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 The 15th Franco-Japanese Symposium of Oceanography “Marine 
Productivity, Perturbations and Resilience of Socio-Ecosystems,” organized 
by the long-standing partners Société franco-japonaise d’Océanographie de 
France and Société franco-japonaise d’Océanographie du Japon, reviewed 
the impacts of natural (storms, typhoons, earthquakes, tsunamis, etc.) and 
man-made (pollution, buildings in coastal areas, aquaculture, tourism, sports, 
diving, etc.) perturbations infl icted on natural coastal and marine environments, 
and examined the resilience of the affected socio-ecosystems and ability of 
governance responses to face these global/local changes. 

 The 15th Franco-Japanese Symposium of Oceanography was supported 
by the two countries’ highest authorities. 

 The book collects 43 selected papers, written by experts from numerous 
universities and research institutes in both countries. It addresses the needs of 
marine sciences researchers (natural and social sciences), decision-makers 
and coastal zone managers, and other stakeholders involved in coastal and 
marine socio-ecosystems.

  

         



       



  French and Japanese scientists participating to the SFJO Symposium at Boulogne-sur-Mer     

  French and Japanese scientists participating to the SFJO Symposium at Marseille  
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 J’ai le grand plaisir de préfacer les minutes du 15ème Colloque franco- 
japonais d’océanographie qui s’est tenu en octobre 2013. 

 En 2011, un puissant tremblement de terre a dévasté l’Est du Japon 
(Tohoku) et un tsunami a balayé la zone côtière de cette région entraînant le 
terrible accident de la centrale nucléaire de Fukushima Daiichi. Confronté à 
cette catastrophe, le gouvernement du Japon s’est efforcé de reconstruire ces 
zones le plus rapidement possible. Tout au long de ce processus, nous étions 
conscients que nous ne pouvions accomplir ce redressement et cette recon-
struction post-catastrophe uniquement par nos propres moyens et que nous 
étions soutenus par nos amis du monde entier. 

 Les deux Sociétés franco-japonaises d’océanographie font partie des 
organisations qui nous ont apporté un soutien précieux et sans faille pour le 
redémarrage de l’aquaculture au Sanriku, une région côtière qui traverse les 
préfectures d’Aomori, Iwate et Miyagi. Je voudrais leur exprimer ici ma plus 
profonde gratitude. Ces Sociétés ont fait don à la région du Tohoku 
d’équipements nécessaires à la recherche dans le domaine de l’aquaculture et 
lui ont apporté une aide technologique. Ces équipements ont grandement 
contribué à la renaissance de l’aquaculture sur toute la côte du Sanriku. C’est 
sans nul doute grâce à la coopération de ces Sociétés franco-japonaises qui 
dure depuis plus de cinquante ans qu’une telle contribution a été possible. 

 Le Gouvernement du Japon s’est également engagé depuis 2011 dans la 
promotion des sciences biologiques marines et des écosystèmes marins du 
Tohoku. Dorénavant, nous voudrions nous concentrer sur cette expertise afi n 
de contribuer au mieux à la reconstruction post-catastrophe. Nous espérons 
qu’à l’avenir, les jalons de ce premier projet donneront naissance à un pôle 
d’excellence international attirant les chercheurs du monde entier. 

 Je souhaite encourager cette relation forte qui s’inscrit dans la durée entre 
la France et le Japon et je formule des vœux pour que cette collaboration se 
renforce encore. 

 Je veux enfi n rendre hommage aux nombreuses personnes qui ont œuvré à 
l’organisation de ce Colloque et leur dire que je partage leur passion pour la recher-
che dans le domaine de l’océanographie. Je tiens à les féliciter pour leur succès.  

     Ambassadeur du Japon en France Son Excellence Monsieur Yoichi     Suzuki     

   Foreword   
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 I am very pleased to present the minutes of the 15th French-Japanese 
Symposium of Oceanography, held in October 2013. 

 In 2011, a very powerful earthquake devastated East Japan (Tohoku), and 
a tsunami swept through the coastal area of this region, causing the terrible 
accident at Fukushima Daiichi. Faced with this disaster, the Japanese govern-
ment tried to rebuild these areas as quickly as possible. Throughout this pro-
cess, it was realized that the recovery and post-disaster reconstruction could 
not be accomplished without external support, which was readily provided by 
friends around the world. 

 The two French-Japanese Oceanography Societies are part of organiza-
tions that have provided invaluable and unwavering support for the restart of 
aquaculture in the Sanriku coastal region through the prefectures of Aomori, 
Iwate, and Miyagi. 

 I would like to express to these organizations my deepest gratitude. These 
two oceanography societies have provided fi nancial as well as technological 
assistance to the Tohoku facilities for research in the fi eld of aquaculture. 
These facilities have, in turn, greatly contributed to the renaissance of aqua-
culture along the coast of Sanriku. Undoubtedly, such contribution was only 
possible due to the cooperation of the French-Japanese Oceanography 
Societies that has lasted for more than 50 years. 

 The Government of Japan is also committed, since 2011, in promoting the 
biological marine science and marine ecosystems of Tohoku, which is now 
the focus in order to best contribute to the post-disaster reconstruction. It is 
hoped that future milestones of this fi rst project will give rise to an interna-
tional center of excellence, attracting researchers worldwide. 

 I want to encourage this strong relationship between France and Japan, 
and I hope that this collaboration will further strengthen. 

 Finally, I pay tribute to the many people who contributed to the organiza-
tion of this conference and say that I share their passion for research in the 
fi eld of oceanography. I congratulate them for their success.  

     Ambassador of Japan to France His Excellency Mr Yoichi     Suzuki     

   Foreword   
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 Née de la mer, Marseille s’est, de tous temps, tournée vers elle. L’éventail 
d’activités qu’elle génère ont, au fi l des siècles, façonné son image et con-
tribué à son attractivité et à son rayonnement. L’engouement touristique 
qu’elle suscite aujourd’hui en atteste. 

 Pour important qu’il soit, cet atout n’est pas le seul. Avec la présence de 
structures universitaires et de centres de recherches dédiées aux sciences et 
techniques marines en Méditerranée, Marseille occupe dans le paysage scien-
tifi que une place importante. La tenue, pour la troisième fois depuis 1985, 
d’un colloque Franco-Japonais d’Océanographie à Marseille, en liaison avec 
le Troisième Congrès International des Aires Marines Protégées, confi rment 
l’intérêt que le monde scientifi que accorde au rôle joué par notre ville en ce 
domaine. 

 Mais Marseille s’attache aussi à mettre en pratique les enseignements qui 
découlent des nombreux échanges scientifi ques qu’elle accueille et auxquels 
elle participe. La mer est partie intégrante de notre cadre de vie, de notre 
qualité de vie, et le littoral marseillais est un espace fragile où se focalisent 
les enjeux et les défi s liés à sa préservation et à sa valorisation. 

 Il s’agit de satisfaire aux besoins du présent sans compromettre, pour les 
générations futures, la possibilité de pouvoir répondre à leurs propres besoins. 
C’est dans cette perspective que la Ville de Marseille a réalisé d’importants 
projets: création du Parc National des Calanques – parc national périurbain 
terrestre et maritime le plus important d’Europe – du Parc Maritime des Iles 
du Frioul, de l’opération Récifs Prado et du Plan de Gestion de la Rade … 

 Les manifestations scientifi ques d’envergure internationale consacrées au 
monde marin trouvent donc, à Marseille, un environnement à leur mesure. 
Elles ont eu toute leur place dans l’éventail des évènements culturels qui ont 
marqué Marseille-Provence 2013, Capitale Européenne de la Culture. Quant 
au 15 e  Colloque Franco-Japonais d’Océanographie, il s’inscrit également 
dans le cadre du jumelage de Marseille avec la ville-port de Kobé, avec 
laquelle notre ville est liée depuis plus d’un demi-siècle.  

    Maire de Marseille, Sénateur des Bouches-du-Rhône Jean-Claude     Gaudin     

   Foreword   
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 Born of the sea, Marseille has, at all times, looked upon it. The range of 
activities it generates have, over the centuries, shaped its image and contrib-
uted to its attractiveness and its infl uence. The tourist enthusiasm it generates 
today attests. 

