The culture of micro-
algae is often carried out in a thermostatic chamber to 
avoid complications resulting from external factors. 
Therefore, an artificial light source is necessary for 
culture, and the microalga production efficiency can 
be controlled by the irradiation conditions with differ-
ent artificial lights (Tzovenis et al. 2003). On the basis 
on these points, the optimization of light irradiation 
conditions is important to produce the maximum vol-
ume of microalgae effectively within a short time and 
to optimize the growth of the phytoplankton species 
(Toro 1989).

In this study, the effect of different colors of inter-
mittent light on the multiplication of cells of I. galbana 
and their fatty acid composition was investigated.

2  �Materials and Methods

The microalgae species used in the experiment was 
Isochrysis galbana of Haptophyceae (Prymnesio
phyceae). In this experiment, the strain that was precul-
tured under the conditions of 20°C temperature, F/2 
medium (Guillard and Ryther 1962), light intensity of 
20 mmol photons m−2 s−1, and 12-h light/12-h dark cycle 
was used. I. galbana was cultivated under conditions of 
white, blue (dominant wavelength; 470 nm), green  
(525 nm), or red (660 nm) intermittent light (frequency; 
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10,000 Hz, duty ratio; 50%, light intensity; 52 mmol 
photons m−2 s−1, water temperature; 20°C). The light 
conditions are shown in Table 1. These light conditions 
are made by an experimental system, which has a LED 
panel (CCS Inc.) and a control device (Fig. 1). The con-
centration of cells, cell dry weight, total lipid, and fatty 
acid composition were measured at 6 days after the 
beginning of cultivation.

For the measurement of cell concentration of I. 
galbana, a Coulter Counter Multisizer II (Beckman 
Coulter Inc.) with a 100-mm aperture tube was used. 
I. galbana cells were recovered from culture medium 
on the 6th day by centrifugation, freeze-dried, and 
weighed to have cell dry weight. The extraction of the 
total lipid was carried out according to the method 
described by Bligh and Dyer (1959), using a 
chloroform-methanol (2:1, v/v) solvent system.

Total lipid extracts were fractionated on silica gel 
cartridge columns (Sep-Pak Classic, Waters) after an 
activation step with methanol followed by chloroform. 
Fatty acid composition was determined using gas chro-
matography as described by AOCS Official Method 
Ce 1b-89 (1989) with minor modifications.

Results are expressed as mean ± standard deviation. 
The statistic method ANOVA was used to calculate 
significant differences (Hochberg 1988).

3  �Results

At each lighting condition, the cell concentration of I. 
galbana increased with time. The concentration 
(Phytoplankton enumerated) under the white intermit-
tent light showed 1.3 times that under the white con-
tinuous light on the 6th day. The cell concentration on 
the 6th day was highest under the blue intermittent 
light condition (Fig.  2). The concentrations of cells 
under white, red, and green light were 65%, 60%, and 
40% of the blue light condition, respectively. On the 
basis of these results, the abundance recorded after 6 
days under the blue intermittent light was about twice 
higher than under other types of lights.

The changes of cell dry weight and total lipid weight 
of I. galbana cultured under various color lights are 
shown in Table 2. The cell dry weight and total lipid 
weight were significantly higher under the blue light 

Table 1  Light irradiation conditions

Light color (D.W.) PPFD
Frequency of 
intermittent Duty ratio (%) L/D

White 104 Continuous 100 12:12
White 52 104 Hz 50 24:0
Blue (470 nm) 52 104 Hz 50 24:0
Green (525 nm) 52 104 Hz 50 24:0
Red (660 nm) 52 104 Hz 50 24:0

D.W.: Dominant wavelength, PPFD: photosynthetic photon flax density, L/D: light/dark in x:y hours
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Fig. 1  Sketch of apparatus for experiment. 1, LED panel; 2, LED panel control device; 3, water temperature adjuster; 4, magnetic 
stirrer; 5, water bath; 6, culture vessel; 7, shadow chamber
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cultivation than others. However, the cell dry weight 
and lipid weight per cell had no significant difference 
by light condition.

The fatty acid composition of total lipid of I. galbana 
cultured under different color lights is shown in Fig. 3.

I. galbana contains mostly lipids of 16:0, 16:1n-7, 
and 20:5n-3 (EPA), which account for approximately 
50% of the total lipids. DHA (C22 :6n-3) was not sig-
nificantly different in light condition. The other fatty 
acids also were not significantly different.

4  �Conclusion

The number of cells on the 6th day under the blue 
intermittent light was approximately double that under 
white continuous light, and the amount of fatty acids 
available is also considered to be approximately double. 
Therefore, the best light condition is blue intermittent 
light to efficiently cultivate Isocrysis galbana.
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Fig. 2  Cell concentrations of five different light conditions on 
the 6th day. Values are means. Error bars indicate standard 
deviations (n = 16) (CL: continuous light)

Table 2  Cell dry weight and quantity of lipid per cell of I. galbana cultured under variously color lights

Light condition
Cell dry weight  
(g/3 L medium)

Total lipid weight  
(g/3 L medium)

Cell dry weight/cell  
(pg cell–1)

Lipid weight/cell 
(pg cell–1)

Before cultivation 0.159 ± 0.043a 0.014 ± 0.004a 54.44 ± 10.20a 4.68 ± 1.01a
White continuous 0.279 ± 0.041b 0.021 ± 0.003b 49.14 ±   3.48a 3.76 ± 0.37a
White intermittent 0.317 ± 0.038b 0.027 ± 0.003bc 48.01 ±   6.52a 4.06 ± 0.18a
Red intermittent 0.268 ± 0.044b 0.024 ± 0.004b 47.35 ±   8.14a 3.53 ± 0.46a
Blue intermittent 0.406 ± 0.053c 0.031 ± 0.005c 49.98 ±   4.47a 4.48 ± 0.93a

Letters on the column not sharing the same are significantly different

Fig. 3  Selective fatty acid composition of total lipid of cells 
under different light conditions on the 6th day
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Abstract  This paper presents the profile of different 
fisheries that depend on payao (floating artificial reef) 
in the Philippines. In 2006, payao fisheries production 
was estimated at about 630,000 Mt, and large tuna spe-
cies accounted for close to 400,000 Mt of this value.

The three commercial fisheries that depend on payao 
are purse seine, ringnet, and handlines. Various suste-
nance fisheries are also based on the floating structure, 
but many of these are relatively minor.

Purse seines and ringnets are used to harvest large size 
tunas, small tunas, and small pelagic species; these kinds 
of gear differ in terms of scale of operations, level of 
mechanization, and mode of fishing operation, but essen-
tially capture the same species of similar size ranges.

Among handlines, the most dominant handline gear 
used near payaos has generally been single, large circle 
hooks that are cast in deep waters (>100 m) to target large 
yellowfin Thunnus albacares and bigeye tuna Thunnus 
obesus. Smaller hooks are also used in relatively shallow 
waters to capture smaller sized yellowfin tuna.

Meanwhile, multi-hooked handlines with colored 
lures are particularly designed for small pelagic species, 
and troll lines mainly harvest juveniles and adults of 
other (non-tuna) large pelagic species.

Adaptations of fishing techniques to catch various 
associated species reflect the high level of consoli-
dated fishing efforts near the floating structures.

These techniques, in turn, highlight the growing 
concerns about overfishing and the sustainability of 
harvestable resources, as well as the need to regulate 
the deployment of payaos for effective payao fisheries 
management.

1  Introduction

A payao (Fig. 1) is an anchored floating structure 
composed of a bamboo raft with a series of palm fronds 
suspended underneath it. This structure is anchored 
generally at depths of about 1 km to serve as a fish-
aggregating device (FAD). It was introduced in oceanic 
waters starting in the 1970s to support the operations 
of commercial surrounding nets like purse, seine and 
ringnets to target large tuna species like yellowfin tuna 
Thunnus albacares and skipjack tuna. These structures 
likewise support the operation of subsistence fisher-
men operating line gear that also capture small tuna 
and other small pelagic species. This paper presents 
the fishing sectors in the Philippines, the contribution 
of payao fisheries to the national economy, and an 
assessment of selected payao fisheries.

This presentation also highlights the potential 
effects of current payao fishing practices on the sus-
tainability of fishing activities based on results of 
recent studies.

2  Fishery Sub-sectors

Philippine territorial waters cover approximately 
220,000,000 ha, while offshore waters are approxima
tely 193,400,000 ha, including the 200-mile exclusive 
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economic zone (E.E.Z.). Fishing grounds within 15 km 
are called municipal waters, which are for the exclusive 
use of small-scale (subsistence) fishermen who use 
boats less than 3 gross tons (GT). Meanwhile, waters 
beyond 15 km are generally accessed by commercial 
fishermen with >3 GT. However, subsistence fishermen 
also venture to fish in oceanic waters (1 km deep) where 
payaos are deployed.

Overall, the total fisheries production in 2006 was 
4.4 million metric tons, of which the contributions of 
small-scale and commercial fishermen were 25% and 
28%, respectively (BFAR 2006). The landed catch of 
the almost 1.4 million small-scale fishermen was P59.1 
B (36%); this is slightly higher than the contribution of 
commercial fishermen (P48.6 B, 30%).

3  Payao Fisheries

The design of payaos essentially has not changed since 
their introduction in the 1970s, but fishing activities 
involving this floating structure have had an important 
role in the Philippine economy. Ringnets, “baby” purse 
seines, and purse seines in overall Philippine fisheries 
production have remained dominant along with the 
payao (Babaran 2006). These surrounding nets differ 
only in terms of the level of mechanization (ringnets 
are partly mechanized), deck structure of the fishing 
vessels used (winches for ringnets and baby purse 

seines; power block for purse seines), and manner of 
fishing (generally by manual labor for ringnets and 
mechanized for purse seines). Commercial hook and 
line fishing, which involves the use of several small- 
boats that are ferried and deployed from a bigger 
mother boat, also became a dominant payao fishery.

Subsistence fishermen using various types of hand-
line gear also operate near payaos. Some use single 
hooks and lines lured with chicken feathers, cuttle fish 
ink, metal plates, or rotating plastic material called a 
“helicopter.” Meanwhile, others use multiple hook 
hand-lines while remaining attached to the bamboo 
raft; the same gear may be used as trolling gear by 
moving the payaos around to capture extranatant 
species (see, e.g., Dempster and Taquet 2004). Instead 
of using long-line gear, which usually entangles with 
the anchor line, subsistence fishermen sometimes 
release several drifting single hook and line units that 
are baited with live fish to target large pelagic fish like 
Spanish mackerel and various species of billfish.

4  Fisheries Production

Production by professional fishermen using purse 
seine and commercial hooks and lines is documented, 
but this only covers the three large tuna species. The 
estimates are not reliable because data-gathering activ-
ities were limited (Lewis 2005). Annual tuna produc-
tion was essentially flat until 1970 and then showed an 
increasing trend. Their reports reached about 325,000 
Mt in 2004 (Williams and Reid 2006); the progressive 
increase since the 1970s was apparently due to the 
introduction of payao-aided purse seine fishing in 
oceanic waters (Fig. 2).

However, this value was still underestimated 
because catch levels seemed to approach the 500,000 
Mt mark in the late 1980s, if catch per unit effort data 
were used; the catch trend also showed a general 
decrease from 1990 to 2005 (Babaran 2007).

Purse seines for fishery remained the most domi-
nant gear operating near payaos. The species caught by 
this gear were mostly skipjack and yellowfin; bigeye 
tuna formed part of the catch, but the estimated catch 
is not reliable due to difficulties in differentiating juve-
niles of bigeye from yellowfin tuna.

Unlike the tuna species, little is known about 
the other species caught by ringnets and by various 
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Palm frond fish 
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Fig. 1  Illustration of a typical payao structure showing its 
different parts
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handline gear used by individual fishermen for 
their subsistence.

5  Payao Distribution

The distance between two payaos within Philippine 
waters is usually very short. For instance, in Panay 
Gulf in central Philippines, inter-payao distance was 
generally less than 2 km (Babaran and Biñas, 2001, 
unpublished data). This condition was due to the 
unregulated deployment of payao units by private 
fishing enterprises, which generally decide the dis-
tance between payao units based on economic consid-
erations. Consequently, the waters influenced by two 
adjacent payaos apparently overlapped and made them 
compete for the same associated fish schools.

6  Catch Composition

Pelagic fish species are usually associated with payaos, 
but the catch composition according to the different 
fishing gears used near the floating structure is still not 
well documented. It was observed in Panay Gulf that 
about 20 species, including tunas, were captured by 

ringnets, whereas various handline gears caught 24 
different species near payao (Babaran and Biñas, 1999, 
unpublished data). A similar analysis applied on the 
landed catch data from purse seines and ringnets in the 
main tuna fishing port of General Santos City in 
Mindanao indicated that the two gears captured similar 
species (Babaran 2006). Based on sampled catch land-
ings of purse seine (N = 73), the most dominant 
species that occurred were skipjack tuna (100%), yel-
lowfin tuna (99%), mackerel scad (89%), and frigate 
tuna (82%). More than half of the catch was skipjack 
(53%); other dominant species in terms of biomass 
were bullet tuna (20%; occurrence = 67%), yellow fin 
tuna (12.5%), mackerel scad (5.4%), and frigrate tuna 
(5%). These four species occurred in all sampled land-
ings of ringnet (N = 23) and jointly accounted for 
almost 75% of the landed biomass; bullet tuna, which 
appeared in majority of the landings (87%), contrib-
uted another 21% of the landed biomass for this gear.

These results indicate that although the biomass of 
non-tuna pelagic species and small tuna (bullet and 
frigate tuna) was generally lower than those of large 
tuna species (skipjack and yellowfin), their occur-
rences were similar to the tuna species. Moreover, this 
suggests that small pelagics collectively are an impor-
tant component of the landed catch of both gears.

The catch composition of commercial hook and 
line gears is distinctly different from those of purse 
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seines and ringnets. This included billfishes and large 
adults of yellowfin tuna, bigeye tuna, and albacore 
tuna. Yellowfin tuna was by far the most dominant, 
both in terms of landed biomass and frequency of 
occurrence. This result indicates that this gear mainly 
captures large species.