 Although important, this advantage is not the only one. With the presence 
of university structures and research centers dedicated to marine science and 
technology in the Mediterranean, Marseille is in an important scientifi c land-
scape. Held for the third time since 1985, a new edition of the Franco-Japanese 
Symposium of Oceanography in Marseille, in conjunction with the Third 
International Congress on Marine Protected Areas, confi rms the interest that 
the scientifi c community attaches to the role played by our city in this fi eld. 

 But Marseille also puts into practice the lessons arising from many scientifi c 
exchanges it accepts and which it participates. The sea is an integral part of 
our living, our quality of life, and the Marseille coast is a fragile area where 
the issues and challenges related to its preservation and its valuation should 
be focused. 

 This is to meet the needs of the present without compromising, for future 
generations, the possibility to meet their own needs. It is in this perspective 
that the City of Marseille has made signifi cant projects: e.g., creating the 
Calanques National Park, the largest European land and sea peri National 
Park; Frioul Islands Marine Park; Operation Prado Reefs; and Management 
Plan of the Rade. 

 Major international scientifi c events devoted to the marine world are there-
fore, in Marseille, their measurement environment. They had their place in 
the range of cultural events marked Marseille-Provence 2013, European 
Capital of Culture. During the 15th Symposium on Franco-Japanese 
Oceanography, it has also become part of the twinning of Marseille with the 
port city of Kobe, with which our city is linked for more than half a century.  

    Mayor of Marseille, Senator of Bouches-du-Rhône Jean-Claude     Gaudin     

   Foreword   
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 Les effets du grand tremblement de terre qui a frappé le Japon en mars 2011, 
et du terrible tsunami qui s’en est suivi ont renforcé, s’il en était besoin, la 
collaboration remarquable qui, depuis de nombreuses années, s’est établie 
entre les sociétés océanographiques de la France et du Japon. 

 Le 15 e  colloque franco-japonais d’Océanographie a été organisé grâce à 
l’appui de l’Ifremer et des instances régionales, départementales et des col-
lectivités locales de la Région Nord Pas de Calais et de la région Provence-
Alpes- Côte d’Azur. Il s’est tenu en octobre 2013, successivement à 
Boulogne-sur-Mer et à Marseille, sur le thème: “Productivité marine – pertur-
bations et résilience des socio-écosystèmes” et il a revêtu une importance 
exceptionnelle. 

 Rarement solidarité scientifi que, mais aussi humaine, autour des prob-
lèmes de la mer ne s’est exprimée avec une telle ampleur à travers les thèmes 
débattus par les spécialistes des deux pays, sous les présidences conjointes 
des Professeurs Hubert-Jean Ceccaldi et Teruhisa Komatsu. 

 Tout ce qui compte pour une mesure objective des dégâts causés aux 
écosystèmes marins, qu’ils soient côtiers ou de profondeur, mais aussi pour 
mettre en oeuvre de nouveaux programmes dévolus à la protection des aires 
marines ou pour améliorer les conditions de vie et de travail des pêcheurs, 
tous les aspects en somme d’une véritable résilience pour atteindre un nouvel 
équilibre favorable, ont été passés au crible et portés à la connaissance des 
décideurs politiques. 

 Ce 15 e  Colloque est donc bien davantage qu’une simple manifestation 
d’étape, dans les échanges réguliers établis entre les deux Sociétés franco- 
japonaises d’Océanographie. Il a valeur de vrai symbole et honore ceux qui 
l’ont conçu et qui y ont pris part.  

 Membre de l’Institut     Professeur François     Gros    
Ancien co-président du
Consultatif Conjoint franco-japonais
pour les Sciences et les Technologies 

   Foreword   
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 The effects of the great earthquake that struck Japan in March 2011, and the 
terrible tsunami that followed, have reinforced, if need be, the remarkable 
collaboration that has over many years been established between oceano-
graphic scientifi c societies from France and Japan. 

 The 15th French-Japanese Symposium of Oceanography was organized 
with the support of Ifremer (Institut Français pour l’Exploitation de la Mer) 
and regional, departmental and local communities in the Region Nord 
Pas-de- Calais and the Region Provence-Alpes-Côte d’Azur. It was held in 
October 2013, successively in Boulogne-sur-Mer and in Marseille, on the 
main theme “Marine Productivity: disturbance and resilience of socio-
ecosystems” and was of exceptional importance. 

 Rarely scientifi c solidarity, but also human, around the problems of the sea 
has spoken to such an extent through the topics discussed by the experts of 
the two countries under the joint chairs of Professors Hubert-Jean Ceccaldi 
and Teruhisa Komatsu. 

 All that matter for an objective measure of damages to marine ecosystems, 
whether coastal or deep, but also to implement new programs vested in the 
protection of marine areas and to improve the conditions of life and work of 
fi shermen, in fact all aspects of a real resilience to reach a new favorable 
balance, were scrutinized and brought to the attention of policy makers. 

 The 15th Symposium is much more than a mere expression of the stage, in 
regular exchanges between the two scientifi c societies established between 
France and Japan in the fi eld of Oceanography. It has a true symbolic value 
and honors those who have designed and participated.  

 Member of the Institute      Professeur François     Gros    
Former Co-Chairman of Franco-Japanese 
Joint Advisory Council for Science and Technology 

   Foreword   
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 It is with great pleasure that we present this book bringing together the papers 
presented at the 15th Franco-Japanese Symposium of Oceanography. 

 Its preparation would not have been possible without the constant and very 
friendly collaboration between the leaders and members of the “Société 
Franco-Japonaise d’Océanographie au Japon” (founded in 1960) and the 
“Société Franco-Japonaise d’Océanographie en France” (founded in 1983). 

 Both Societies allow their members, mostly French and Japanese research-
ers, to share new initiatives in a very friendly atmosphere hence very fruitful 
common understanding. Networks of informal exchanges are priceless 
because they can establish very fl exible, effective and rapid links between 
teams, laboratories and individuals. Eventually, they may lead to more formal 
and long-term collaborations. 

 So it is with great pleasure that we would like to express our gratitude to 
the organizations and individuals who provided their priceless help and con-
tinuous support for our project. 

 Firstly, our deepest gratitude goes to the French Research Institute for the 
Exploitation of the Sea (IFREMER), its Paris Headquarters led by IFREMER 
President François Jacq and represented by its Scientifi c Direction led by 
Marie-Hélène Tusseau-Vuillemin, and its Boulogne-sur-Mer Channel-North 
Sea Centre led by its Director Dominique Godefroy who, with his dedicated 
team, welcomed and ensured the success of the fi rst leg of our Symposium in 
Boulogne-sur-Mer. The organization and the running of the latter would not 
have been possible without the contribution of both IFREMER Atlantic Centers 
in Nantes and Brest, more particularly through the effi cient inputs from 
Catherine Coriou as regards the construction and running of the Symposium 
internet site and Sylvie Gros’ making of beautiful promotional posters. 

 But above all, we want to warmly thank Dr. Patrick PROUZET for his friendly 
assistance, for his outstanding effi ciency, and for the very important work he has 
done so this book is achieved. We express him our most sincere gratitude, espe-
cially for establishing remarkable functional links with the various departments 
of the French Institute for Exploitation of the Sea IFREMER. Here, we thank him 
from the bottom of our hearts. 

  Pref ace   
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 We are also very pleased to very sincerely address our gratitude to our 
partners and hosts, the Provence Alpes Côte d’Azur (PACA) Regional 
Council, the City of Marseille, the Sasakawa Franco-Japanese Foundation, 
the City of Boulogne-sur-Mer, the Nord-Pas-de Calais Regional Council, the 
University of Aix-Marseille, the Urban Community of Boulogne-sur-mer, the 
Urban Community of Marseille Provence Métropole, the Chamber of 
Commerce and Industry of Boulogne-sur-mer for its generous material con-
tributions, the National Center of Scientifi c Research (CNRS), the Pytheas 
Institute, the Mediterranean Institute of Oceanology, the wonderful aquarium 
Nausicaa in Boulogne-sur-mer, the two Poles of Competitiveness of Toulon 
(Mer P.A.C.A.) and in Boulogne-sur-mer (Aquimer), the Oceanographic 
Institute of Paris and the Academy of Sciences, Arts and Letters of Marseille. 

 We will not forget the hard work of the scientifi c committees and organi-
zation as well as executive offi ces in each country and the dedication of the 
host teams respectively in Boulogne-sur-Mer and Marseille. 

 We are glad also to thank the design offi ce C’Graph in Marseille for their 
excellent work.  