6.1  Size Distribution

Small sized (mostly <30 cm) tuna species of skipjack, 
yellowfin, and bigeye tuna are usually captured by 
purse seines near payaos (Babaran 2006). The median 
length for these three species was between 25 and 26 cm. 
The median sizes captured by ringnet were slightly 
smaller (skipjack = 24 cm, yellowfin = 25 cm, and big-
eye tuna 21 cm). The small size indicates that individu-
als of these species caught near payaos are most likely 
juvenile. However, this probably reflects the nature of 
Philippine fishing grounds, which are believed to be 
spawning areas for these species (Lewis 2005). 
Meanwhile, commercial handline fishermen generally 
captured bigger sized fish (>60 cm). The median 
lengths of yellowfin (113 cm) and bigeye (140 cm) 
tuna indicate that the individuals captured are probably 
spawning adults of these species.

6.2  Maturity Stages

One effect of payaos can be determined from the 
proportion of juveniles in the catch (Babaran and 
Biñas, 1999, unpublished data). In the case of ringnet, 
the maturity stages of selected tuna (skipjack, yellow-
fin, bullet, eastern little tuna) and non-tuna small 
pelagic (bigeye scad, roundscad, rainbow runner, and 
golden trevally) species were also investigated. An 
examination of over 175 individuals of eight different 
species indicated that almost all (95–99%) individuals 
of skipjack, yellowfin, and eastern little tuna were 
juveniles; only 36% of the bullet tuna were of the same 
category. Meanwhile, the proportion of juveniles 
among the captured bigeye scad and roundscad were 
much lower (5% and 20%, respectively); half of the 
captured rainbow runner and almost all of the golden 
trevally were immature.

7  Future Directions

Payao is a traditional device that supports both 
subsistence and commercial fisheries, enabling them 
to contribute significantly to the economy. Given this 
condition, payao fishing will most likely continue in 
the Philippines. However, adaptations of fishing tech-
niques to catch the various associated species reflect 
the high level of consolidated fishing efforts near the 
floating structures. This, in turn, highlights growing 
concerns about overfishing and the need to regulate the 
deployment of payaos for effective payao fisheries 
management. As this study shows, it is also important 
to consider the impacts of these fishing activities on 
the sustainability of pelagic resources, especially large 
tuna species. Clearly, one priority area for research is 
the effect of the mesh size of purse seine and ringnets 
on the catch composition and size structure of tuna and 
small pelagic species. Although increasing mesh size 
will reduce the catch of juvenile tuna species, this is 
necessary because doing so may also significantly 
affect the catch of non-tuna small pelagic species. 
Results of such a study will provide relevant inputs to 
a new Philippine regulation that calls for an increase in 
the mesh size for these two gears.

Regulatory measures are necessary to ensure sus-
tainable harvesting of fishery resources. Therefore, 
another area for investigation is the minimum distance 
between payaos. Undoubtedly, deployed payaos in the 
Philippines are too closely spaced and run counter to 
the suggested distance of 20 km in open oceanic waters 
(Holland et  al. 1990; Marsac and Cayré 1998). 
However, since the latter suggestion applies for large 
tuna species, such as yellowfin tuna, it is probably 
necessary to propose an alternative distance that con-
siders the economic viability of capturing not just large 
tuna species, but also nontuna small pelagic species.
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Abstract  Artificial reefs have been deployed within 
the three marine protected areas located along the 
Alpes-Maritimes coast (Golfe-Juan, Roquebrune-Cap 
Martin, and Beaulieu-sur-Mer, France, North-Western 
Mediterranean). These protected – and no-take areas – 
were created between 1980 and 1983. They have been 
fully protected since their establishment, except in 
2004 when anthropic activities (except commercial 
fishing) were exceptionally authorized. Moreover, 
there have been no park rangers to prevent poaching 
since 2002.

To carry out long-term monitoring of the marine 
organism – mainly fish – assemblages established in 
the artificial reefs, underwater visual censuses (UVC) 
were carried out in 1987/1989, 1998/2000, and 2008, 
according to a standardized method. All the fish spe-
cies present on the artificial reefs were considered to 
assess density and biomass, but this method is time-
consuming (divers formation to UVC techniques).

In 2008, in addition to the traditional UVC, a new 
sampling procedure of the fish assemblages, the FAST 
method (Fish Assemblage Sampling Technique) was 
tested. With this method, sampling is based on the 
presence/absence of a number of given species. This 

list of species includes only species of interest for 
commercial and noncommercial fishing.

A comparison of the UVC monitoring shows that 
density of the fish assemblages increased in the first 
10 years, then did not increase during the last decade. 
These results can be explained by a lack of watching 
within the protected areas to prevent poaching since 
2002 and to the reopening to the anthropic activities in 
2004. The real efficiency of the artificial reefs to 
restore or sustain fish assemblages is then discussed.

Finally, a comparison of the two census methods 
(UVC and FAST) has enabled us to put forward a 
simple, low-cost, and relevant protocol to regularly 
monitor the fish assemblages of the areas.

1  Introduction

Artificial reefs have been deployed within the three 
marine protected areas (MPAs) of the Alpes-Maritimes 
coast (Golfe-Juan, Roquebrune-Cap-Martin, and 
Beaulieu-sur-Mer, North-Western Mediterranean along 
the French coasts; see Fig.  1) created between 1981 
and 1983 (Charbonnel 1990). These MPAs were cre-
ated to sustain local professional fishing. These no-take 
areas have been fully protected since their establish-
ment, except in 2004 when anthropic activities (except 
commercial fishing) were exceptionally authorized. 
To carry out long-term monitoring of the artificial reef 
fish assemblages, underwater visual censuses (UVC) 
were carried out in 1987/1989, 1998/2000, and 2008.

The aims of this study are to highlight the conse-
quences on fish assemblages of the watching stop and 
of the brief opening of MPAs to anthropic activities 
except commercial fishing.
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2  Materials and Methods

Two underwater visual census methods were used 
during this monitoring.

The first method is a standardized method (Bortone 
et al. 2000). This classic method is based on the census 
of all the species present in and around the artificial 
reefs studied. Three size classes are retained: small 
individuals (to 1/3 max Total Length), middle individ-
uals (from 1/3 to 2/3 max TL), and large individuals. 
It needs to be used by trained divers, and a long dive 
time is necessary to carry out the census. At each dive, 
only one reef is censused.

A second method was used for the first time in 
2008. This method, called the FAST (Fish Assemblage 
Sampling Technique) method (Seytre and Francour 
2008, 2009), has been used in other MPAs with great 
success (National Park of Port-Cros, Cap Roux, Var, 
France). This method is based on the presence/absence 
of several fish species. These species are “target spe-
cies” that are interesting for professional and leisure 
fishing. Two size-classes are distinguished: small and 
middle individuals; large individuals. Several reefs are 
censused during each dive; these reefs are gathered 
together in areas. Each area is censused six times. 
From data obtained after these censuses, six indices 
are calculated.

Several structures were immerged on the sea-bed of 
the different MPAs studied. Some reefs, called Bonna 
reefs (Fig. 2), are giant reefs (158 m3) made by nine 
perforated concrete slabs with wide void spaces. They 
were created to attract pelagic species. But after the 
first scientific survey in 1987/1989, it was observed 
that these reefs were not efficient. Thus, it was decided 
to complexify these reefs. Complexification consists 
of adding small elements (concrete bricks, tires, etc.) 
inside the Bonna reef to create several holes of differ-
ent sizes. Thus, two types of reefs were censused and 
compared: empty Bonna reefs and complexified Bonna 
reefs (Fig. 2).

3  Results and Discussions

Consequences on fish assemblages of the watching 
stop and of the reopening can be seen both in specific 
richness and density data. The variation of the specific 
richness during 20 years of monitoring shows two 
periods of time (Fig. 3).

During the first 10 years, specific richness of fish 
assemblages living on artificial reefs increased. After 
the watching stop in 2002 and the reopening to some 
anthropic activities (2004), this increase of the specific 
richness has stopped. Opposite results can be observed 
for natural areas. These areas could constitute a “ref-
uge” for fish.

Two periods of time can also be distinguished for 
the density (Fig.  4). Mean density per census is 
described for all species except for planktonophagous 
species that can mask trends. At Roquebrune-Cap-
Martin and Golfe-Juan, the densities increased slightly 
during the first 10 years and then stopped after the 
brief reopening of MPAs to anthropic activities.

On the contrary, in natural areas, the densities 
decreased in the first 10 years and then stopped. The 
natural areas could then be seen as “refuge areas.”

The second objective of this study was to observe 
the consequences of the complexification of some 
Bonna reefs, which took place after the first scientific 
survey in 1987/1989. Specific richness and density of 
complexified Bonna reefs increased rapidly after com-
plexification (Fig. 5).

Complexification is an important method that 
allows increasing specific richness, but these species 
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Fig. 1  Map of the situation of the different MPAs studied
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Fig. 2  Empty Bonna and complexified Bonna reefs (Charbonnel and Serre 1999; Charbonnel et al. 2001)
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are for the most part benthic species and are less 
interesting for professional fishing.

The last objective of this study was to compare 
results of specific richness and density obtained with 
the two underwater visual census methods (Classic 
and FAST) on fish assemblages.

Observed variations of the specific richness of fish 
assemblages in the different MPAs during the two sea-
sons are comparable between the classic method and 
FAST method (Fig. 6). The number of species is more 
important during the middle season (June) in comparison 
to the cold season (February). Roquebrune-Cap-Martin 
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is the richest area. The proximity of Posidonia oceanica 
seagrass beds near artificial reefs could explain this 
observation.

Similar results were observed for density and I
m
, 

mean index, an expression of the density and one of 
the six indices calculated from data obtained during 
the six dives carried out per area. FAST is an interesting 
method to realize a fast and easy assessment of fish 
assemblages living in artificial reefs.

4  Conclusion

Specific richness as density of fish assemblages living 
on artificial reefs of the three MPAs studied has 
increased during the first 10 years, then stopped for the 
last decade. The increase in fish resources observed 
during the first 10 years of the study was halted by the 
watching stop since 2002 and the brief reopening of 
MPAs to anthropic activities in 2004. Despite integral 
protection since then, the lack of watching does not 
allow an increase in fish resources. Strong protection of 
MPAs where artificial reefs are submerged is important 
to allow the increase in fish resources and specific rich-
ness. Complex reefs are a good solution to increase 
specific richness, but ideal reef structures have been 
found to attract a great number of individuals of pelagic 
species. The new FAST method, which was used in this 
study, gives comparable results to the classical method. 
This method could be an interesting one for carrying 
out regular monitoring of fish assemblages of MPAs.
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Abstract  Studies on relationships between immersion 
and the economic exploitation of artificial reefs are 
relatively rare on the coastlines of France.

The biological effects produced by such installa-
tions are beginning to be known and scientifically 
demonstrated. However, caution is still required when 
assessing the economic benefits of artificial reefs. 
They may not be sufficient unto themselves, out of a 
broader framework of spatial regulation of profes-
sional and recreational fisheries and attendance. Each 
operation of immersion poses specifics problems 
(technical and practical) and requires obtaining prior 
administrative authorization, usually very stringent.

The marine environment is protected by the basic 
principles of public domain; any form of private occu-
pation or use remains systematically temporary, pre-
carious and revocable.

This first aspect is essential in the case of artificial 
reefs, in which immersion and productive potential are 
registered over the long term, without any real vocation 
to be removed from the seabed once their term expired. 
The administration is still very reserved about the peren-
nity of artificial reefs, a concept against the classic rules 
in practice for the management of the public domain.

The second aspect lies in the arrangements concerning 
the exploitation of artificial reefs. Purely private 
access and use of artificial reefs seem irrelevant, given 
the potential conflicts they generate and the physical 
and legal impossibility of recognizing a form of pri-
vate property of the species they house. The public or 
“collective” uses are certainly more appropriate to the 
situation of artificial reefs, they are de facto majority, 
but do not offer legible and uniform mechanisms for 
implementation.

Ultimately, artificial reefs offer a fragmented vision 
between different legal systems indirectly relevant to 
their case. Reflection about a formalization of their 
status opens up interesting perspectives concerning 
effectively taking into account the multifunctional 
specificities of artificial reefs.

1  Introduction

Artificial reefs are solid structures immersed directly 
and arranged on the seabed, without anchorage1 in the 
subsoil. Conventional international law determines a 
minimum framework for the preservation of the waters 
and seabed, including the immersion of artificial reefs 
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status is analyzed here. But many models exist around the world, 
targeting various types of species of pelagic and demersal fishes, 
shellfishes, crustaceans, and algae. Some “fish aggregating 
devices” (dispositifs concentrateurs de poissons - DCP in 
French) have fastening systems, connected in part to a surface 
float, whose components may “navigate” in the water column. 
Others may drift over the deep areas, while not having any form 
of anchor or ground contact.
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and assessment of risks inherent in such operations. 
At the state level, the design and construction of an 
artificial reef is now formalized and governed by strict 
rules, prohibiting use of any form of support to act as 
“artificial reef” poorly integrated to its natural environ-
ment (piles of tires2, cars, poles, and other industrial 
waste). However, the laws applicable to the artificial 
reefs are not uniform (Quimbert 2005a). In accordance 
with the principles of management and protection of 
maritime public domain (MPD, or DPM in French: 
domaine public maritime), multiple conditions exist for 
the immersion of artificial reefs. The complicated 
juridical and administrative process involved and the 
various regulatory requirements keep the artificial 
reefs in an uncertain and uncomfortable legal situation. 
To date, we can identify three forms of legal docu-
ments authorizing the installation and/or exploitation 
of artificial reefs. However, it appears that marine 
farming concessions (see 4) are no longer used in 
applications for the establishment of artificial reefs, 
although they represent the most thorough legal sys-
tem and the most favorable to the exercise of private 
interests on the public maritime domain, which is per-
haps the reason for its abandonment.

2  Immersion License

Established by Article 4 of the Act of 7 July 1976,3 the 
immersion permit or license marks the emergence and 
implementation of principles established in 1972 by 
international agreements between Oslo and London. 
To allow its consolidation (coding), the 1976 Act was 
repealed by Ordinance of 18 September 2000,4 itself 

amended by Ordinance of 18 July 2005.5 Articles 
L218-42 et seq. of the Environmental Code refer to the 
London Convention to reaffirm the ban on the dump-
ing of waste, while restricting the scope of exemptions. 
Indeed, apart from the dumping of vessels6 and dredg-
ing,7 such permits are no longer possible and seem 
doomed to disappear, except for those “regularly issued 
before the publication of Ordinance No. 2005-805 of 
July 18 2005 ... continue until they expire but shall not 
exceed ten years” (Article L218-44). Technically, only 
the reformed vessels are likely to be converted into 
artificial reefs. The dredgings are composed mainly of 
sand, gravel, and mud. They are soft sediments, par-
tially biodegradable (organic materials, wood) and 
gradually dispersed as a result of spilling at sea. They 
are therefore unsuitable for creating artificial reefs. 
A number of penalties threaten potential offenders, 
including up to 2 years imprisonment and a €18,000 
fine (article L218-48 and following).

The processing of permit applications is relatively 
formalized. This type of operation is likely to have a 
sustainable affect and change the seabed, and therefore 
first requires an impact study8 and a public inquiry.9 
The information-gathering process is completed by the 
consultative Commission Nautique (boating/nautical 
advisory committee) consisting of ex officio10 and 
temporary members.11 These commissions have been 

2We can quote a famous American example, presented in the 
Thalassa issue of 19 September 2008. In the 1970s, more than 
two million used tires were donated by the firm Goodyear and 
immersed off Ford Lauderdale, Florida. The “mountain” of tires 
has rapidly spread because of the currents, and the seabed cov-
ered has become a true desert of fauna and flora. Removal opera-
tions have now been started and should last another 30 years.
3Law No. 76-599 of 7 July 1976 on the prevention and suppres-
sion of marine pollution by dumping by vessels and aircraft, and 
the fight against marine pollution. Decree No. 82-842 of 29 
September 1982 (JORF, 8 July 1976, p. 4107).
4Art. 5. I al. 10 & 11 of the Ordinance No. 2000-914 of 18 
September 2000 on the legislative part of the Environmental Code 
(JORF no. 219 of 21 September 2000, p. 14792, text no. 39).

5Ordinance No. 2005-805 of 18 July 2005 on simplification, har-
monization and adaptation of policies for water and aquatic 
environments, fishing and the dumping of waste (JORF no. 166 
of 19 July 2005, p. 11760 text no. 42).
6Authorization granted by the State representative at sea 
(Maritime Prefect).
7Subject to the provisions of Articles L214-1 to L214-4 and 
L214-10 of the Environmental Code (JORF no. 219 of 21 
September 2000, p. 14792, text no. 39).
8In accordance with Articles L122-1 et seq. and the R122-1 et 
seq. of the Environmental Code (JORF no, 219 of 21 September 
2000, p. 14792, text no. 39).
9Articles L123-1 et seq. and R123-1 et seq., Environmental Code 
(JORF no. 219 of 21 September 2000, p. 14792, text no. 39).
10Permanent and legal members: The Prefect, the Maritime 
Prefect, the Administrator of Maritime Affairs, the head of the 
district (Maritime Quarter) concerned and, where applicable, the 
representative of the Management Committee of the Marine 
Natural Park.
11Five sailors (professional and recreational) and their substitutes 
and representatives of the maritime service, and the director of 
the autonomous seaport and the local government service are 
involved in the project.
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created by a decree of 198612 in order to examine, inter 
alia, “... any matter requiring consultation browsers 
sea” (art. 1 al. 3). Final analysis and observations are 
recorded in the minutes “sent to the maritime service, 
the seaport authority or the local government service, 
as appropriate” (art. 7). After obtaining this authoriza-
tion, the permit holder must observe the safety mea-
sures in respect to staff employed to carry out the 
immersion and others and must also monitor the ships 
or aircraft involved in the immersion operations. At the 
request of the administration, the licensee may be 
obliged to conduct, at his or her own expense, work or 
study, or to take effective measures for possible conse-
quences and for monitoring facilities. In fact, the 
administration imposes a regular assessment and con-
sideration of the artificial reef, its effects, and risks to 
the natural environment, and also to people who use 
the sea, whether professionally or recreationally.

Inspired by international law, the permit to 
immerse artificial reefs is not concerned with the bio-
logical and economic benefits of installing such 
“recycled” reefs; only environmental considerations 
are taken into account. The reef should be properly 
and sustainably cleaned. Structures of this kind gen-
erally have a very large volume in a single mass (ves-
sel) and are sometimes submerged at great depths, far 
from the shore. The authorization for immersion does 
not include the right to exploit the biological poten-
tial of the reef, which would be for the sole recipient 
of the title. Indeed, the installation of a reef of such a 
template is not, generally, the only private initiative 
and does not imply the granting of a concession. We 
speak, preferably, of a consensus among the State, 
project supervisor, company, contractor (permit 
holder), and the various stakeholders involved through 
nautical committees (fishermen, environmentalists, 
boaters, local elected officials and politicians, etc.).

Accordingly, the permit suggests a final and perma-
nent immersion of materials (except in case of serious 
environmental problems), without any form of pre-
scription for site remediation and removal of the reef. 
An artificial reef designed in this way would therefore 
be directly integrated into the maritime public domain 
as real estate (immovable property) by destination (the 
French term is immeuble par destination).

3  �Granting Use of Maritime Public  
Domain Outside of Ports

Described in French as CUDPM (concession d’utilisation 
du domaine public maritime en dehors des ports), it 
replaces the “containment concession” that has existed 
since 1979.13 Founded in 2004,14 this authorization 
allows a very broad definition of the concept of use of 
the MPD (marine public domain), thus opening the 
door for artificial reefs. The concession is applicable to 
various forms of work, facilities, and/or uses, subject to 
assigning them to public use, to a public service, or to 
an operation of general interest (Becet 2004). After a 
rather conventional administrative instruction proce-
dure,15 the CUDPM is granted by order of the Prefect 
(art. 11) for a maximum of 30 years, with implementa-
tion conditions strictly regulated by Articles 8 and 9 of 
the decree. First, the dealer must be able to guarantee 
“the effective reversibility of changes in the natural 
environment.” Due to the precarity of authorizations for 
MPD occupation, when they arrive at their term or if 
permission is withdrawn prematurely by the adminis-
tration, the owners16 are forced to repair, restore, or 
rehabilitate the occupied sites. For this purpose, the 
licensing authority requires financial guarantees accord-
ing to the estimated potential cost of such operations. 
Second, the decree of 2004 states that the CUDPM is 
not constitutive of “real rights” (property rights) and 
does not confer the commercial property to its owner.

Do we consider the use of CUDPM as the most 
appropriate legal system for the situation of artificial 
reefs? The original purpose of containment and the 
associated concessions was precisely to allow for 
implantation around beach areas17 in order to “win 
land from the sea” (Quimbert 2005b). The immersion 

12Decree no. 86-606 of 14 March 1986 on boating (nautical) 
commissions (JORF of 19 March 1986, p. 4623).

13Decree no. 79-518 of 29 June 1979 relating to containment 
concessions and use dependencies of maritime public domain 
maintained in this area outside ports (JORF of 1 July 1979, p. 
1593). Repealed by Article 13 of Decree 2004 (JORF no. 76 of 
30 March 2004, p. 6078, text no. 40).
14Decree no. 2004-308 of 29 March 2004 (JORF no. 76 of 30 
March 2004, p. 6078, text no. 40).
15Request to the Prefect, the followed including an impact study, 
a public inquiry, and the convening of an Advisory Boating (nau-
tical) Committee. See Articles 6 and 7.
16Individual person or private law corporation.
17Article 1 of Decree of 2004 states that CUDPMs are distinct 
from beach concessions sensu stricto, but are discussed in 
Decree no. 2006-608 of 26 May 2006.
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of materials and layout work on the seabed are not 
mentioned in the Decree of 2004. The duration of the 
concession for 30 years (non-renewable) does not 
seem to be compatible with the physical characteristics 
and long-term goals of artificial reefs.18 Because of the 
weight and volume of the modules used, the develop-
ment of artificial reefs is time-consuming, difficult, 
and costly. The reefs are a series of stacks and casings 
of the grantor, which in the end is a mass that is too 
heavy and dense. Eventual dismantling of a reef after 
several decades for the rehabilitation of the site would 
obviously be destructive and counterproductive, except 
for bringing to light any evidence of the failure of the 
the biological and economic effectiveness of the sub-
merged structure. This conjecture remains improbable 
because the very purpose of artificial reefs is to recre-
ate shelter and attachment points as close as possible 
to the natural habitats19 rich in biodiversity. In addi-
tion, they are usually installed in naturally poor areas 
or, more frequently, where the seabed has been depleted 
and degraded by multiple anthropogenic pressures. In 
this case, the dismantling of an artificial reef in a good 
state of conservation would be absolute nonsense, 
negating all benefits sought for and brought to the res-
toration of the marine environment.

Finally, in the first article of Decree of 2004, we 
note the oddity that “the provisions of this Decree shall 
not apply (...) for marine culture (farming) exploita-
tion.” However, the legal possibility to immerse artifi-
cial reefs by either of the two procedures demonstrates 
the contrary. This measure determines the necessary 
scope of CUDPM to avoid any risk of confusion with 
other models of concessions, but more importantly 
illustrates the inadequacy of these concessions in the 

area of artificial reefs, a category that is still unclassifiable 
and therefore unclear.

4  �Authorization of Marine Culture 
Exploitation

Used for a long time in the case of artificial reefs, the 
authorization of marine culture exploitation (farming) 
has not been feasible since the 2000s. Being relatively 
old,20 this authorization does not concern, as its name 
suggests, the immersion of artificial reefs. Its exten-
sion to the latter is the result of a flexible interpretation 
of the definition of the activity of “marine culture” and 
its contents. Sensu lato, marine cultures include shell-
fish farming (oyster and mussel cultures) and conti-
nental/marine fish farming, related to a general legal 
system of an agricultural21 nature. Article 1-§1 of 
Decree of 1983 specifies that these farms are “for the 
purpose of organic production, including capture, 
breeding (farming), refining, processing, storage, 
packing, and shipping of seafood.” The idea of bio-
logical productivity through capture and breeding 
(farming) is extrapolated to the case of artificial reefs 
in terms of economic profitability. Indeed, the installa-
tion of new habitats attracts, protects, especially juveniles, 
and creates areas of concentration and settings for 
species (fish, crustaceans, algae, shellfish).

Permits are issued by the Prefect (administrative 
instructions) following similar methods to those dese-
cribed above, but also involving a marine culture com-
mittee (art. 3). The title of occupancy, valid for a 
maximum of 35 years, which is renewable once, is 
accompanied by specifications laying down conditions 
for the occupation and use (form of installations and 
recommended improvements), the nature of the cul-
tures and technology being proposed, the amount of 
the fee for occupation, the presence of easements, etc. 
According to Art. 5, the beneficiaries are individuals or 
private law corporations. The allocation to public law 
corporations (state, local government service, public 
institution, etc.) shall be admissible only for the purposes 
of “collective actions” contributing to the development 
of aquaculture.

18Even though the administration does not share this view and is 
very cautious about the durability of artificial reefs: See legal 
update following the publication of decree No. 2004-308 of 29 
March 2004, entitled “The legal feasibility of the implantation 
of artificial reefs on the coastline”, Response of Direction du 
Transport Maritime, des Ports et du Littoral (Directorate of 
Maritime Transport, Ports and Coastline) to a Prefect (maritime 
service) dated 18 October 2000, April 2004, p. 3.
19The research and efforts towards maximum integration, even 
an imitation, led some authors to prefer the expression “artificial 
habitats” to that of artificial reefs. See S. Pioch, Les “habitats 
artificiels” : élément de stratégie pour une gestion intégrée des 
zones côtières ? Essai de méthodologie d’aménagement en récifs 
artificiels adaptés à la pêche artisanale côtière, Thèse de doc-
torat de géographie, Université de Montpellier III Paul Valéry, 
mai 2008, 289 p.

20Decree no. 83-228 of 28 March 1983 (JORF of 25 March 1983, 
p. 918).
21Article L311-1 of the Rural Code (JORF of 23 July 1993).
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Resolutely oriented (directed) towards the development 
and recovery of marine activities, marine culture con-
cessions recognize “real rights” (property rights or real 
property) or “quasi-real”22 rights of their operators. 
These rights, expressed in Articles 9 to 14 of the 
decree, based on the personal nature (Art. 5.2) of the 
permit and its exploitation, give the right of use and 
enjoyment (usufruct) exclusively to its “owner.” Thus, 
in the owner’s absence, he or she may temporarily 
transfer its use to another operator. Many dealers can 
form a private corporation to undertake the exploita-
tion of the structures. As long as the title is valid, the 
beneficiary may request the transfer of his or her rights 
to a third party. The exchange of equivalent conces-
sions between two operators is also possible. Finally, 
the transfer to a surviving spouse or direct-line heirs 
helps to overcome the difficulties involved in the sud-
den death of the concessionaire (holder). All these pos-
sibilities of change are of course regulated and subject 
to prior approval of the administration. As in the case 
of CUDPM, the authorizations of marine cultures suf-
fer from the same threat related to the prescription and 
the rehabilitation of the site at the end of the conces-
sion. A “classic” and normal exploitation of marine 
culture (shellfish tables, poles, nets, and aquaculture 
ponds) does not pose serious problems of decommis-
sioning. This is not the same for an artificial reef 
installed several tens of meters deep, weighed down by 
the organic concretions, and that can be removed at the 
cost of the concession holder. The ordinary life of a 
reef is not ephemeral, the results are revealed slowly, 
and such a structure is not intended to deconstruct.