 Through carefully selected topics (macro wastes, radioactive substances in 
food webs after Fukushima, ecological consequences of the Tohoku tsunami 
on ecosystems, effects of dredging at sea, pollutants in food webs, biological 
indicators, tropical environments, sato-umi and prud’homies, services to human 
communities), our Societies’ main target was to look at the management of 
natural resources by mankind, its trajectories and adaptations, in comparing 
Japan’s and France’s respective approaches at a critical period where environ-
mental problems are increasing at a pace and a scale never seen before. 

 “Our house is burning while we are looking elsewhere” (“Notre maison 
brûle et nous regardons ailleurs”), such was the warning of the then President 
of the French Republic, Jacques Chirac, at the opening of the speech he made 
before the plenary of the Fourth Earth Summit, on September 2, 2002, in 
Johannesburg, South Africa. 

 What shall we do, we scientists, to transfer appropriate hence useful infor-
mation concerning the preservation and sustainable exploitation of coastal 
and marine resources? 

 It is diffi cult to convince decision makers to protect biodiversity where 
resources were once plentiful and therefore considered as limitless for the 
good of economy and employment. It is also almost impossible to convince a 
poacher to stop hunting rare animals when their sale is his only subsistence. 
Protection must not be opposed to development but should be considered 
together. 

 We are beginning to uncover the benefi ts that mankind withdraws from the 
exploitation of natural resources, services rendered by nature that no longer 
can be considered as free in regard to the growing damages infl icted by our 
activities on the environment. With this 15th French-Japanese Symposium on 
Oceanography, we intended to show that the functioning of natural systems 
were often disrupted, either by natural processes including hazards or by Man 
himself, while such disturbances can be to a certain extent naturally or artifi -
cially buffered thanks to the socio-ecosystem resilience, more particularly 

Preface



xxiii

through coastal communities’ capacity to adapt using and improving their 
ancestral practice of coastal zone management. 

 It is this very notion of “socio-ecosystem” and “ecosystem-based manage-
ment” we wanted to illustrate a new approach, through concrete examples 
and development models taken from both countries. Histories, traditions, 
 religions, customs, rules and laws rooted into the past form the settings and 
frameworks in which develops the exploitation of natural resources. Our aim 
is to contribute to bringing up new elements to light in order to make these 
settings and frameworks evolve along the basic rules of Ecology – the ulti-
mate truth –  which depend not only on the existence of natural ecosystems, 
but also on the populations who use them. 

 This book is intended to inform scientifi c communities, management 
structures, decision-making bodies, and administrations of both countries and 
others countries involved in the management of coastal ecosystems, as they 
will have to necessarily and concretely face the covered issues in each 
country- specifi c context. In this, our conferences’ major interest goes well 
beyond their scientifi c purpose to reach the most important social and cultural 
aspects in the way we enjoy and manage our coastal and marine goods and 
services.  

    Marseille ,  France      Hubert-Jean     Ceccaldi    
   Kashiwa-shi ,  Japan      Teruhisa     Komatsu       

Preface
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   Special Introductory Communication        
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    Abstract  

  In the 1960s, oyster culture in France was greatly perturbated by a mass 
mortality of cupped oyster caused by infection by the protozoan  Marteilia  
sp. But oyster culture could be resumed by the timely help of export of 
spat from the port of Sanriku, northern Japan. After examination and 
identifi cation of the pathogens, a large number of single-seed oysters were 
exported to France in the 1970s (Koganezawa 1984; Goto 2012). 

 On 11 March 2011, a huge tsunami surged against the coast of Sanriku 
and ravaged the fi sheries and aquaculture installations included those for 
oyster culture. 

 After the disaster, with the solidarity to return assistance given in the 
past, the organizations of France decided to help reconstruct and reactivate 
the marine productivity in the coast of Sanriku. From several French 
cooperatives of oyster growers, equipment for oyster culture was sent to 
a Japanese cooperative, and from several research organizations, the 
contribution was sent to Japanese producers. 

 Independently to this contribution, in the framework of the long-term 
exchanges between the two “Sociétés franco-japonaises d’Océanographie” 
of France and of Japan, some scientifi cal and technological equipments 
such as microscopes and plankton nets were donated to Japanese research 
centers and fi shery cooperatives. 

        Y.   Koike      (*) 
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 Under the help of French colleagues, the oyster growers of Sanriku 
could restart the most important works, such as spat collection in the sum-
mer season, before the end of July to August in the same year as the disas-
ter. In Miyagi Prefecture, about 75 % of oyster growers have restarted the 
oyster farming in the same region.  

1          A Short History 
of Cooperations Between 
the Two “Sociétés 
Franco- Japonaises 
D’Océanographie” 
of France and Japan 

 Scientifi cal and technological relationships in the 
fi eld 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 250 members) and the Société 
franco-japonaise d’Océanographie of France 
(founded in 1984 and gathering around 70 persons 
as well as public and private organizations). 

 These two societies are mainly associations of 
researchers and other specialists in marine fi elds 
who have expressed their wish to promote effi -
cient and pleasant relationships between Japanese 
and French individuals as well as organizations 
having similar fi elds of activities. 

 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 briefl y. 

 Each of these symposia has been concretized 
by special offi cial publications:
    First edition  in France at Montpellier in 1983 

devoted to “Aquaculture.”  
   Second edition  in Japan at Sendai in 1984 devoted 

to “Aquaculture” and a program of visit of fi sh 
and mollusk hatcheries.  

   Third edition  in France at Marseille in 1985 with 
a special topic on “Coastal management and lit-
toral planning,” organized with the support of 
numerous public and private organizations: 

 Physical oceanography and sediment dynamics, col-
ored waters (red tides), teledetection, communi-
cations, microbiology of coastal waters, biological 
characteristics of coastal waters, artifi cial reefs, 
resources exploitation, and aquaculture.  

   Fourth edition  in Japan at Shimizu in 1988 on the 
thema “General oceanography” presentation 
of communications, visits to aquaculture 
centers, centers of research, and universities.  

   Fifth edition  in Japan at Hiroshima and Higashino 
in 1989, a series of six French-Japanese 
colloques, with a general topic: “Founding an 
algal park in Seto-nai-kai.”  

   Sixth edition  in Japan at Tokyo in 1990 on “Coastline 
and confl icts,” held in the   Maison franco-jap-
onaise in Tokyo. Visits in Tokyo University of 
Marine Science and Technology (TUMSAT) 
and representatives of several hatcheries.  

   Seventh edition  in Japan at Tokyo in 1990 on the 
“Determinism of Biological Recruitment at 
sea.” Visits of TUMSAT and several hatcheries.  

   Eighth edition  in France at Ifremer Nantes in 1991. 
Three French-Japanese symposiums were orga-
nized: “Determining factors of growth in aqua-
culture,” “Economy and management of 
fi sheries,” and “Co-development of fi sheries 
and recreational activities in coastal zones.”  

   Ninth edition  in Japan at Tokyo in 1991 on 
“Oceanic fl uxes.”  

   Tenth edition  in Japan at Tokyo in 1992 with two 
symposiums: “Biotechnology and Environment” 
and “Determinism of Biological Recruitment at 
sea,” held in “Maison franco- japonaise de 
Tokyo” (Nichi-Futsu Kaikan).  

   Eleventh edition  in France at Paris in 1997 with 
the special topic: “Coastal zone observation 
and forecast in the medium and long terms”; 
meetings held in “Institut océanographique de 
Paris.” Visit of the forum “SEAMER” at Paris and 
then a trip in Brittany to visit several hatcheries.  

Y. Koike
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   Twelfth edition  in Japan at Tokyo in 2005 on the 
“Mutual new understanding for research in 
oceanography and fi sheries, in France and in 
Japan.” Scientifi c meetings at Tokyo University 
of Marine Science and Technology (TUMSAT) 
and then visits to university  laboratories, 
research vessels, offi cial offi ces, and private 
fi rms in Onjuku, Abiko, and Shimizu.  

   Thirteenth edition  in France at Marseille in 2008 
on the “Global Change: interactions mankind/
marine environments.” Scientifi c meetings held 
at the Faculty of Pharmacy of Marseille from 
the 8 to 10 September and then at the Paris 
Nihon Bunka Kaikan (Maison de la Culture 
du Japon à Paris) on 12 September with spe-
cial  thema : Oceanography, Microbiology, 
Bio-geo-chemistry, Coral reefs, Biodiversity, 
Management of littoral zones and artifi cial 
reefs, Aquaculture, and New techniques of 
observation in the marine environment.  