Aquaculture or shellfish activities open the possi-
bility for operators to be the exclusive owners of their 
live products. Indeed, a fish trapped and bred (for farm-
ing) within a fence or shells mounted on ropes, wires, 
or pickets belong to the holders of concessions, com-
pared to a fish or a crustacean colonized within an arti-
ficial reef, which still retains its status as res communis. 
The animals belong to anyone until they are captured 
by the first fisherman, a holder of the concession or 
not. An operator or a group of farmers who have exclu-
sive access and use of the reef cannot be considered the 
owner of species that live there, since no physical barrier 

could prevent the animals from moving outside of the 
reef. Therefore, it is easy to imagine the conflicts that 
can arise among different stakeholders in the sea, 
whether professional fishermen, boaters, or scientists. 
How can we effectively define the surface contours of 
an artificial reef? How can we monitor and articulate 
pragmatic uses and their users? How can we find a bal-
ance among the protection of an artificial reef, espe-
cially at the beginning of an installation, and easement 
of passage and attendance over the concession.

5  Conclusion

Since a letter from the Minister of Agriculture and 
Fisheries on 17 March 2000, “the Decree of 22 March 
1983 cannot be used to authorize the establishment of 
artificial reefs.” However, the letter states that accord-
ing to Article 19 of the Decree and in exceptional cir-
cumstances, such authorization may be granted for 
artificial reefs with an “experimental purpose (test) for 
the protection, conservation, and regeneration of the 
seabed” and be exempted from payment of the fee. 
Only interprofessional agencies (Law of 2 May 1991) 
and scientific organizations can benefit from these spe-
cial permits. In the end, the new legal system of the 
CUDPM23 is now favored by the administration for 
future artificial reef projects. This reversal has not been 
consolidated in legal terms, such as by adding an 
amendment to the Decree of 2004 on CUDPM to 
incorporate artificial reefs permanently. The term “arti-
ficial reef” has still not been added, also not to any 
other regulation in force. Currently, the administra-
tion has begun a process of legal “requalification” 
(in CUDPM) of artificial reefs installed under the 

22Expression of Quimbert, M. (2005) “Les récifs artificiels: auto-
risation d’immersion, régime d’occupation du domaine public et 
cadre d’exploitation en droit français”, Revue juridique de 
l’environnement, 2/2005, p. 129.

23The ambitious project in Marseille, located off the Prado Bay, 
is exemplary of the limits of CUDPM (concession d’utilisation 
du domaine public maritime en dehors des ports) to determine 
the conditions of exploitation after the immersion. For now, the 
reef has been permanently installed since July 2008 and classi-
fied as a strict nature reserve (no-take, no-entry) for 2 years to 
become progressively (a) a colonized habitat and productive. 
This period was used by the city of Marseille (holder of the reef 
concession) to encourage various stakeholders to reach agree-
ment on conditions for future exploitation of the reef ... if no 
agreement, the strict nature reserve will be renewed 2 more years 
by the City. The CUDPM offers no predetermined solution or 
framework in terms of management and use of artificial reefs.
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framework of marine cultures. By way of comparison, 
and by extension, we mention the example of Japan, 
unanimously recognized by experts as the world 
reference for artificial reefs. Traditionally, the priority 
of access and use of the sea is given to fishermen. The 
Japanese legal framework allows the creation of prop-
erty rights for the management and exploitation of 
artificial reefs. The arrangements for the exercise of 
these rights are based on groups of fishermen, identified 
and representative of the same village, cooperative, or 
region. The Japanese model is conceived as a seaward 
extension of land use rights, with a vision of rural 
development and a fruiting seabed (Cazalet 2009).
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Abstract  The final aim of man made structures is to 
simulate some parts of the natural environment where 
the populations of different species have evolved and 
where they are living. These structures may be set 
down on the bottom of the sea, set at mid depth in the 
water mass, and even floating at the surface.

In terms of ecological protection and species con-
sumed by mankind, is it possible to obtain better results 
than natural environments to obtain increased profits from 
natural production carried out in the euphotic zone?

Systematic assays have to be done to understand 
more clearly the effects of the factors affecting the 
attraction, the presence, and the growth of different spe-
cies living inside and around these artificial habitats.

The research subjects are numerous and are differ-
ent from one site to another. Among them, specific 
studies have to be developed on the effects of reef sizes 
on the presence of certain species not only inside the 
reefs, but in also in its wake, in the close sediments, 
above the reefs, and on the surrouning ecosystems.

Surface studies have to be developed as well, in 
terms of micro- and macro-rugosity, chemical nature 
(adhesive biological cements), optimal sizes of micro-
holes, and habitats, for instance. Effects on successive 
bacterial populations have to be known as well.

Ecological studies are necessary concerning the 
water quality of the currents flowing through the artifi-

cial structures; the number and nutritional quality of 
particles transported inside the reefs, then consumed 
by filter-feeder species, various larvae of vertebrates 
and invertebrates, and the vagile fauna. Microphyto
benthos, endogenous fauna, and bioturbation need to 
be understood with some precision.

The production of eggs and larval forms of differ-
ent species and their exportation in the surrounding 
ecosystems have to be evaluated.

Physical aspects of the presence of these artificial 
structures, modifications of local currents, induced tur-
bulences, and modification of granulometry are also 
other subjects of researches; local hydrology controls 
organic production and biological oceanography: these 
elements have to be known with precision in each site.

Chronobiological and seasonal behavior of different 
species of fishes, crustaceans, and molluscs (larval, and 
adult forms) associated after some time into and around 
these artificial structures need to be described not only 
concerning their presence, but also their behavior, their 
stomach content, their physiology.

Nutrition studies may give various subjects of com-
parative experimental approaches in species living in 
nature and maintained in large aquariums.

Even if artificial reefs concept is known since a rather 
long time, numerous subjects of researches have to be 
developed to make them producing more than nature, 
and, in the same time, to protect natural environment.

1  Introduction

Coastal management begin to be a general problem in 
littoral zones of almost every country. Since a long 
time, very often these areas have been misused and 
even destroyed. To reconstitute valuable ecosystems, 
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the managers, public, and sometimes private are think-
ing to immerse artificial structures to give some habi-
tats to fish populations. The observation of various 
wrecks attracting numerous fishes lead to the conclu-
sion that it is sufficient to set down various materials to 
“enrich” the bottom of the sea, and to attract marine 
flora and faunas.

In fact, there is a long history of these submarine 
managements as for instance the immersion of bam-
boos and other vegetal materials along the coasts of 
Japan, Korea, and China. A national program of such 
installations have begun since more than 40 years in 
Japan, which is more advanced in the world in that 
field.

They set down these structures at mid depth in the 
water mass and even floating in the surface, in order to 
simulate some parts of the natural environment where 
the populations of different species have evoluted and 
where they are living.

Sometimes, in different countries, some advisors 
are recommending to immerse old ships, as battle 
ships, aircraft carriers, and other ancient vehicles to 
create a favorable submarine environment. The exam-
ples are numerous, as for instance the aircraft carriers 
USS America in Virginia coasts (2005) and the USS 
Oriskany in the Gulf of Mexico (2006). Old school 
buses and metro wagons have been also used in these 
purposes.

These approaches are too rough to be really 
adapted at the fragile equilibrium of the coastal eco-
systems, delicate and complex. For an ecosystemic 
point of view, the question is rather: Is it possible to 
obtain better results, in terms of species living their 
biological cycle in these artificial habitats, consumed 
by mankind and constituting an ecological protec-
tion, than natural environments to obtain a better 
profit of the natural production synthesized in the 
euphotic zone?

Systematic experimental assays and detailed obser-
vations have to be made to understand more clearly the 
effects of the different factors affecting the attraction, 
the presence, and the growth of different species living 
inside and around these artificial habitats.

In this respect, the term of “artificial reef” (in 
French: “récif artificiel”) seems to be inappropriate 
and it would be better to use the term of “marine – or 
submarine – habitat.”

The subject of researches are numerous and are dif-
ferent from one site to another.

2  Themas of Research

2.1  Coastal Oceanography

As the artificial structures are put down on the bottom of 
the coastal waters, the managers have to know what will 
be the oceanographical characteristics of the areas where 
these structures are located. Local sea water hydrology 
controls organic production and biological oceanography.

That means the currents, the temperature, the nutri-
ents, the turbulences, etc., explaining not only the 
organic production but also the distribution of the 
nutritive particles produced in euphotic zone, arriving 
on the artificial structure immersed, where the filter 
feeders are collecting them.

2.2  Physics

Sizes and designs of reefs are very important factors. 
Some of them are constructed near the bottom and, on 
the contrary, other ones may occupy a part of the water 
mass, for instance in the case of few Japanese enter-
prises who constructed structures of 35 m in height.

Such a physical and technical evolution in their 
sizes lead to new kind of problems, as their construc-
tion, their immersion, their stability, and the observa-
tion in situ of the numerous organisms inhabiting in 
these artificial structures.

Studies on reefs surfaces have to be developed as 
well, in terms of micro- and macro-rugosity, chemical 
nature (adhesive biological cements of different larvae 
during their metamorphosis), optimal sizes of micro-
holes, and habitats for instance. The effects of this 
character on successive attached bacterial populations 
have to be known as well.

Modifications of the natural sites where the artifi-
cial structures have been set down is also an important 
factor, because their presence modifies, more or less, 
the natural physical conditions: physical aspects on 
currents modifications, on induced turbulences in the 
water masses, etc.
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2.3  Sedimentology

Modifications of granulometry under the influence of 
the artificial structures in each site are also other sub-
jects of researches these elements have to be known 
with precision. As they are obstacles to the transport 
of suspended materials, the sediments are modified 
mainly close to the reefs: a gradient is setting up 
showing the largest and the heaviest particles the 
closest ones.

Accordingly, the distribution of the benthic endog-
enous species varies greatly. Another consequence is 
the gradient in the chemistry of the sediments, the bio-
turbation, and the oxygenation of the different parts of 
the affected surfaces. They have to be studied in detail, 
using for instance optrodes technology.

2.4  Marine Biology

Even if some are quite well known, many marine spe-
cies, even the more popular ones, have unknown bio-
logical cycles. Frequently, the adult forms are well 
described and are observed by divers and scientists. 
Nevertheless, their larval forms are generally much 
less known, and their biology, their habits, the fields 
where they are living and growing, where they gather, 
what they eat at different steps of their growth are, in 
numerous cases, unknown.

At the opposite point of the biological cycles, we 
have a few information concerning the condition of 
reproduction, the environmental factors affecting the 
growth of the ovary in the females of different species, 
the process of mating and fecondation of the ovulas, 
the embryogenesis, the dispersion of the eggs, etc. 
What is true for the current species is much more true 
in less represented species, especially the noncommer-
cial and the less spectacular ones.

In straight connection with these new knowledge in 
marine biology, ecological studies are necessary con-
cerning the effects of water quality and of the currents 
flowing through the artificial structures; filter-feeders 
species under the form of various larvae of vertebrates 
and invertebrates, as well as the vagile faunas are 
mainly concerned. Microphytobenthos, endogenous 
faunas, bioturbation processes need to be known with 
more precision than actually.

2.5  Physiology

Although we may gather a good knowledge concern-
ing the biology of numerous species living in north 
mediterranean coasts, our frequent ignorance in their 
physiology is evident. Very often, the optimal condi-
tions of their growth, the evolution of their food at dif-
ferent steps of their biological cycle, etc., explain 
major factors of their presence and their distribution is 
not very known.

On the other hand, their chronobiological and sea-
sonal behavior of different species of fishes, crustaceans, 
and molluscs (in their larval and adult forms) specially 
when they are associated in the same site after some 
time into and around these artificial structures need to be 
described not only concerning their presence, but also 
their behavior, their stomach content, their respiration, 
nutrition, excretion among the major ones.

Collection of observations and detailed growth 
studies in artificial conditions of these larval forms and 
of the species of small sizes have to be developed if we 
wish to understand the food chains, the trophic net-
works and, in other words, the functioning of the local 
ecosystem established around and inside the immersed 
artificial structures. In other terms, ecophysiology and 
ecobiochemistry will be used in this field as well as in 
aquaculture (Ceccaldi 1982), for the same reason: the 
detailed explanation of the adaptation of living organ-
ism to a changing environment.

2.6  Nutrition

The animals living in straight relationships with the 
artificial structures are mainly consuming, directly or 
indirectly, the nutritive particles produced in the 
euphotic zone, as well as (or) the algae attached on the 
immersed surfaces and growing using nutrients pres-
ent in the sea water where they are living.

Number, biomass, and nutritional quality of parti-
cles transported inside the reefs have to be known in 
detail, quantitatively and qualitatively in their bio-
chemical composition: protein, carbohydrate, lipid, 
mineral composition are the most important.

Enzymatic studies are necessary (Ceccaldi 2006) to 
begin to understand the ability of the different species 
to efficiently use the natural production.
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Nutrition studies may also give various subjects of 
comparative experimental approaches in species living in 
nature and maintained in large experimental aquariums.

2.7  �Ecosystems and Role  
as Seminatural Park

Implantation of artificial structures are modifying the 
natural ecosystems, at least locally. A new equilibrium 
is established after some time, several months, even 
after several years. It is necessary to follow these evolu-
tion and the managers of the affected areas have to com-
pare the zone of implantation and the evolution of the 
ecosystems existing in the closest homologues zones.

It seems perhaps paradoxal to treat the subject of 
“natural” park in a chapter dealing with “artificial” reefs 
and we prefer to use the expression “seminatural” park 
when a field of reefs is located in a protected area. 
Among them, specific studies have to be developed on the 
effects of the reefs – sizes, volumes, shapes – in the sur-
rounded ecosystems, particularly on the presence of the 
preexisting species, not only inside the reefs, but in its 
wake, in the close sediments existing in the surrounding 
areas, above the reefs, and even rather far from them.

On the other hand, the implantation of artificial 
habitats happens close to human activities and these 
zones are very often under the direct – or indirect – 
influence of the industry and various managements.

In a few words, the reefs have to be integrated with-
out perturbations in the coastal areas where they have 
been set down. When they are exploited by fishermen, 
they may use the new and diversified habitats of the 
reefs, especially if they are sufficiently complex and, 
as a consequence, they reconstitute the natural popula-
tions’ specific of the local hydroclimate.

The production of eggs and larval forms of different 
species and their exportation in the surrounding eco-
systems have to be evaluated.

The quantitative evaluation of the different species 
filling the space in and around the reefs is a rather dif-
ficult problem, as the mobile species are moving, as 
they follow some chronobiological and seems to dis-
appear at some hours of the day, as there are some sea-
sonal variations in the presence and the absence of 
some species. The detailed study and the exploitation 
of these living resources linked with the reefs have to 
take into account these particular characters. Observations 

in situ of some species by divers and/or scientists do 
not necessarily mean that the fishermen will fish the 
observed species in the same place.

2.8  �Economy of These Submarine  
Animal Habitats

Economy of the implantation of artificial reefs is far to 
be established in good conditions. There are no precise 
methods to evaluate the cost of investment and the cost 
of return, in terms of efficiency. Generally, the cost of 
the fabrication and the installation on the seabed come 
from public budgets.

Fishermen and private companies are not rich enough 
to spend their money to increase the complexity of the 
bottom of the ocean to gather more marine animals and 
vegetal species. In Japan, where the fishermen are well 
associated to the decisions and the exploitation of the 
artificial structures, different levels of administrative 
and political levels are concerned; also the fishermen 
themselves are participating in the investment – at a 
modest level – but they are directly concerned indeed.

2.9  Management

Installation of artificial reefs on the seabed and the sea 
shores have to be integrated in the coastal management 
and have to follow the local rules as well as the general 
ones.

Survey and police among their fisheries will become 
a necessity. But a strong basis of specific education is 
also necessary, when the cost of the survey becomes 
too high in regard to the resources collected.

Concurrence with new constraints and occupation 
of the sea coasts by the offshore wind propellers 
implanted in the seabed. Their basis play unavoidably 
a role of artificial reef.

2.10  Relationships with the Fishermen

This aspect is certainly more sensible and depends 
essentially on the culture and the practices of the cor-
poration of fishermen in the different countries. In Japan, 
where the fishing activities on shores are regulated 
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mainly by cooperatives ruled by a long tradition, the 
exploitation of artificial reefs fields is regulated by 
fishermen themselves. They are knowing more or less 
roughly the presence of such or such species and they 
keep the resource generally in a good condition.

In other countries, the fishermen are rather compet-
ing or even fighting among them to catch the more pos-
sible in the resource.

There are necessarily a planification in the voca-
tional training and in the pedagogy of that corporation 
to make them adjust their behavior and their activities 
to the existing and limited resource existing inside and 
around the reef fields.

2.11  Roles in Touristic Diving Activities

Artificial reefs are very attractive elements for tour-
ists, specially the divers using bottles and/or the 
apneists. They know that, as in and around wrecks, 
they are sure to observe rich marine fauna and flora. 
Some of them are diving to hunt fishes and collect 
animals.

Some countries have taken the decision to sink old 
boats and warships, metro used wagons to make – they 
assert – new artificial reefs. They do not represent spe-
cific and specialized habitats for marine animals, even 
if all wrecks attract fishes. In other countries, some arti-
ficial wrecks have been immersed to attract tourists.

2.12  Juridic Status

This status is far too established. Some simple – and 
fundamental – questions are actually without reply: 
Who invests? If the aim of the reefs is oriented to be 
exploited by fishermen, do they have the obligation to 
invest? Themselves? Their cooperative? Other profes-
sional associations?

When the structures are set up on the bottom of the sea, 
who is their owner; the closest municipality? The State? 
The main investor? The fishermen exploiting them?

When the marine products living into or near the arti-
ficial reefs are caught, who is their owner? The fisher-
men? The designer of the reefs? The main investor? The 
administration in charge of the marine coastal areas?

If a diver visiting the artificial reefs structures has 
an accident inside the reef and dies into the sea, who is 
responsible? The designer of the reefs? The constructor?

Finally, as scientists and lawyers, we have to estab-
lish new forms of rules concerning the property, the 
exploitation, the safety, the ecology of natural environ-
ment where these reefs are constructed. They have to 
be really general, i.e. to be applied in any country, 
because the rules of the ecology and the protection of 
the environment are concerning any coastal areas, any 
part of the natural environment.

3  Conclusions

Artificial reefs concept is known since a long time. 
Engineers and coastal managers are usually thinking 
that this subject is well known. Marine biologists and 
marine ecologists, who are more familiar with the 
complexity of ecosystems and their natural processes, 
recently recognized the necessity to make progresses 
in new fields of research.

New programs have to be developed in coastal 
oceanography, in physics, in sedimentology, in sea 
water and sediment chemistry, in marine biology of 
larval and adult forms, in physiology, in nutrition, and 
in ecosystems. Some relatively neglected aspects have 
also to be improved, as their role as small natural park, 
the economy of these submarine animal habitats, their 
importance in the coastal management, the relation-
ships with the fishermen, their roles in touristic diving 
activities, and their juridic status.

These subjects of researches have to be developed 
to make these structures produce more and better than 
nature, and, at the same time, to protect the natural 
environment.
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Abstract  The Côte Bleue Marine Park (PMCB) was 
one of the precursors in France concerning the deploy-
ment of artificial reefs (AR). For 25 years, the Park has 
led several varied operations by using different kinds 
of modules: between 1983 and 2004, seven types of 
architecture for production reefs and five architec-
tures for protection reefs were studied, for a total AR 
volume of 4,884 m3, and represent an investment of 
€480,000.

The purpose of the AR deployment policy of the 
Park was to experiment and test various types of mod-
ules, during small-scale operations, but including 
several phases of immersion and scientific field sur-
veys. These experiments allowed development of the 
conception of modules and adapting them to the local 
context, targeting several objectives. Moreover, they 
are used to support small-scale artisanal coastal fish-
ing by two complementary aspects:

	(1)	 The promotion of biological production in impov-
erished seabeds and sustaining professional artisa-
nal fishing, with 2,684 m3 of modules arranged in 
chaotic heaps in five areas, and increasing the bio-
diversity and the available fishing resources.

	(2)	 The protection of priority natural habitats (Posidonia 
meadows and coralligenous rocks) and to manage 
and share both resources and fishing grounds 
among fishermen, with 326 heavy obstacles 

designed to protect against illegal trawling within 
the 5.5 km offshore limit. These 2,200 m3 of anti-
trawling reefs are spread along 17.5 km, creating 
barriers perpendicular to the coast. Since they have 
been installed, a significant decrease in illegal 
trawling has been observed.

In the Côte Bleue Marine Park, the two categories of 
AR (production and protection reefs) are interrelated 
in the two protected marine areas (integral reserves of 
295 ha where all kinds of fishing activities, scuba 
diving, and mooring are prohibited).

These management tools have worked in an addi-
tional way and contributed to the preservation of the 
traditional small-scale fisheries in the Côte Bleue ter-
ritory (for about 60 fishermen) at a time when these 
fishing activities are decreasing in the nearby zones.

1  �Introduction

The Côte Bleue Marine Park (“Parc Marin de la Côte 
Bleue”, or PMCB) was one of the precursors in France 
concerning the deployment of artificial reefs (AR). For 
25 years, AR deployments have concerned both eco-
logical aspects and promotion of fisheries and 
resources, with two complementary kinds of AR: pro-
tection reefs against illegal trawling on the coastal 
band and production reefs, for a gross volume of 4,884 
m3. The aims of this paper are to provide some assess-
ments of the experiments conducted; to describe some 
aspects of AR as tools for integrated management of 
marine resources and sustainable fisheries; and to con-
firm the crucial influence of reef design, architecture, 
and layout on the biological effectiveness of AR.
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2  �Presentation of the Côte Bleue  
Marine Park

The PMCB, located east of Marseille (Fig. 1), was cre-
ated in 1983 with the same objectives as terrestrial 
natural parks: (1) protection of the natural environ-
ment, (2) preservation of traditional fisheries and par-
ticipation in better management of resources, (3) 
increasing public awareness and education about the 
environment, and (4) promotion of experiments and 
research.

The PMCB is a public institution involving five cit-
ies of the coast “Côte Bleue” (Martigues, Sausset-les-
Pins, Carry-le-Rouet, Ensuès-la-Redonne, and Le 
Rove), local governments (“Région Provence Alpes 
Côte dAzur,” “Département des Bouches du Rhône”), 
and professional organizations of fishermen (“Comités 
Locaux des Pêches Maritimes” and “Prudhomies” of 
Marseille and Martigues).

The PMCB operates along the 40-km coastline of 
“Côte Bleue” up to 4 km offshore, between the gulf of 
Fos and Marseille. The Park manages two marine pro-
tected areas (MPA), no-take zones where all kinds of 
fishing activities, diving, and anchoring are prohibited: 
the Carry-le-Rouet reserve (85 ha protected since 
1983) and Cap-Couronne reserve (210 ha protected 
since 1996; Fig. 1). For 25 years, the PMCB has led 
several programs of AR deployment, at an experimental 
scale, for a gross volume of 4,884 m3. The two catego-
ries of AR used (production and protection reefs) are 
interrelated in the two integral reserves. Additionally, 
they work in an additional way towards the improve-
ment of marine biodiversity and fishing resources.

Since the creation of PMCB 25 years ago, educa-
tional training has been created for schooled children, 
with activities at sea during 4 days per school. More 
than 22,000 children have attended these sea programs. 
Since 1994, an underwater pathway in MPA has 
welcomed the public during visits organized by the 
Park in the summer.

3  �Description and Objectives  
of Artificial Reef Deployment

For 25 years, the Park has led several and varied opera-
tions by using different kinds of modules: between 
1983 and 2004, seven types of architecture for produc-
tion reefs and five architectures for protection reefs 
were studied (Fig. 2), for a total AR volume of 4,884 
m3, and represent an investment of €480,000 (Table 1). 
Professional fishermen are often the originators of AR 
projects, which can involve funding of up to 50% by 
the EU (EFF, European Fisheries Fund) and local gov-
ernments. The goal of the AR deployment policy of 
the Park was to experiment and test various types of 
modules, during small-scale operations, but including 
several phases of immersion and scientific field sur-
veys. These experiments allowed development of the 
conception of modules and adapting them to the local 
context and targeting multiple objectives. Moreover, 
they are used to support small-scale artisanal coastal 
fishing by two complementary aspects:

	(1)	 The promotion of biological production in impov-
erished seabeds and sustaining artisanal fishing, 

Fig. 1  Presentation map of the Cote Bleue Marine Park territory: a concession of 9,873 ha delivered on December 15, 2003 along 
40 km of coastline to 4 km offshore, between Marseille and Fos
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with 2,684 m3 of modules arranged in chaotic 
heaps on five sandy areas, destinated to create new 
habitats similar to natural rocky reefs with high 

structural complexity for fish fauna and intended 
to increase the biodiversity and the available fish-
ing resources.

Fig. 2  Presentation of the two main categories of artificial reefs 
used in the Parc Marin de la Côte Bleue: on the left, seven mod-
els of production reefs (the small cubic modules are deployed 

into chaotic heaps) and on the right, five kinds of antitrawling 
reefs deployed one by one

Table 1  Description of artificial reef deployments on the five areas of the Côte Bleue Marine Park

Areas/volumes (m3 of A. Reef) Year of deployment Description of artificial reefs

Niolon-Le Rove, 319 m3 1985, 1989 – 319 m3 of production reefs, with three types (83 small cubic 
modules of 1.7 m3 + ten cubic modules of 2 m3 + one large unit 
of 158 m3)

Ensuès-la-Redonne, 677 m3 1985, 1989 – 546 m3 of production reefs (112 small cubic modules of 1.7 m3 + 
20 cubic modules of 2 m3 + two large units of 158 m3)

1990 – 131 m3 of protection reefs (17 quarry rocks of 11 t (4.4 m3) + 36 
pyramidal “sea-rocks” of 1.56 m3, weight 2 t)

Carry-le-Rouet(no take reserve  
of 85 ha), 1,093 m3

1983 – 225 m3 of production reefs (36 alveolar modules, among 27 table 
unit of 4 m3 and nine pyramidal unit of 13 m3)

1986,1990 – 190 m3 of protection reefs (36 quarry rocks of 11 t (4.4 m3) + 20 
pyramidal “sea-rocks” 1.56 m3 of 2 t)

2000 – 678 m3 of protection reefs (40 heavy column modules of 12.5 m3 
weight 8 t + 12 tripods antipurse senne 14.8 m3 of 3 t)

Sausset-les-Pins, 1,442 m3 1985, 1989 – 1,241 m3 of production reefs (195 small cubic modules of 1.7 m3 
+ 60 cubic modules of 2 m3 + five large units of 158 m3)

1986,1990 – 201 m3 of protection reefs (30 quarry rocks of 11 t (4.4 m3) + 44 
pyramidal “sea-rocks” 1.56 m3 of 2 t)

Martigues-Couronne (no-take 
reserve of 210 ha), 1,205 m3

1996–1997 – 1,001 m3 of protection reefs (91 “Fakir” electric piles of 11 m3)
1997 – 148 m3 of production reefs (87 small cubic modules of 1.7 m3)
2004 – 56 m3 of experimental reefs (six modules “Khéops” of 9.4 m3)
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	(2)	 The protection of priority natural habitats 
(Posidonia oceanica meadows and coralgal banks 
called “coralligenous”), with 326 heavy obstacles 
designed to protect against illegal trawling within 
the 5.5 km offshore limit. These 2,200 m3 of anti-
trawling reefs are spread along 17.5 km of barriers 
stretching off the coast, arranged in perpendicular 
lines, and insure the protection of bottom nets and 
long lines from being damaged by trawlers and 
consequently reduce conflicts among fishermen 
and allow them to share the fishing grounds and 
resources.

There is no particular regulation on the majority of 
reefs. Most ARs are open to fishermen (both profes-
sional and recreational) and divers, except those located 
inside the two no-takes reserves, where fishing is pro-
hibited. It represents 16% of the volume of production 
reefs and 26% of the number of protection reefs.

Several kinds of modules were tested (Fig. 2), both 
for production and protection effects. Most of the pro-
duction reefs are composed of small concrete cubic 
modules of 1–2 m3, gathered into chaotic piles of 
60–100 m3, and also bigger units (158 m3) inspired by 
Japanese technology, but having a very low habitat 
complexity.