   Fourteenth edition  in Japan at Kobe then at Tokyo in 
2010 with the special topic “Toward sustainable 
use and management of the oceans.” Meetings 
held at Kobe in the international exhibition hall, in 
the framework of the forum “Techno-Ocean.” In 

Tokyo, other meetings on education and on fi sh 
behavior, in TUMSAT (Kaiyodai) then a 
 conference in “Maison Franco-Japonaise” 
(Nichi- Futsu Kaikan). Commemoration of the 
50th  anniversary of the “Société franco-japonaise 
d’Océanographie” of Japan.     

2     Transportation of Seed 
Oysters from Japan to France 
in the 1960s 

 The mass production of oyster seeds (spat) in Japan 
started in the 1920s at Mangoku-Ura bay, Ishinomaki 
City, near Sendai. These seed oysters were transported 
to all regions around the Japanese coast, and in the 
1940s, they were exported to the United States by ship. 

 For oyster culture, in European countries, 
France is the top producer and consumer, produc-
ing around 120,000 tons of the cupped oyster 
 Crassostrea gigas  annually and an additional 
1,500 tons of the fl at oyster  Ostrea edulis  (Buestel 
et al.  2009 ). The amount of production is about 
half of that of Japan (around 250,000 tons) 
(Fig.  1 ). There has been a close relationship in 

  Fig. 1    Production of cupped oyster  Crassostrea gigas  in France and Japan (Adapted from Seki  2012 )       
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the exchange of information and culture tech-
niques between the two countries since about 
40 years ago.  

 In the 1960s, the oyster farming in France was 
greatly affected    by the mass mortality of 
 Crassostrea angulata  (called Portuguese oyster), 
caused by a viral disease and followed by 
infection from the protozoan  Marteilia  and the 
parasite  Bonamia . To restore the culture industry 
after this problem, Dr. Trochan, the director of La 
Tremblade Institute (former Institut Scientifi que 
et Technique des Pêches Maritimes), established 
contact with Professor Takeo Imai, of Tohoku 
University, asking about the possibility to export 
Japanese seed oysters to France. 

 After pathological and epizootic examinations 
and experiments of single oyster seeding, the proj-
ect of exportation of oyster spat to France was put 
in place. These former examinations have been 
realized by the project group: Professor T. Imai 
(Tohoku University), Dr. Akimitsu Koganezawa 
(National Institute of Fisheries in Tohoku), Mr. 
Kunio Goto (Miyagi Prefectural Fisheries 
Experimental Station), and Dr. Marc Dupuis 
(Scientifi c Counselor of French Embassy in Japan). 

 The fi rst trial of mass export by air took place 
successfully in 1969 under the authorization of 
both countries (Fig.  2a–k ).  

 At that time, Professor François Doumenge 
from Montpellier University visited the Mayor of 
Ishinomaki City to fi nd the best way to export 
seed oyster to France (Fig.  2l ). This project was 
continued until 1979 (Goto  2012 ). Finally, in 
1990, the oyster production in France was 
restored to about 140,000 tons (Fig.  3 ).   

3     Aid from France After 
the Tsunami Disaster 
in the Sanriku Region 

 In Japan, on the 11 March 2011, a huge tsunami 
surged along the coast of Sanriku and heavily 
damaged the fi shery facilities along the coast. 

 Just after the disaster, many contacts of 
encouragement from French members arrived 
proposing support for the fi sheries along the 

Sanriku coast. Especially, Profs. Hubert-Jean 
Ceccaldi (President of Société franco-japonaise 
d’Océanographie) and Catherine Mariojouls 
(President of Association pour le Développement 
de l’Aquaculture) proposed to collect contribu-
tions for the fi sheries. To respond to their propos-
als, a special committee was formed between 
the French and Japanese members of “Société 
franco-japonaise d’Océanographie.” 

 After discussing with researchers and members 
of fi shery cooperatives of Sanriku, equipments 
for technical surveys that had been lost in the tsu-
nami were requested. So the committee decided 
to support them with microscopes and plankton 
nets to examine the oyster larvae in the fi rst 
spawning season after the tsunami. 

 The organizations that supported this collabo-
ration are as follows:
•    Association pour le Développement de 

l’Aquaculture (ADA)  
•   Société franco-japonaise d’Océanographie- 

France (SFJO-F)  
•   La Fondation d’Entreprise Air Liquide at 

Paris and Teisan in Japan  
•   Rotary Club Saint-Jean at Marseille  
•   Société franco-japonaise d’Océanographie-

Japan  
•   (SFJO-J, ex-President: Shiro Imawaki, 

President: Teruhisa Komatsu and members)  
•   Gambalo Japan Project: Region of Bretagne  
•   Okaeshi Project: Marennes-Oléron area   
These members started the donations from 
July 2011 and continued until October 2012. 
The members of the committee greatly appre-
ciate Olympus Medical Science Co. Ltd. and 
Rigosha Co. Ltd. for the reduction of their 
price. 

 The amount of the contribution was 3,302,606 
yen and the list of donations was as follows:
 –    9 Microscopes, 5 plankton net for Miyagi 

Prefecture  
 –   8 Microscopes, 5 plankton net for Iwate Prefecture  
 –   Life jackets for Taro Cooperative (Iwate 

Prefecture) by Gambalo Japan Project  
 –   Buoys and ropes for Cooperatives of Miyagi 

Prefecture by Okaeshi Project    
 At the end of the year 2011, Prof. C. Mariojouls, 

the President of the Association of the 
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  Fig. 2    ( a – l ) From the  top  and  left  to  right : ( a ) Dr. Takeo 
Imai, Tohoku University; ( b ) the Scientifi c Councilor of 
French Embassy; ( c ) preparation for exportation; ( d ) 
experiment for single-seed oyster; ( e ) Mr. Kunio Goto, 
preparing single-seed oyster; ( f ) single-seed oysters; 

( g ) preparing single-seed oysters; ( h ) sorting and packing 
of seed oysters; ( i ) reportage by French TV crew; ( j ) sani-
tary and pathological check; ( k ) start to France by plane; 
and ( l ) Professor Doumenge with the Mayor of Ishinomaki 
City       

Development of Aquaculture (ADA), visited the 
Sanriku region and related organizations and 
regional fi shery cooperatives to encourage 
them. And on the beginning of February 2012, 
Dr. Hubert-Jean Ceccaldi, the president of 
SFJO of France, and Dr. Georges Stora of Centre 
d’Océanologie de Marseille, vice Secretary of 
SFJO of France, visited there also (Fig.  4a–e ).   

4     Exchange Information 
and French-Japanese Joint 
Seminar on Restoration 
of Oyster Culture in Sanriku 

 About one and a half years after the disaster, in 
September 2012, thanks to a donation of 
Maison Franco-Japonaise, a joint seminar was 
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Fig. 2 (continued)
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held in the Sanriku region with a French dele-
gation. Members of the delegation were as 
follows; 

 Professor Denis Bailly (Professor of Université 
de Bretagne Occidentale), Prof. Catherine 
Mariojouls (Agro-Paris-Tech), Dr. Jean Prou 
(the Director of IFREMER laboratory in La 
Tremblade), and Mr. Olivier Laban (President of 
Aquitaine and Arcachon Regional Committee 
of Shellfi sh Culture). Two researchers of the 
Université de Bretagne Occidentale and eight 
oyster growers were funded by the French 
government. 

 The French delegation fi rst visited Iwate and 
Miyagi Prefectures to observe the areas damaged 
by the tsunami, Taro and Osawa in Iwate and 
Shizugawa and Ishinomaki in Miyagi Prefecture. 
At the Iwate Fisheries Experimental Station, a 
ceremony of the last donation of microscopes 
was realized by Professor Catherine Mariojouls. 
Then at the Tohoku National Fisheries Research 
Institute at Shiogama, a joint seminar was held 
among the members of both the Japanese-French 
Oceanographic Societies and the Prefectural 
Fisheries Research Stations of Iwate and Miyagi 
and invited professors of universities and oyster 
growers of the regions. 

 After returning to Tokyo, another open seminar 
was carried out at the “Maison franco- japonaise” 
at the Ebisu quarter. The information exchanged 
at these seminars has been highly appreciated by 
both countries (Fig.  5a–e ).   

5     Participation to the Oyster 
World Congress at Arcachon 
and Technical Visit on Oyster 
Farms on the Atlantic Coast 

 After the joint seminar in Japan, Mr. Olivier 
Laban, the president of the First Oyster World 
Congress, proposed to the Japanese members to 
attend the world congress and present information 
on the cooperation for oyster culture between 
Japan and France. This congress was an epoch- 
marking event because the organizer was the group 
of oyster farmers associated with several research 
institutes. The date was from 28 November to 2 
December 2012. About 250 participants from 27 
countries attended. The members of the Japanese 
delegation were as follows: Dr. Tetsuo Seki 
(Program Offi cer of Agriculture, Forestry and 
Fisheries Technical Information Society), Mr. Kunio 
Goto (Adviser of the Fishery Cooperative of 

  Fig. 3    Historical trend of French oyster production (Adapted from Buestel et al.  2009 )       
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  Fig. 4    ( a – e ) From the  top  and  left  to  right : ( a ) a part of 
the scientifi c equipment brought and given by the French 
delegation; ( b ) Prof. Mariojouls delivering the scientifi c 
equipment; ( c ) Dr. Mariojouls visiting Matsushima coop-

erative; ( d ) Dr. G. Stora, Prof. H.-J. Ceccaldi, and Prof. 
Y. Koike; and ( e ) news concerning the visit of Dr. Stora 
and Prof. Ceccaldi at Matsushima       
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Shiogama City), Messrs. Yoshimasa Koizumi 
and Tamotsu Suzuki (members of the Fishery 
Cooperatives of Shiogama City), and Dr. Yasuyuki 
Koike (Member of Maritime and Fisheries 
Promotion Society in Tokyo University of Marine 
Sciences and Technology (TUMSAT), Counselor 
of SFJO of Japan). 

 The result was very effi cient. Technical 
information from various countries was a good 
reference for Japanese oyster culture. Especially, 
recent pathological information was very impor-
tant for the seed culture of each country. 

 After the congress, the Japanese delegation 
visited several oyster farms along the Atlantic 
coast, Arcachon-Aquitaine, Marennes, Bretagne 
Sud, and the stations of Institut français pour 
l’Exploitation de la Mer (Ifremer). 

 In Marennes, Mr. Goto who examined seed 
oysters before exporting in 1968 was guided to 
the seabed in Mouillelande where the first 
seed from Japan was released. And he could 
exchange information with the oyster grower 
who transported the first seed that arrived in 
Paris to Marennes. It was just a historical 

  Fig. 5    ( a – e ); ( a ) French delegation visiting the coopera-
tive of Taro, Iwate Prefecture; ( b ) news for the visit of 
French delegation at Shizugawa cooperative; ( c ) visit at 

Mangoku-Ura bay, Ishinomaki city; ( d ) joint seminar 
at Tohoku National Fisheries Research Institute; and 
( e ) open seminar at Maison Franco-Japonaise, Tokyo       
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moment to recall the memories of 40 years ago 
(Fig.  6a–c ).  

 After the site of culture, the delegation vis-
ited two stations of Ifremer, La Tremblade and 
La Trinité-sur-Mer, to exchange important 
 pathological information about the disease and 
herpes of oysters with the specialists. Actually, 
in the last 5 years in France, there is the very 
important problem of disease in oysters again. The 
conclusion of the discussion was that seed oys-
ters should not be exchanged from one region to 
another if there has been risk of pathogens 
being transferred. And the results of research 
and information about the disease must be open 
and readily disseminated to related countries 
(Fig.  6d ).  

6     The Restoration of Oyster 
Culture in Japan After 
the Tsunami Disaster 

 The time table of restoration project in 10 years 
by the government of Miyagi Prefecture is:
•    First 3 years: The period of repair 

(2011–2013).  
•   Next 4 years: The period of regeneration 

(2014–2017)  
•   Another 3 years: The period of expansion 

(2018–2020)   
Currently we are at the end of the fi rst period of 
repair. By the statistics of the prefecture, the 
repair of oyster culture is going well. But we 

  Fig. 6    ( a – d ) From the  top  and  left  to  right : ( a ) fi rst World 
Oyster Congress at Arcachon, ( b ) news for Japanese del-
egation visiting oyster farm at Arcachon, ( c ) news for 

Kunio Goto visiting the historical place where the fi rst 
seed oysters from Japan were released, and ( d ) visit at 
Ifremer laboratory, La Tremblade       
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must think about the 30 % of oyster growers who 
have abandoned their activity (Fig.  7a ).  

 Toward the restoration, what we must do now? 
 Most of all, it is necessary to repair the 

infrastructure as well as various other things. 
For example, in large areas of the seabed, there 

are many macro debris that have not been 
surveyed. 

 Almost all fishing ports in the region were 
submerged by about 1 m under the level, and 
only 10 % of them were repaired (Fig.  7b ). To 
repair the culture and processing facilities, 

  Fig. 7    ( a – f ) From the  top  and  left  to  right : ( a ) percentage 
of restarted oyster growers at Miyagi Prefecture in 2 years 
after the tsunami disaster, ( b ) reconstruction of Onagawa 
port, ( c ) young oyster grower returned back in family, 

( d ) horizontal growing technique of oysters in use in 
France (Arcachon), ( e ) vertical growing technique of oys-
ters in use in Japan (Kesennuma), and ( f ) “Fine de Claire 
Verte,” the Marennes’ speciality       
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more materials and funds also are needed. But 
in the moment as it is not completely repaired, 
we can think about the density of culture 
facilities which was too much before the tsu-
nami. Fortunately, there are at least several 
young oyster growers who have returned to 
work with their families, and they are very 
positive to adopt the new methods and aspects 
(Fig.  7c ). 

 After these events, such as the joint seminar in 
Japan, the world oyster congress, and technical 
visit, researchers and oyster growers of Sanriku 
could have important information and new ideas 
on the differences of oyster culture style between 
France and Japan. The main differences of cul-
ture style in each country are as follows. 

 In France, where the tidal range is very large, 
they can use the huge intertidal zone horizontally 
for the culture site. In Japan, where the tidal 
range is not so large, they must use the coastal 
water vertically by hanging culture. So there are 
unchanged differences in the environment of 
both countries (Fig.  7d, e ). 

 The oyster growers of Sanriku started the tri-
als to adapt the new methods and ideas from 
France, for example, single oyster hanging 
method of Etang de Thau, culture at intertidal 
zone, and importing French materials such as 
Coupelles (seed collectors) with releasing 
machine of spat collection. These trials should 
increase the value of Japanese oysters for 
sale under the live condition with shells like the 

French style. Normally, it is not so easy to change 
the traditional style of degustation, but after 
the disaster at a moment, it will be a good oppor-
tunity to change the custom (Fig.  7f ).  

7     Conclusion 

 There are numerous exchanges, some between 
scientists, some other ones between professionals 
of oyster culture, and some between the two 
“Sociétés Franco-Japonaises d’Océanographie.” 
But fi nally, there are good exchanges between the 
two countries, with mutual benefi ts and a large 
part of friendships.     
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    Abstract  

  On 11 March 2011, a massive tsunami generated by a mega-earthquake hit 
a wide area of the Pacifi c coast of northeast Japan. We have analysed the 
effects of the tsunami on Ezo abalone  Haliotis discus hannai  population at 
Iwaisaki in Miyagi, Japan. Ezo abalone is among the most economically 
valuable fi sheries resources, so assessments are needed to evaluate the 
effects of the disaster on this important species. Before the tsunami, algal 
forests dominated by the brown macroalga  Eisenia bicyclis  had developed 
in the survey area, where large juvenile and adult abalone >30 mm in shell 
length (SL) inhabited. Juvenile abalone <30 mm SL inhabited the area 
dominated by crustose coralline algae (CCA). After the tsunami, no appar-
ent decrease was observed in the density of large juvenile and adult aba-
lone inhabited in the algal forests. The impact of the tsunami was more 
profound in the CCA area than in the algal forests. Just before the tsunami, 
the intensive recruitment of zero-year-old juveniles was observed, but 
individuals of this year class were not detected after the event. The distri-
bution pattern of juveniles could be a cause of the marked decrease, 
because most of them inhabited the CCA area where the disturbance by 
the massive water movement was not reduced by the effects of the macro 
algal forest. Since the age at fi rst capture of abalone is at 4–5 years old, the 
future commercial catch may considerably decrease for at least 4–5 years 
after the tsunami.  