Concerning antitrawling reefs, five kinds of mod-
ules were used in the PMCB (Fig. 2). First experiments 
were conducted in 1986 with heavy quarry rocks, the 
first trial in the Mediterranean Sea. To be efficient, 

these protection reefs have to weigh a minimum of 8 t. 
These reefs are deployed one by one, separated from 
each other by 50–200 m. They are being arranged by  
lines, creating barriers perpendicular to the coast (17.5 
km of barriers within the 3 km area, Fig. 1).

4  �Main Results of Scientific Monitoring

After 25 years of AR experimentation in the PMCB, 
there is a wide variety of kinds of reefs (production, 
protection), module architecture, depths, environ-
mental conditions, management rules (inside/out-
side MPA), etc. Several scientific monitorings were 
organized, using underwater visual census tech-
niques, adapted to the specificity of AR (Charbonnel 
et al. 1997).

4.1  �Protection Reefs

The most characteristic example of a successful pro-
tection reef is shown in Fig. 3, with the path of illegal 
trawling plotted before and after reef deployment, and 
the creation of the no-take reserve in Cap-Couronne 
(1997). The result has been a decrease of fishing 
pressure on the coastal band by removal  of illegal 

Fig. 3  Results of protection reef efficiency; on the left, before and, on the right, after reef deployment in the Parc Marin de la Côte 
Bleue, around the vicinity of Cap-Couronne integral reserve (red lines correspond to illegal trawling paths within the 5.5 km area)
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trawling activities offshore. The efficiency of anti-
trawling reefs allowed a better sharing of space and 
resources among fishermen by supporting traditional 
small- scale fisheries (bottom gillnet and trammel net, 
hook on line) with much more selective techniques 
(catching only adults and thus facilitating conservation 
of fishing resources), whereas trawlers caught all-sized 
species, particularly juveniles, who had not yet repro-
duced. This is a crucial point in the stock dynamics of 
necto-benthic species: mortality because of catching juve-
niles is the principal factor of the falling of catches.

The other essential effect of protection reefs is to 
preserve the most productive and fragile natural habi-
tats (Posidonia meadows and coralligenous banks) 
from mechanical destruction by trawlers. These dam-
ages have important ecological and economic reper-
cussions, because these habitats serve for spawning, 
nurseries, recruitment, and feeding areas for most part 
of the exploited resources.

4.2  �Production Reefs

Concerning production reefs, monitoring showed that 
the fish assemblages associated with AR are similar in 
species composition, density, and biomass to those 
occurring on natural reefs made of rocky bottoms, and 
most often with superior performance because of the 
multimodal aspect and higher heterogeneity 
(Charbonnel et al. 2000, 2002). Availability of shelters 
may be more important, because food resources are 
generally not limited, because most species feed on the 
surrounding natural habitat. Colonization of AR can 
proceed quickly (2–3 years), but maturation of reef 
assemblages can take many years, and some reefs still 
show evolution after 10–15 years of deployment 

(Table 2, Fig. 4). Duration of assemblage maturation 
depends on the size and complexity of the AR.

For example, on a small AR of 150 m3 in Cap-
Couronne (Fig. 4), the specific richness of fish assem-
blages increased regularly between 1995 and 2004, 
from 7 to 29 species (TNS, total richness) and from 2.6 
± 0.9 to 15.7 ± 2.1 species per census (MNS). Biomass 
was multiplied by a factor of 46: from 2.2 kg in 1995 
(before reef deployment) to 100.7 kg in 2004.

The monitoring on Sausset AR between 1987 and 
2000 showed that colonization can proceed over a longer 
period of time before reaching the maximum carrying 
capacity. The specific richness still increased on both 
reef types (total richness × 1.3 to 1.5, mean richness × 1.6) 
on these ARs aged 11–14 years in 2000 (Table 2). Fish 
assemblages are increasingly complex, and this 
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Fig. 4  Evolution between 1995 (before reef deployment) and 
2004 of the specific richness of fish assemblages [total number 
of species (TNS), mean number of species (MNS) per census 
and standard deviation],and biomass (hatched) on a 150 m3 arti-
ficial reef located in the integral reserve of Cap-Couronne 
(Jouvenel et al. 2006)

Table 2  Evolution of the fish assemblages on two reef types (large unit of 158 m3 and small cubic units of 1.7 m3 deployed into 
chaotic heaps of 119 m3) for the area of Sausset-les-Pins between 1987 and 2000 (Charbonnel et al. 2000)

Reef type (volume: unit/reef) Large unit (158/158 m3) Cubic unit in chaotic heaps (1.7/119 m3)

Year of survey 1987 1993 2000 1987 1993 2000
Total number of species 24 24 31 28 35 41
Mean number of species 7.3 8.0 11.5 10.8 13.6 16.8
Density without pk (individual/m3) 0.12 0.14 0.32 0.93 1.52 1.04
Total density (individual/m3) – 11.8 7.2 – 27.7 76.4
Biomass without pk (g/m3) 5 21.5 12.4 116 306 155
Total biomass (g/m3) – 269 108 – 2,918 2,396

Pk = planktivorous species (Chromis, Boops, Spicara) and Coris julis; – = data unavailable
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process of slow colonization continues, with turnover 
and the appearance of new species, as well as a higher 
proportion of permanent species (based on their fre-
quency of occurrence), suggesting a higher temporal 
stability of the species assemblage; especially chaotic 
heaps of small cubes offer numerous small intercon-
nected chambers.

After 13 years, by comparing 2000 to 1987, the 
density and the biomass have also increased over time, 
according to the available resources. The best results 
were obtained in the 1993 survey, particularly con-
nected to the abundance of Sparids. By comparison, 
the monitoring in 2000 was conducted with low tem-
perature, inducing rarefaction of Sparids, and a decline 
in density and biomass when removing planktivorous 
species and wrasse Coris julis.

The structure of fish assemblages clearly differed 
according to the reef type: cubic units offer more com-
plex habitats, with greater diversity in size of shelters. 
This model of AR presents a greater species richness 
(×1.5) and greatly increased density (×10) and biomass 
(×22) compared to a large unit reef (see Table 2) with 
vast undivided empty chambers, which are ineffective, 
because they have no natural equivalent.

This example and other French field work showed 
that reef design is a crucial factor in AR effectiveness. 
AR architecture and layout should be adapted accord-
ing to the behavior and the habitat requirements of tar-
geted fish species.

Research and experiments are necessary to improve 
reef efficiency, in relationship with studies of natural 
habitat effects. A reef aimed at maximizing its associ-
ated biodiversity and fish fauna should be heteroge-
neous and should have a high structural complexity.

The use of a mixture of different kinds of materials 
of different sizes and void spaces deployed in irregular 
piles facilitates the creation of a network of complex 
cavities of small interconnected chambers, which 
appear to provide benefits for many fish species – both 
predators and preys – that may find features in the mul-
timodal pattern that suit their specific requirements 
(Charbonnel et al. 2002).

The reef architecture and module design determine 
not only the global performance of the reef (species 
richness, abundance, and biomass), but also the iden-
tity of species that are particularly fitted for exploiting 
this new resource.

It is important to notice that ARs worked as MPAs 
and have similar “reserve effects” with:

	(1)	 Increasing biodiversity and global species richness, 
because of higher frequency of rare target species

	(2)	 Increasing abundance of individuals, particularly 
those of species targeted by fishing

	(3)	 Recovery of balanced demographic structure, with 
a higher frequency of large individuals, which are 
potential spawners

All these phenomena are similar to those observed in 
marine reserves (Francour 1994; Harmelin et al. 1995; 
Harmelin 1999; Charbonnel et al. 2000, 2001), and the 
same supposed beneficial effects on fish numbers 
seen in the peripheral area can be attributed to AR. The 
increase in the mean individual weight suggests that 
reef maturation induces an increase in the stock of 
large adults (Charbonnel et al. 2000).

There is also an evident ecological benefit, because 
spawning productivity of larger individuals is much 
higher than that of small ones.

Finally, similar to reserves, ARs also have a refuge 
function by virtue of their physical presence, without 
imposing the need for any particular protective man-
agement, such as fishing restrictions.

5  Conclusions

In the Côte Bleue Marine Park, the two categories of AR 
combining production and protection effects are not dis-
sociable  from of the two MPAs (no-take reserves). These 
are complementary tools, used in an additional way. All 
these management tools have contributed to the preser-
vation of the traditional small-scale fisheries on coastal 
bands of the PMCB, using selective techniques. They 
have allowed maintaining the same number of artisanal 
fishermen for 25 years (about 60) at the same time that 
these fishing activities are decreasing in nearby zones, in 
a general context of full exploitation of resources.

AR may constitute a response to numerous prob-
lems concerning coastal resources, overexploitation of 
fisheries and ecosystem degradation. AR and MPA 
(particularly no-take zones) represent efficient tools 
for marine resources management and can maintain a 
sustainable development of fisheries and fishermen. In 
a general context of high fishing pressure, AR and 
MPA are good tools for the organization and manage-
ment of activities on the coastal band. Because of the 
lack of respect of regulations and lack of repression, 
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the PMCB implemented antitrawling reefs, which have 
been very efficient and allowed a better sharing of 
space and resources because of the decreasing fishing 
pressure on the coastal band with the removal of trawl-
ing activities offshore. These protection reefs are good 
tools for the preservation of priority habitats as defined 
by Natura 2000.

However, ARs are not a miracle tool. They repre-
sent only one facet of the overall management, which 
must take into account all phases of the life history of 
the over-fished species and more especially their 
spawning areas and nurseries. In the actual context of 
rule changes in Europe, with new management of fish-
eries (Common Fisheries Policy, CFP) and the imple-
mentation of the ecological network Natura 2000, ARs 
are well-adapted tools for integrated management of 
coastal marine resources and sustainable fisheries.
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Abstract  With the deployment of 27,300 m3 of 
artificial reefs (AR) and a €6 million budget, the 
project “Récifs PRADO” is the largest artificial reef 
ever realized in the Mediterranean Sea. This large-
scale program is dedicated to the restoration of an 
active artisanal fishery in a zone where Posidonia 
beds, a highly productive habitat, have previously 
been destroyed.

Marine biologists conceived the design of these 
ARs, benefiting from the feedback of field experience 
of the colonization of ARs immersed in the French lit-
toral for more than 20 years. The core knowledge was 
based on years of underwater visual observations of fish 
behavior and visual censuses of fish assemblages on 
both artificial and natural habitats. The selected concept 
was to copy the most performed natural benthic habitats 
in order to optimize the biological efficiency of AR. 
Combining architectural complexity, module design 
and urbanism (laying out of modules on the bottom) 
was considered to be the key to AR effectiveness.

The reef deployment relied on the creation of hori-
zontal and vertical discontinuities in heights, sizes, 
and volumes, thanks to a great variety of reef types 
and shapes, as well as diverse arrangements and hori-
zontal spacing of reefs.

Three years were needed for conceiving the differ-
ent reef types, the achievement of the technical and 
administrative folders, and overcoming the numerous 
technical and administrative problems.

Six types of modules of different shapes, sizes, vol-
umes, and  materials were specially designed for this 
project. To optimize the  reef habitat diversity, these 
modules were complexified by the addition of several 
types of small filling materials (bags containing oys-
ters shells, breeze blocks, and octopus pots used for 
fishery) and floating immersed ropes.

Piles of quarry blocks of variable sizes were also 
used, to reconstitute natural rocky boulders, which 
represent the most suitable habitat for many target spe-
cies like groupers and sea breams.

One of the purposes of this project was to arrange the 
different modules by grouping them in “hamlets” and 
“villages” (diffused urbanization concept). These six “vil-
lages” of triangular shape were linked together by series of 
reefs (“functional connections”), functioning as biological 
corridors and stepping stones for fish and propagules.

The locations of peripheral natural habitats 
(Posidonia meadows and rocks) were taken into 
account in the arrangement of the villages for optimiz-
ing a rapid colonization of the AR. Reef structures 
were deployed between October 2007 and July 2008 in 
two areas of 110 ha: one closed to every kind of fishing 
and the other restricted to artisanal fishing.

In total, numerous compromises and adjustments 
were applied to the pristine ideal ecological reef proj-
ect to cope with legal, economic, environmental, and 
social constraints.
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Moreover, this operation is a real success in terms of 
cooperation and effort among numerous maritime 
actors, such as marine biologists, planners, state and 
engineering offices, professional fishermen, concrete 

manufacturers, public workers, local and regional 
authorities, and all stakeholders concerned in the coastal 
management, to realize the best reef structures adapted 
to the local context and to reach several objectives.

Reef type “metal basket”. This huge reef (187 m3) is
constituted by a metal frame (3 baskets measuring 5
x 5 x 3 m) filled by several, differently-sized
materials (4 concrete cubes of 1.7 m3, 10 concrete
piles, 200 breeze blocks per basket).

Reef type “fakir basket”
This reef (82 m3, 5 x 5 x 3 m) is constituted by 26
peripheral concrete piles, filled by several materials
of different sizes (16 concrete cubes of 1.7 m3, 200
breeze blocks).

Reef type “chicane”
This reef (19 m3, 4 x 2.4 x 2 m) is constituted by a
concrete frame with 2 floors of mazelike galleries,
connected with five holes. This reef was specially
designed for sea breams (“rague à sars”).

Reef type “floating ropes”
This reef (6 x 6 x 7 m) is constituted by a concrete
frame with two floors of interconnected floating
ropes. This reef was designed for attracting the small
planktivorous fishes and their predators.

Reef type “cubes pile”
This reef (10 m3, 2 m high) is an assemblage of six
concrete cubes of 1.7 m3, with small void space
between the cubes.

Reef type “quarry rocks”
This reef (300 tons, 160 m3, 20 x 4 x 2 m) is constituted by  piles
of quarry blocks of three different sizes. This type of habitat is 
most suitable for many target species like groupers and sea breams.

Representation of a “village” (diffused urbanisation
concept) and space arrangement among the six
types of modules.

Location of A.R. in the Prado bay of Marseille, arranged in six
“villages” of triangular shape, connected by functional
connection, working as biological corridors.
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Abstract  The new, important, and rough onshore 
urbanization of the Arabian Gulf close to the Dubai 
Emirate has the consequences of perturbations and 
sometimes the disappearance of the natural environ-
ment of its coasts.