      Impacts of the 2011 Mega- 
earthquake and Tsunami on Ezo 
Abalone  Haliotis discus hannai  
at Iwaisaki, Miyagi, Japan 

           Hideki     Takami      and     Hiroshi     Nakaie   

1          Introduction 

 On 11 March 2011, the Great East Japan 
Earthquake occurred off the Pacifi c coast of the 
northeastern part of Honshu Island, Japan, with a 
moment magnitude of 9.0 at a depth of 24 km. 
The massive tsunami generated by this  earthquake 
severely impacted the coast of northeastern 
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Honshu Island and resulted in the loss of nearly 
19,000 people and devastated many towns in the 
coastal areas of this region. Fisheries are one of 
the most important industries in the coastal area 
impacted by the tsunami. Assessments are needed 
to evaluate the effects of the earthquake and tsu-
nami on coastal populations of fi shery resource 
organisms for the future fi shery and stock 
enhancement. 

 On the Pacifi c coast of northeastern Honshu 
Island, which was severely disturbed by the 
massive tsunami, Ezo abalone  Haliotis discus 
hannai  is one of the most valuable fi sheries 
resources and also play an important role in the 
food web of the rocky shore ecosystem (Won 
et al.  2011 ). The main objective of this study is 
to examine the effects of the earthquake and 
subsequent tsunami on the abalone populations. 
Data on the abalone population before the earth-
quake and tsunami event are essential to allow 
comparison and clarify the scale of impacts. 
Before March 2011, we regularly carried out 
quantitative analyses on the population of 
this fi sheries resources at Iwaisaki, Miyagi 
Prefecture. To assess the impacts of the earth-
quake and tsunami by before and after compari-
sons, we carried out the survey using the same 
method after the earthquake and tsunami, in 
order to compare the results with the data col-
lected before the event.  

2     Materials and Methods 

2.1     Study Site 

 This study was done in the rocky subtidal habi-
tats at Iwaisaki located near the mouth of 
Kesennuma Bay (Fig.  1 ). As the site faces an 
open ocean, waves impact this area directly. We 
selected four stations of 10 m × 10 m each (named 
A, D, E, G) in the study site. Station A was 
dominated by crustose coralline alga (CCA) 
 Lithophyllum yessoense  and the other stations 
were included in kelp beds (KB) dominated by 
the brown macroalga  Eisenia bicyclis . A detailed 
information of these stations was described in 
Table  1 . All fi sheries were closed in the study site 
after the earthquake at least until June 2011 when 
the last survey was carried out in this study. 

2.2        Sample Collection 

 The abalone  Haliotis discus hannai  were quantita-
tively sampled by scuba diving in the mornings of 
23 October 2009 (before the earthquake) and 15 
June 2011 (after the earthquake) using 2 m × 2 m 
quadrats. In each station, fi ve replicate quadrats 
were haphazardly located, and all abalone in the 
quadrats were collected by hand and placed in mesh 

  Fig. 1    Location of the study site and stations  A ,  D ,  E , and  G        
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bags before being transported to the boat. The shell 
length (SL) of abalone was measured to the nearest 
1 mm with callipers on the boat, and measured ani-
mals were released to their original habitats. 

 The recruitment process during the juvenile 
stage of 2008–2010 year classes of abalone was 
also investigated with the method of Takami et al. 
( 2013 ) near station A which is located in CCA. 
Since the distribution of juvenile abalone was too 
cryptic and patchy to estimate their density by the 
quadrat sampling, the abundance of juveniles’ 
shell length inferior to 40 mm SL was regularly 
monitored by intensive visual searching from 
December 2009 to June 2011. In every survey, 
the same diver searched for juvenile abalone in 
every crevice and overhangs by sometimes over-
turning boulders and removing large  epibiota , 
recording each searching time. Juvenile abalone 
were carefully removed from substrata and trans-
ferred to a sampling bottle with fi ne tweezers. 
The relative abundance of juvenile abalone was 
expressed as catch per unit effort (CPUE), 
accounting for the number of collected juveniles 
per searching time in hours. The shell length of 
collected juveniles was measured to the nearest 
0.1 mm using a video camera system with an 
image analyser connected to a dissecting micro-
scope in the laboratory.  

2.3     Data Analysis 

    Changing in abalone densities were tested by a two-
way analysis of variance (ANOVA) using date of 
sampling and type of algal community as fi xed 
factors. Data were transformed in [log( n  + 1)] in 
the case of heterogeneous variation.   

3     Results and Discussion 

 After the tsunami, the underwater visibility at the 
study site was much lower than that before the 
earthquake and tsunami due to sediment suspen-
sion. A remarkable increase in the amount of fi ne 
sediments was observed under boulders and in 
crevices of bedrocks. In stations D, E, and G, 
although the remaining holdfasts of  E. bicyclis  
that lost their fronds were sometimes observed, 
the biomass of this alga appeared to be undam-
aged by the event. More severe disturbance was 
obvious in station A which was located in 
CCA. Many of the large rocks were cracked and 
turned over on the seafl oor and in consequence 
bare rocks, which were not covered with any  epi-
biota  including crustose coralline algae, were 
exposed in many places. 

 Abalone density obtained by the quantitative 
quadrat survey varied signifi cantly among sta-
tions and dates of sampling, but there was no sig-
nifi cant date by station interaction for the abalone 
density by the two-way ANOVA (Table  2 ).

   After the tsunami, station A located in CCA 
indicated the lowest mean densities. In the other 
stations located in KB, obvious changes in the 
abalone density were not observed (Fig.  2 ).  

 There are no clear trends in the size-frequency 
distributions of abalone before and after the tsu-
nami. The abalone smaller than 30 mm in shell 
length was not sampled by quadrat possibly 
because of the relatively low density and patchy 
distribution of juveniles (Fig.  3 ). Juveniles were 
only detected by intensive visual searching dur-
ing the recruitment process monitoring which 
was conducted near station A.  

   Table 1    Location and environmental features for each 
sampling station   

 Station  Latitude 
(N) 

 Longitude 
(E) 

 Depth 
(m) 

 Dominated 
algae 

 A  38°49.673′  141°35.995′  4–5  Crustose 
coralline 
algae 

 D  38°49.622′  141°36.258  4–5  Kelp 
 E  38°49.573′  141°36.218′  4–5  Kelp 
 G  38°49.717′  141°36.275′  3–4  Kelp 

   Table 2    Two-way ANOVA for densities of abalone 
 Haliotis discus hannai  between sampling dates and habi-
tats at Iwaisaki, Japan   

 df  MS  F     P 

 Sampling date  1  0.718  8.562  0.006 
 Habitats  3  2.806  11.152  0.000 
 Interaction  3  0.380  1.511  0.231 
 Residual  32  2.684 
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 The main spawning season of Ezo abalone at 
this site is from late August to early October 
(   Nakaie and Takami  2012 ). In December 2009, 
small juveniles (4.6–12.5 mm SL) which were 
reproduced in the 2009 spawning season were 
observed as the cohort with higher CPUE than the 
2008 year class. Then, the CPUE of the 2009 year 
class did not markedly decrease until June 2010. 
From December 2010 to February 2011, newly 
recruited juveniles, which were spawned in 2010, 
were detected as a single cohort. During the same 
period, juveniles of the 2009 year class grew to 
more than 25 mm SL with lower CPUE. In June 
2011, 3 months after the tsunami, no individual of 

the 2010 year class was not observed, whereas the 
CPUE of the 2009 year class did not change obvi-
ously between before (February 2011) and after 
(June 2011) the tsunami (Fig.  4 ).  

 From the results of quadrat sampling and CPUE 
survey on juveniles, it was demonstrated that the 
impacts of tsunami on Ezo abalone  Haliotis discus 
hannai  were different among stations and their 
growth stages. After the tsunami, although signifi -
cant difference was not marginally detected, aba-
lone densities by quadrat sampling tend to decrease 
in station A which was dominated by CCA. 

 Newly recruited juveniles inhabit near station 
A was more severely affected by the tsunami than 
older individuals. Juveniles reproduced in 2010 
were not detected after the tsunami, and such a 
collapse of the youngest year class has not been 
observed before the tsunami. Naylor and 
McShane ( 2001 ) suggest that the wave action 
caused by even usual storm disturbances is an 
important contributor to the mortality of new 
recruits in the New Zealand abalone  H. iris  
because of the relatively weaker adhesion of 
juveniles to substrate than that of adults. 
Similarly, the much more serious disturbance by 
the tsunami event could specifi cally infl uence the 
survival of smaller abalone in the present study 
site. The distribution pattern of juvenile abalone 
also had signifi cant consequences for their sur-
vival. Juveniles mainly inhabit crustose coralline 
algae, which were more severely disturbed than 
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  Fig. 2    Changes in density of Ezo abalone  Haliotis discus 
hannai  collected in stations  A ,  D ,  E , and  G  between before 
and after the earthquake and tsunami       

  Fig. 3    Changes in size distribution of Ezo abalone  Haliotis discus hannai  collected in stations  A ,  D ,  E , and  G  between 
before (October 2009,  upper row ) and after (June 2011,  lower row ) the earthquake and tsunami       
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in kelp beds. In contrast, the main habitat of adult 
abalone is kelp beds, where the current velocity 
of the tsunami might have been partially attenu-
ated by the presence of the algal canopy as 
observed in the previous tsunami event generated 
by the Sumatra-Andaman earthquake in 2004 
(Whanpetch et al.  2010 ). 

 Takami et al. ( 2013 ) also reported that young-
of- the-year Ezo abalone (2010 year class) were 
seriously affected by this mega-earthquake and 
the tsunami at Oshika Peninsula in Miyagi which 
is located 53 km south from this study point. 
There is a possibility that the mega-earthquake 
and tsunami had a negative impact in a wide 
range in the survival of the smaller juvenile of 
Ezo abalone.    Since the age at fi rst capture of aba-
lone is 4–5 years old (Sasaki  1999 ), the future 
commercial catch may considerably decrease at 
least after 4–5 years from the event. Continuous 
monitoring of the affected abalone population is 
needed for effective stock management to avoid 
collapse of these ecologically and economically 
important resources.     
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    Abstract  

  We investigated the changes in phytoplankton quantity and diversity 
after the March 11, 2011, Tohoku earthquake and tsunami in Ofunato 
Bay and in the mouth of Kesennuma Bay in northeastern Japan. 
Phytoplankton quantities increased in Ofunato Bay, and diversity 
changed. The phytoplankton assemblages other than diatoms 
increased near the water surface after the earthquake. In contrast, a 
clear change was not observed at Iwaisaki, at the mouth of Kesennuma 
Bay, during the survey. These results suggest that the infl uence of the 
tsunami on phytoplankton varied by location. In this study, phytoplank-
ton in Ofunato Bay were affected by the tsunami, which is enclosed 
and was easily affected by the terrestrial environment and broken 
seawall. Limited changes were observed at Iwaisaki at the entrance to 
Kesennuma Bay.  
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1          Introduction 

 The coastal area of northeast Japan was damaged 
by a tsunami after the earthquake on March 11, 
2011 (Goto et al.  2011 ; Urabe et al.  2013 ). Facilities 
near the coast were damaged by the tsunami. More 
than 10,000,000 L of fuel oil fl owed into Kesennuma 
Bay from 22 oil tanks (Sasaki  2012 ). In addition, a 
heavy oil tank was destroyed in Ofunato Bay 
(Sasaki  2012 ). As components of oil are toxic to 
aquatic organisms (Okumura et al.  2003 ), there 
was concern for marine pollution in the ecosystem. 

 More than ten sewage disposal plants on the 
coast stopped operations temporarily because of 
electrical problems caused by the tsunami 
(Ministry of Land, Infrastructure, Transport and 
Tourism  2011 ). If untreated wastewater fl owed 
into the coastal area, the nitrogen and phosphate 
concentrations would increase in seawater. The 
increase in nutrients could cause eutrophication, 
which would deteriorate the coastal environment. 

 Kesennuma and Ofunato bays are aquaculture 
grounds for oyster, scallop, and seaweed (Hayakawa 
et al.  2001 ; Ito et al.  2007 ). These shellfi sh grow by 
eating suspended materials in seawater such as phy-
toplankton (Kusui et al.  1983 ). If the phytoplankton 
diversity changes because of an environmental dis-
turbance, phytoplankton unsuitable for aquaculture 
increase in numbers, and restoration of the marine 
product industry may be hindered. For example, if 
the amounts of harmful algae increase shellfi sh 
toxin concentrations, shellfi sh shipments are 
suspended. 

 After the earthquake, several environmental 
pollution (Harino and Yatsuzaka  2012 ) and plank-
ton surveys (Yamada  2012 ) were conducted in 
Kesennuma Bay (Tanaka  2012 ; Yokoyama and 
Hatakeyama  2012 ; Masuda  2012 ). High concen-
trations of oil in sediments (Yamamoto et al.  2012 ) 
and a high density of toxic algae (Kaga et al.  2012 ; 
Nishitani et al.  2012 ) were observed after the 
earthquake. However, comparisons with pre-
earthquake levels are limited because of a lack of 
data. Thus, the infl uence of the earthquake and tsu-
nami on total quantity and diversity of phytoplank-
ton, which is the diet of shellfi sh, is unknown. 

 We measured the concentration of chloro-
phyll a (Chl  a    ) as a fi rst step to environmentally 

monitor the aquaculture grounds after the 
 earthquake to determine the quantity of phyto-
plankton in the seawater of Kesennuma and 
Ofunato bays. Then, we compared the change in 
phytoplankton diversity from pigment concen-
trations before and after the tsunami because 
pigment profi les vary with phytoplankton taxa 
(Jeffrey and Vesk  1997 ).  

2     Materials and Methods 

2.1     Investigation Procedure 

 We took samples at Iwaisaki, at the mouth of 
Kesennuma Bay (Fig.  1a ), approximately every 
month from May 2010 to February 2011 before 
the earthquake and from June 2011 to March 
2012 after the disaster. Water temperature and salin-
ity were measured at the sampling sites. These 
parameters were measured at each depth using 
a conductivity-temperature-depth instrument. 
Seawater was also collected from depths of 0, 5, 
10, 15, and 20 m. We collected seawater in a 
water column from the surface to the sea bottom 
in Ofunato Bay (Fig.  1b ) approximately every 
week from May 18 to August 17, 2011, before the 
earthquake and collected seawater at 2-m inter-
vals from the surface to 22-m depth twice in June 
and July 2012.   

2.2     Pigment and Phytoplankton 
Diversity Analyses 

 Pigment concentrations in seawater samples 
were determined according to a previously 
reported method (Okumura et al.  2012 ). Briefl y, 
200-ml seawater was fi ltered through Whatman 
GF/F glass microfi ber fi lters (GE Healthcare UK 
Ltd., Buckinghamshire, UK). The phytoplankton 
pigments were extracted from the fi lter with 1-ml 
methanol. The pigments were analyzed by high- 
performance liquid chromatography (HPLC; 
Shimadzu, Kyoto, Japan) using the method of 
Zapata et al. ( 2000 ). 

 As phytoplankton have taxa-specifi c pigments 
(Jeffrey and Vesk  1997 ), the ratios of each phyto-
plankton taxon in seawater were calculated by 
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chemical mass balance (Hayakari and Hanaishi 
 2001 ; Okumura et al.  2012 ) from eight kinds of 
pigments identifi ed by HPLC. We investigated 
the change in phytoplankton quantities before 
and after the tsunami from the taxa-specifi c pig-
ment or the ratio of each phytoplankton taxa. 

 Phytoplankton pigments can be used to deter-
mine an approximate index of phytoplankton clas-
sifi cation, so pigment concentrations were 
substituted for the phytoplankton cell count data. 
We investigated the change in phytoplankton diver-
sity before and after the earthquake using nonmetric 
multidimensional scaling (NMDS) and analysis of 
similarities (ANOSIM) in the vegan package 
(Oksanen et al.  2013 ) using R software ver. 2.13 
(The R Project for Statistical Computing  2013 ).  

2.3     Water Temperature 
and Salinity Data Analysis 

 The contour fi gures of the temporal changes in 
pigments, water temperature, and salinity at 

Iwaisaki were made with Ocean Data View 
software (Alfred Wegener Institute  2013 ).   