The Dubai authorities launched original projects to 
facilitate the observation of underwater life by their 
own population and by tourists along the littoral. At 
the same time, they decided to take great care of some 
of the endangered marine species.

Architeuthis, a private architecture bureau, planned 
and studied original systems to enhance the observa-
tions of the sea bed around Dubai. It also created and 
constructed two types of new underwater habitats to 
protect and increase the number of marine species, 
especially the marine turtles landing and living on the 
seashore.

Marine turtles used these habitats. The design of 
these original structures is useful and efficient.

1  Introduction

In almost all countries, to protect their own environ-
ment, people need to learn about the composition and 
characteristics of the marine fauna and flora living 
under the surface of their coastal waters.

In several countries, the biology of marine turtles 
has been studied in detail as, for instance, in the 

Seychelles Islands (Hitchins et  al. 2004), Malaysia 
(Pilcher and Lamri 1999), and Saô Tomé (Graff 1996). 
Recently, Luschi et al. (2007) have shown that marine 
turtles use geomagnetic fields to orient their trajectory 
when homing to their spawning areas and coming back 
to their beaches.

Despite a nice synthesis by Witzell (1983) concerning 
the biological data on the hawksbill turtle Eretmochelys 
imbricata (Linnaeus 1766), the biological cycle of 
marine turtles is not known in detail, particularly when 
they are living in the open sea, far from the coast.

When they are living near the sea shore, they are often 
eating different species of sponges, even some toxic ones 
(Meylan 1998). It has been established recently that 
marine turtles return to spawn in the same place, on the 
same sandy beach where they have already spawned.

In the Mideast, the general problem of protecting 
marine life has attracted the attention of the authorities in 
many countries. This is the case in Abu-Dhabi Emirate, 
where an environmental strategy has been established by 
the agency responsible for the environment and protec-
tion of flora and fauna, applied some strict rules of pro-
tection, and surveyed the living marine resources. It is 
also, for example, the case in Lebanon, where similar 
rules and scientific studies are in progress.

It is also the case in Dubai, where the Office of 
Protection of wild flora and fauna has been authorized 
to study marine turtle populations (soulahfat bahriat in 
local language) using tagging and satellite surveys.

These chelonians are endangered; several solutions 
have been introduced, such as protection of sea shores 
where they release their eggs, protection of the very 
young turtles after they hatch when they are moving to 
the sea, construction of artificial beaches to induce the 
females to spawn, specific festivals when the hatching 
of eggs takes place, etc.

The Dubai Underwater Observory Projects  
and Turtle Rehabilitation Unit

Etienne Clamagirand 
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The new and rough onshore urbanization of the 
Arabian Gulf close to the Emirate of Dubai has caused 
the disappearance of the natural ecological character-
istics of the coasts and nesting areas of marine turtles. 
A few of them have washed ashore, sick and scared, 
and have been brought by concerned people, fisher-
men, and divers to Dr. Kevin Hyland at the Wild Life 
Protection Office of Dubai to be treated and cured 
before they are released back to the sea.

Also new habitats are being created to facilitate the 
arrival and the survival of particular species, in this case, 
the turtles. This general policy is quite helpful for marine 
species and also increases the reputation of Dubai 
among countries protecting the natural environment.

Some marine turtles living close to the sea shore or 
even living in enclosures sometimes suffer from 
aerophagia because of the food they eat close to the 
coasts. This common disease of the chelonian group 
makes them float continuously. As a consequence, dur-
ing the day, the hot sun may burn the top of the cara-
pace. The turtles need to dive. These turtles have found 
an appropriate shelter under an artificial structure pro-
viding shade during the warmest hours of the day.

2  Achievements

2.1  First Attempts

	(1)	 Computer-generated image of the turtle shelter
	(2)	 Built turtle shelter
	(3)	 The first turtle in the shelter

After veterinary treatment in a special tank, for the 
final stage of rehabilitation, the turtles are transferred 
to a special enclosure located in an important hotel, the 
Mina Al Salam Hotel (five stars), in the town of 
Jumeirah (Jumeirah Madinat). The manager of the 
National Marine Aquarium, Mr. Warren Baverstok, at 
the Burj al Arab, asked Architeuthis to design a spe-
cific artificial reef, which is in fact an underwater habi-
tat for the turtles.

Architeuthis studied, designed, and installed the 
artificial reef for turtle rehabilitation based on a “Fractal 
module,” and this new habitat was fully accepted by 
the turtles. The Architeuthis turtle rehabilitation unit is 
a true environmental success story.

2.2  Positioning

The immersion of artificial reefs is a heavy and expen-
sive operation. The Fractal is an artificial reef concept 
designed by Architeuthis with the purpose of reducing 
fabrication and immersion costs.

Because of its specific geometry, like the Hexapora 
modules, the Fractal is also a landscaped reef that pro-
vides the following advantages:

Fabrication adapted to the volume of the studied reef: •	
easy molding realized industrially or manual mold-
ing realized with a cheap and easy-to-use matrix. 



85The Dubaï Underwater Observatories Projects and Turtle Rehabilitation Unit

The compound is of GRC (glass reinforced con-
crete), a neutral composition for marine biology.
Lighter modules, leading to an easier manipulation •	
in different kinds of weather on land or under water.
Various possibilities of three-dimensional fittings •	
making possible a complete adaptability to the 
immersion site.
Simplified laying procedures leading to light use of •	
local maritime resources.
A huge global volume considering the volume of an •	
element.
A surface to be colonized, reaching approximately •	
3.5 times the ground surface.

The Fractal reefs are designed to suit biological, 
architectural, and landscape purposes.

With naval resources being one of the most impor-
tant financial parts of the immersion of artificial reefs, 
Architeuthis has developed specific concepts for its 
immersion. They guarantee lower costs and a good 
ratio of immersion timing/number of modules laid.

An analogy with molecular chemistry leads us to 
better understand this type of reef and lets us imagine 
the architectural diversity of the outcome.

3  Technical Description

This innovative concept of these artificial reefs con-
sists of jointing hexagonal slabs slit along half of a 

diagonal. The technical innovation consists of a pres-
sure-sealed system, canceling every mechanical actua-
tor. An anchoring system will guarantee the reef’s 
stability against the swell and possible heavy currents. 
The jointing possibilities lead to the creation of fractal 
geometry.

Considering this new concept design, it is obvi-
ous that the possibilities in biological, landscape, 
and architectural areas are fully sufficient to lead to 
a final geometry that will match both the seabed 
geometry and the requirements for scuba diving 
activities.

4  Positioning Procedures

As described, the Fractal module is designed to reduce 
the immersion costs. To minimize the diving resources 
during the laying, Architeuthis has developed an 
immersion process that regroups 100 modules. The 
design is a crown with a star in the middle that covers 
a surface of 100 m2. In one working day, it is possible 
to lay 600 m3 of reef.

In the permanent search for eco-conceptions that 
respect the environmental, Architeuthis has developed 
this concept with the possibility to bring every group 
of modules back to the surface, preventing any degra-
dation of the seabed (www.seaturtle.org).

SUBSEA PROJECTS & 
 PRODUCTS

FRACTAL ® HEXAPORA ®

Underwater observatory Subsea  
leisure park Touristic submarines

Handy & high-performance 
Artificial reef

Landscape artificial reef

http://www.seaturtle.org
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5  Discussion

Concerning the underwater observations, we have 
designed new types of underwater observatories per-
mitting the inhabitants of Dubai and the tourists to 
have a direct look at the fauna and the flora of the 
coasts.

Today, there are several observation towers under-
sea, like those constructed in Japan in Okinawa, 
Kushimoto, Genkaï, Ashizumi, and Kalzima. Most of 
them have been built with common construction plan-
ning and materials. Often, they destroy the subsea 
environment where they have been constructed. The 
Diatomées project was built in a shipyard and towed to 
location and ballasted to minimize the installation 
troubles substantially. Our projects try to avoid these 
defects.

Concerning the artificial habitats and the turtle 
rehabilitation unit, we have created new habitats pre-
senting a better shelter than those found by the animals 
in nature. The door is open to design other new ones 
that facilitate the presence of benthic food such as 
sponges, for instance, survival, biological cycles, and 
new shelters, not only for the turtles but also for other 
zoological groups.

6  Conclusions

We have designed and constructed new types of observa-
tory systems in artificial habitats specialized for the turtles 
(Eretmochelys imbricata) living on the Dubai coasts.

The models we have designed are well accepted by 
the turtles: it represents one more step in the coastal 
management of the sea shore.
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Abstract  An immersion of artificial reefs was carried 
out in the coastal area of Île d’Yeu (in English: Ohya 
Island).

The immersion chart voluntarily used various mod-
ules in order to use several experimental fixtures and 
different depths.

Large and huge single modules, chaotic arrange-
ments, and organized arrangements of small modules 
at two different depths were chosen by the company to 
try several practical solutions.

Different surveys were made using a side-scan 
sonar, monobeam echosounder, underwater photo and 
video, and biofouling surveys.

1  Preliminary notice

This chapter relates the results of experiments devel-
oped by the authors in the framework of the company 
“In Vivo” during 4 years. The company had to survey 
the biofouling arrangement and the structural evolu-
tion. Several pieces of equipment were used: side-scan 
sonar, monobeam echosounder, experimental tiles, 
underwater photo, and video carried by divers.

2  Introduction

On French Atlantic coast, there has recently been an 
increase in interest in artificial reefs and marine habi-
tats (Ceccaldi 2000; Ceccaldi and Nakagawa 2003).

This immersion of artificial reefs was carried out at 
Île d’Yeu (Ohya Island). The immersion chart used dif-
ferent types of experimental modules showing several 
fixtures and different depths. The French government, 
European Community, and the Region of Normandy 
were the main financial supporters of these immer-
sions. Fishermen held control of the entire project from 
the start in 2000. The zones were chosen in order not 
to disturb the fishing operations. The first aim of this 
project was to protect the coastal fishing areas from 
trawlers and their devastating consequences.

Then, the fishermen oriented their program toward 
better use of the sea shore in order to increase the pro-
duction of marine species, and particularly the commer-
cial species. A preliminary and comprehensive survey 
became necessary, and a specific study was carried out.

3  Experiments

3.1  General Framework

During the first step of the following study, several 
measures concerning the characteristics of the immer-
sion site provided precise data concerning the quality 
of sand, the bathymetry, and several oceanographic 
characteristics.

Then, surveys by underwater divers were developed 
for 3 years by observation of experimental tiles; a side-
scan sonar recorded and an underwater settled camera 
followed the fouling settlements, the fish assessment, 
and the mechanical structures of the artificial reefs.

The side-scan sonar showed the exact position of 
the reefs after their immersion as well as the way they 
gradually buried themselves in the sediment.
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The whole plan of immersion was based on an 
experimental method to choose the best depth and the 
best arrangement of different types of modules in order 
to obtain the best zone and the best plan for better 
organic development on the basis of the food chain 
existing under the surface.

The significant height of the tide in Île d’Yeu did 
not allow immerging the modules at a depth of less 
than 20 m, and the second zone at a depth of 45 m was 
chosen as a place not too directly influenced by tide 
and not too deep for the observations by the divers.

3.2  Steps of Experiments

The experimental tiles followed the settlement of larvae 
of different marine species on the artificial reefs. Several 
tiles were immersed with the reefs at different positions: 
on the top and on the lateral faces. Every year, three tiles 
(top, front of the stream, and on the side of the stream) 
were removed from the different immersed structures. 
The settlement of the fouling, the time spent for their 
fixation, and the coverage observed on the different sites 
and at the different depths were determined.

The underwater dives surveyed the structure of the 
modules, the way they were immersed, and the coloni-
zation by fishes and lobsters. All these surveys allowed 
us to appreciate:

The settlement process: it was fast and complete −−
within 3 years with some differences between the 
two depths.
The chaotic arrangements allowed the best coloni-−−
zation for vagile species compared to the organized 
arrangements. This information was linked with the 
immersion system, which is cheaper and easier for 
chaotic arrangement.
Huge modules were usually fragile and can be buried −−
naturally faster.

These experiments and the different surveys were 
used for a new immersion of artificial reefs off the 
coast of Etretat in Normandy: the chart, the modules 
structures, the modules surfaces, the technical charac-
teristics, the immersion system, and the reef arrangement 
were optimized.

The immersion was carried out in 2002 at Île d’Yeu 
in two zones close to the island. One zone is at 45 m 
depth and the other at 20 m depth.

At each zone, different modules were used: small 
modules and large modules. The small modules were 
installed with two different arrangements: chaotic and 
organized arrangements. A complex of ten small mod-
ules were used to form every chaotic or organized 
arrangement.

In addition, a ring all around the field of the experi-
ment was established with numerous units of small 
modules to create a curve of the protected system. 
These elements have been immersed to prevent the 
harmful effects of fish trawlers. All such activities are 
forbidden inside the concession of the artificial reef 
(diving, fishing, etc.). Only scientific activities are 
allowed: underwater counting, diving, and sampling.

Figures 1 and 2 show the different arrangements: 
chaotic and organized arrangements. Figure 3 shows 
the large module used at – 20 m and – 45 m depths.

Only scientific activities are allowed: underwater 
counting, diving, and sampling.

The Figures. 1 and 2 and 2 show the different 
arrangements: chaotic and organized arrangements. 
The Figure 3 shows the large module used at – 20 m 
and – 45 m depths.

Figure 4 shows all the different modules before 
their immersion on the same site.

3.3  Following Observations

Once the reefs had been immersed, a complete moni-
toring operation was established for 5 years. The main 
characteristics of the survey were:

Benthic fouling species fixed on the different surfaces−−
Light reaching the reefs−−
Water quality (suspended matter, chlorophyll, −−
temperature)
Position of reefs at the beginning of the experiments −−
and at different periods of time
Side-scan sonar−−
Detailed bathymetry−−
Fish assessment around and inside the reefs−−
Mechanical structure evolution−−
Buried structures−−
Photo and video taken−−
Settled video−−

One of the main factors to monitor was the fouling 
(the survey of fish assemblages was given to another 
company). If the principal biological function of 
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artificial reefs (AR) is to increase production of 
interesting commercial species, it needs to have an 
important production of settled animal and vegetable 
organic matter as food for high stages of the food chain 
(Delort et al. 1995, 2000; Delort 1999).

The fouling monitoring was carried out using 
experimental tiles. These tiles (see Figs. 5 and 6) were 
installed on the reef at three different positions: on the 
top, in front of the main current, and in the direction of 
the main current.

All the tiles were settled on the reef before immer-
sion, so the company only had to collect three tiles a year.

The main results of the fouling settlement are given 
in Figs. 7 and 8.

These results allowed us to develop a settlement 
study of species on artificial surfaces. The first step 

was to examine the recruitment coming from benthic 
larvae in the water column. Then a predominance step 
was carried out, leading to the main pioneer species. 
During the next step, the substratum was modified; this 
stage is defined as a predestination step. After this 
phase, a maturation step was developed, leading to the 
presence of all species on the reef, but with a small size 
and number. Then, the final step was when the reef 
became well balanced, and the ecosystem became 
mature and dynamic.

Another monitoring phase was carried out using 
side-scan sonar survey. Figures 9 through 12 show 

Fig. 1  Organized and chaotic assemblages of artificial reefs in Ohya Island

Fig. 2  Organized assemblages of reefs before their immersion

Fig. 3  Large module immersed in the experiments
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Fig. 4  Different modules before immersion

Fig. 5  Diver observing immersed structures, and experimental tiles

Fig. 6  Experimental tiles in 2004 and 2006
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Fig. 7  For three tiles at 20 m depth, relative abundance of 
settled taxa (number of individuals/m2)
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Fig. 8  For three tiles at 20 m depth: total abundance of settled 
taxon (number of individuals/m2)
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Fig. 9  For three tiles at 20 m depth, relative specific richness of 
settled taxa (number of species)
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Fig. 10  For three tiles at 20 m depth, specific richness of settled 
taxa (number of species)
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Fig. 12  Images of large reef 
at 20m depth extracted from 
side-scan sonar survey 

Fig. 11  Side-scan sonar 
image from the large module. 
2D and 3D images. The next 
pictures were obtained at the 
same reef, but 1 year after 
immersion. They show very 
clearly the burring problems 
at 20 m depth and not at 45 m 
depth
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data from 2004 on the large reef at 20 m depth. The 2D 
and 3D images allowed us to survey the exact position 
and the complete structure.

4  Conclusions

The settlement process of artificial reefs was fast and 
complete within 3 years with some differences between 
the two depths. A hundred percent of the surface of the 
reefs was covered before less than 2 years. The species 
settled were similar to the ones described in the 
literature.

Chaotic arrangements allowed the best colonization 
for vagile species. All reefs installed with an organized 
arrangement did not allow a large colonization.

The chaotic arrangement is easier and cheaper to 
immerse. Moreover, it settles more quickly on the sea 
floor.

Huge modules are fragile and can be buried natu-
rally faster.

Other research and surveys are necessary to under-
stand the role and the efficiency of the artificial reefs 

and artificial habitats as a new method to manage the 
seashore.
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Abstract  Abalone is one of the important fish-
ing resources in Japan. Fishing of abalone has been 
decreasing annually continuously. We have tried a new 
type of artificial reef and habitat, made in concrete, 
for abalones. Experiments and observations by divers 
have been done in Taneshima, a Japanese island on the 
coasts of Kyu-Shu.

1  Introduction

Abalone is one of the important fishing resources in 
Japan. Fishing of abalone has been decreasing annu-
ally. Tane Island (Taneshima), located in southern 
Japan, is famous for Fukutokobushi (Haliotis diversi-
color diversicolor), a species of abalone. Fukutokobushi 
fishing is also decreasing; for example, the amount of 
that species was approximately 80 t in 1981, but only a 
few tons at present. One of the reasons explaining the 
decrease in abalone fishing is probably the decrease of 
habitat size because sand and stone have been covering 
the rock surfaces where abalones live.

2  Materials and Methods

This study aimed to restore the habitat of abalone by 
placing concrete blocks on the seabed. The concrete 

blocks, as shown in Fig. 1, are designed to be wavy 
and lightweight in order to enable the formation of 
rock shelters between the blocks and seabed; such a 
structure serves as a habitat for abalone and supports 
algae growing on the surface of the concrete blocks. 
They constitute bait, and food for the abalone can 
grow on their surface. These concrete blocks are 
designed to be small and lightweight in order to 
increase the efficiency of harvesting abalone. In the 
fishing ground where the concrete blocks had been 
placed on the seabed, abalones were efficiently caught 
just by turning the blocks. Therefore, these concrete 
blocks have several functions: not only as artificial 
reefs, but also as fishing gear to enhance the catch of 
Fukutokobushi.

3  Results and Discussion

The field experiments were conducted in the coastal 
waters of Tane Island. The artificial reefs were devel-
oped by placing 300 concrete blocks on the seabed of 
the research field on 28 March 2005. Ten juveniles per 
concrete block were released on 20 June 2005.

The number of Fukutokobushi living on the bottom 
side of concrete blocks and algae growing on the top 
were measured directly by a scuba diving scientist (see 
Fig. 2). The experiment site is flat, and concrete blocks 
are immersed between 0.5 and 3 m.

Six months after release, observations showed that 
the number of Fukutokobushi had decreased sharply 
and algae had grown up on the top side. Fukutokobushi 
were released in the adult stage, and the average shell 
length reached over 50 mm, which is commercial size, 
for approximately 1 year after release. The habitat was 
restored by developing artificial reefs made of concrete 
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blocks in the field where Fukutokobushi had not existed 
before we conducted the experiment (see Fig. 3).

4  Conclusion

The survival rate of the abalone species is  about 27%. 
As the result of this field experiment, fishermen have 
begun to make fishing grounds for Fukutokobushi by 
developing the artificial reefs in the coastal waters of 
Tane Island.
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Fig. 1  The concrete block used in this experiment. Length 49 cm, 
width 42 cm, height 25 cm, submerged weight 30 kg
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Fig. 2  Evolution of numbers of abalone Haliotis diversicolor 
diversicolor living on the lower side of the special artificial reefs
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Fig. 3  The average of shell length of Fukutokobushi (Haliotis 
diversicolor diversicolor) after 14 months of growth
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Abstract  Artificial reefs have been constructed in 
numerous coastal areas off Japan to enhance coastal 
fisheries. The setting up of a method to assess the 
effectiveness of these artificial reefs is essential for 
controlling and managing these projects.

The distribution of fish schools around reefs is fre-
quently characterized by significant variability with 
respect to time and space dependent on the environ-
mental conditions. This study aims to find methods 
that provide a better understanding of the spatial dis-
tribution of fish schools around reefs. The pilot study 
area was located in the Japan Sea off Nagato, 
Yamaguchi Prefecture. A survey methodology was 
developed that combines the acoustic method and 
Geographic Information System (GIS) techniques.

These GIS techniques were used to demonstrate the 
distribution of schools on the two- and three-dimen-
sional map. Hydroacoustic and oceanographic obser-
vations were conducted from 1996 to 2001, and 1 year 
of data on fish distributions and oceanographic condi-
tions in the reef area were collected to assess the 
effects of artificial reefs.

The relationship between the spatial distribution of 
fish schools and environmental factors, including the 
bottom topography, was assessed in visual form using 
GIS techniques.

These results show the effectiveness of the com-
bined use of GIS and the acoustic method to assess the 
distribution of fish schools around artificial reefs.

1  �Introduction

A large number of artificial reefs have been constructed 
along the coastal area of Japan for the enhancement of 
coastal resources (Uchida et al. 1995). The type of fishing 
development grounds required in order to achieve “sus-
tainable fishery production” and a “fishery harmonized 
with ecology” is an ongoing issue (Kakimoto 1998).

The focus of the fishery infrastructure improvement 
project in Japan is shifting from coastal to offshore areas, 
and a balance between the conservation of the environ-
ment and fishing ground development is the most impor-
tant issue. Research and analysis methods producing 
accurate data on the spatial distribution of fish schools 
around reefs are required to aid decision-making.

As fishing ground developments expand, artificial 
reefs are increasing in size and depth, and sampling by 
fishing or diving observations or conventional acoustic 
surveys can no longer assess their effectiveness. To 
address this problem, a survey methodology was devel-
oped that combines the acoustic method and GIS tech-
nology (Meaden 1996). This study focuses on this 
integrated research method, in particular how to cor-
rectly collect horizontal and vertical information and 
build a database of quantitative data.

2  �The Assessment of the Fishing  
Ground Development in the 
Horizontal Plane

This section provides an example of the assessment of 
the effects of large-scale artificial reef clusters built in a 
4,000-ha area offshore of Nagato, Yamaguchi Prefecture 
(Fig. 1).
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The data shown in Fig. 2 are the precise positions of 
artificial reefs measured by side-scan sonar from 1991 
to 1997 and fish school distribution measured by echo 
surveys from 1996 to 2001. Side-scan sonar and a laser 
positioning system, of which 2,172 were used in the 
analysis (Fig. 2), verified a total of 11,539 artificial 
reef locations.

Figure 3 represents a multilayer view of seasonal 
(March, May, August, and November) relationships 
between the exact locations of the artificial reefs 
obtained by side-scan sonar and the area backscatter-
ing strength (Sa) representing the fish school distribu-
tion (Maclenan and Simmonds 1991). In this figure, 
the bathymetry, including fish reefs, is shown on the 
bottom layer and fish reef distributions above it. The 
area backscattering strength (Sa) was used as an index 
to show the school distribution and is shown on the 
upper layers of Fig. 3. Up to 75% of fish schools were 
distributed within a 200-m range over −50 dB/m2 from 
an artificial reef (Fig. 4), although the area of the 200-m 
range comprises only 23% of the total researched area. 
This shows that fish schools tended to aggregate in the 
vicinity of the artificial reefs. In summary, combining 
the artificial reef locations and acoustic information in 
a GIS database can provide quantitative information 
and speedy analysis of fish aggregation around a reef.
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Fig. 1  An outline of the survey area and its vicinity off Nagato, Yamaguchi Prefecture, showing the location of artificial reef clus-
ters (●), echo survey transects (- -), CTDO casts (○) (after Hamano et al. 2001)

Fig. 2  Detected distribution of component blocks of reef 
clusters in area C from Fig. 1. Dots indicate the positions of 
component blocks detected by side-scan sonar (after Hamano 
et al. 2001)
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3  �The Assessment of the Fishing  
Ground Development in the  
Vertical Plane

Collection of three-dimensional information becomes 
important as the size and depth of artificial reefs 
increases. Acoustic survey, using an underwater acous-
tic remote-sensing method, can provide three-dimen-
sional information, such as the distribution and 
behavior patterns of various fish and bottom topogra-
phy, unlike two-dimensional data collected from satel-
lite remote sensing. Fish species move through 
three-dimensional marine space over short time peri-
ods. Therefore, statistical interpolation based on data 
gathered from the conventional vertical echo-sounder 
does not provide an accurate school distribution. A method 
of measurements using sonar to collect 3D data on 
school distribution and size that does not rely on this 
statistical method is instead suggested. Here, sector-
scanning sonar was used to observe the distribution of 
fish schools during daytime.

This study introduces the combined use of scanning 
sonar data and GIS for the visualization of semiquanti-
tative three-dimensional images of fish schools 
(Hamano et al. 2005). The school information acquired 
using this method was integrated with 3D GIS display 
techniques to show the spatial distribution of fish 

Fig. 3  Multiple layer expression of seasonal (March, May, 
August, and November) changes in the distribution of the area 
backscattering strength (Sa) representative of fish school distri-
bution, the 200 m buffering range from reef clusters (○), and a 
three-dimensional illustration of bottom topography (area C) 
(after Hamano et al. 2001)

Fig. 4  Map of area C 
showing the three-season 
average (May, August, 
November) of the area 
backscattering strength (Sa) 
overlaid with a 200-m range 
around artificial reefs (○) 
(after Hamano et al. 2001). 
Red marks indicate the fish 
school assembling around 
reefs during daytime
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schools near the artificial reefs or fishing ground areas 
(Fig. 5). It was found valuable to view the 3D image 
from different distances, directions, and altitudes to 
appreciate fish school shapes and their location with 
respect to each other and their environment. From this 
visualization, it was found that the distribution of 
schools was concentrated around the sea hill called 
Futashima guri and the artificial reefs shown in Fig. 5. 
About 56% of the fish schools were distributed in the 
upper 20 m above the seabed (Fig. 6).

A three-dimensional visualization of individual 
schools is shown in Fig. 7. For this example, school 
extent in depth, athwartship, and alongship dimension 
are 46 × 109 × 47 m3. School volume was estimated to 
be 66.2 m3. To identify the species that were observed 
around the large reef shown in Fig. 7, jigging was car-
ried out by a chartered commercial fishing boat. The 
fish caught were predominantly carangids (Japanese 

horse mackerels). The average of the total length and 
body weight of the samples (41 individuals) was deter-
mined to be 11.9 cm and 15.5 g, respectively.

4  �Discussion

Projects on the development of fishing grounds using 
artificial reefs are and will continue to be a major issue 
in coastal fishing for Japan. A balance between the 
conservation of the environment and fishing ground 
development is the most important issue of this national 
project. The intensive use of coastal fishing grounds 
and the control and management of marine resources 
are important. As the area and depth of fishing grounds 
expand in the future, a method for the evaluation of 
fishing grounds despite the time and location is a key 

Futashima guri 

Depth

Cross section of fishschools 

21 − 13n

11 − 251 m2

251 − 638 m2

628 − 1365 m2

1365 − 2482 m2

2482 − 3801 m2

3801 − 10422 m2

29 − 21n
36 − 29n
44 − 36n
52 − 44n
60 − 52n
67 − 60n
75 − 67n
83 − 75n

H10 reef 

H4 reef 

Large reef 

Fig. 5  Three-dimensional 
visualization of fish schools 
(red circles) overlaying the 
bottom topography

200
a b

180

160

140

120

100

80

60

40

20

0
0 20

Elevation (m)
40 60

F
re

qu
en

cy
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