3     Results 

3.1     Pigment Concentrations 
Before and After 
the Earthquake 

 Chl  a  concentrations at Iwaisaki were 0.11–
4.7 µg/L before the earthquake and 0.06–2.3 µg/L 
after the earthquake (Fig.  2a ). A phytoplankton 
bloom was observed twice in the spring and 
autumn. Although Chl  a  concentrations during 
the spring bloom before the earthquake were 
higher than those after the earthquake, a major 
change in Chl  a  concentrations was not observed 
before and after the earthquake. Fucoxanthin 
(Fuco) concentration was high in spring, and peri-
dinin (Per) concentration was high in autumn. 
The vertical distribution of Chl  a  tended to be 
greater near the surface (0–5 m depth) than that at 

  Fig. 1    ( a  and  b ) Sampling sites. ( a ) Iwaisaki, at the mouth of Kesennuma Bay near Kesennuma City, Miyagi, Prefecture. 
( b ) Ofunato Bay near Ofunato City, Iwate Prefecture       

 

Short-Term Effects of the March 11, 2011, Tsunami on Phytoplankton Assemblages…



26

  Fig. 2    Temporal    changes in the Iwaisaki environment. ( a ), Chl  a  (µg/L), Fuco (µg/L), and Per (µg/L). ( b ) water tem-
perature (°C) and salinity (PSU)         
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the bottom. Salinity was 28.3–34.5 PSU (Fig.  2b ), 
and average salinity was 33.5 PSU. Water tem-
perature was 5.1–26 °C.  

 The average Chl  a  concentration in the Ofunato 
Bay water column was about 1 µg/L before the 
earthquake (Fig.  3 ). The average concentration of 
Chl  a  after the earthquake was 2.59 µg/L in June 
and 2.42 µg/L in July. In particular, Chl  a  near the 
surface was about 7 µg/L. Chl  a  tended to be higher 
after than that before the earthquake. Although 
diatoms were major phytoplankton taxa during 
the investigation, phytoplankton assemblages other 
than diatoms, such as cryptophytes, increased near 
the water surface after the earthquake.   

3.2     Comparison with a Location 
with Phytoplankton Diversity 

 Based on the NMDS plot nested in the graph, no 
changes in phytoplankton assemblages were 
observed at Iwaisaki before and after the earth-
quake (Fig.  4 ). In contrast, the plots for Ofunato 

Bay showed that phytoplankton locations changed 
after the earthquake from those before the earth-
quake. Phytoplankton diversity remained 
unchanged at Iwaisaki but changed in Ofunato Bay 
before and after the earthquake.  

 The ANOSIM statistic  R  and  P  was 0.046 and 
0.004 at Iwaisaki and 0.569 and 0.001 in Ofunato 
Bay, respectively (Fig.  5 ). As the ANOSIM statistic 
 R  was near zero ( R  ≤ 0), a statistically signifi cant 
difference between the 2010 and 2011 groups was 
not observed at Iwaisaki. As the ANOSIM statistic 
 R  was >0, a statistically signifi cant difference 
between groups was observed in Ofunato Bay.    

4     Discussion 

4.1     Particular Phytoplankton 
at Iwaisaki, Kesennuma 
Bay Mouth  

 Chl  a  concentrations (0.06–2.3 µg/L) in 2011–
2012 after the earthquake were approximately 

Fig. 2 (continued)
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equal to those from 2010 to 2011 before the 
earthquake (0.11–4.7 µg/L; Fig.  2a ) and those 
from 2004 to 2005 (0.1–6.0 µg/L), which 
included the inner part of Kesennuma Bay (Ito 
et al.  2007 ). 

 The increase in Chl  a  concentration during 
spring agreed with the increase in fucoxanthin 
concentration (see Fig.  2a ). The increase in Chl  a  
concentration in autumn agreed with the increase 
in peridinin concentration. This was observed 
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because the major accessory pigment of diatoms 
is Fuco and that of dinofl agellates is Perid 
(Jeffrey and Vesk  1997 ). We concluded that the 
spring bloom was caused by diatoms and that 
the autumn bloom was due to dinofl agellates. 
The autumn bloom in Kesennuma Bay was 
thought to be mainly phytoplankton except dia-
toms (Itoh et al.  2006 ). These results agree with 
those of a previous report. 

 The quantity and diversity of phytoplankton 
did not change at Iwaisaki. This probably 
occurred because Iwaisaki is geographically 
slightly outside the bay mouth (Fig.  1a ). The 
average salinity was high at 33.5 PSU (see 
Fig.  2b ). Thus, we thought that the seawater at 
Iwaisaki was strongly infl uenced by offshore 
water rather than coastal water from the inner 
part of the bay.  

4.2     Phytoplankton in Ofunato Bay 

 Phytoplankton quantities increased after the 
earthquake (see Fig.  3 ), although Chl  a  concen-
tration varied with the season and year (Hayakawa 
et al.  2001 ). This may have occurred because 
plankton feeders such as shellfi sh decreased in 

number because of outfl ow of the oyster and 
scallop rafts, or nitrogen and phosphate runoff 
from the sewage disposal plants increased 
because the sewage disposal plants stopped 
operating. It is possible that the coastal area 
temporarily shifted to a eutrophied condition. 

 Amounts of phytoplankton species except 
diatoms increased near the surface, and phyto-
plankton diversity changed in Ofunato Bay after 
the earthquake. If nitrogen and phosphate runoff 
from the sewage disposal plants increased, the 
nitrogen, phosphorus, and silicate balance might 
collapse depending on location. This change 
in balance of nutrients could have changed the 
predominant phytoplankton taxa. 

 These results suggest that the infl uence of 
the tsunami on phytoplankton varied by location. 
In this study, phytoplankton in Ofunato Bay 
was affected by the tsunami because the bay 
is enclosed and was easily affected by the ter-
restrial environment and broken seawall, rather 
than at Iwaisaki, which is at the entrance of 
Kesennuma Bay.      
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    Abstract  

  Shell-boring polydorids (Polychaeta: Spionidae) are economically and 
ecologically important species that must be monitored owing to the risk 
they pose to commercially important mollusk shells. Tracking poly-
dorid species internationally requires accurate species identifi cation, 
which is based on both morphological characteristics and nuclear 18S 
rRNA gene sequences. Four serious shell-boring  Polydora  in East 
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Asian and Australian aquaculture, i.e.,  Polydora brevipalpa ,  P. uncinata , 
 P. haswelli , and  P. aura , are described here. The shell-associated poly-
dorids that have been reported from these areas were summarized and 
reviewed at the same time.  

1          Introduction 

 Spionid polychaetes are distributed in a wide vari-
ety of habitats from shallow water to deepwater 
depths in all oceans. They are commonly the most 
abundant polychaete groups in terms of biomass 
and number of species in the coastal benthic envi-
ronment. Species of  Polydora  and related genera 
(Polychaeta, Spionidae) are the so-called poly-
dorids, and they are found in a wide variety of 
substrata, ranging from soft mud to hard calcare-
ous materials (Blake  1996 ; Sato-Okoshi  1999 , 
 2000 ). Polydorids are well known for their ability 
to bore into various calcareous substrates, e.g., 
coralline algae, corals, and mollusk shells (Blake 
and Evans  1973 ; Blake  1996 ; Sato-Okoshi  1999 ). 
Although they excavate their burrows for use as a 
habitat, some species have been frequently 
reported as harmful invaders from the viewpoint 
of aquaculture, as they often damage the commer-
cially important mollusk shells by inducing 
abnormal shell formation, decreasing their com-
mercial value, reducing their growth rate and 
meat yield, and causing heavy mortality (Sato-
Okoshi et al.  1990 ,  2008 ; Okoshi and Sato- Okoshi 
 1996 ; Handley and Bergquist  1997 ; Mortensen 
et al.  2000 ; Lleonart et al.  2003 ; Simon et al. 
 2006 ). In recent years, the heavily infested aba-
lone shells were observed to be dead in tank-cul-
tured system and it was forced to stop cultivating 
in several prefectures in Japan (personal commu-
nication). Measures of preventing or controlling 
polydorid infestation in commercially important 
mollusk shells have been suggested (Handley and 
Bergquist  1997 ; Diggles et al.  2002 ; Simon et al. 
 2010 ), but the problem remains unresolved. 

 An expansion of molluscan aquaculture has 
resulted in a global distribution of certain com-
mercially important mollusk shells (Cohen 
and Carlton  1998 ). Consequently, the polydorid 
species that associate with these mollusk shells, 

such as borers and crevice inhabitants, have also 
spread by accompanying commercially impor-
tant host shells (Bailey-Brock  2000 ; Radashevsky 
and Olivares  2005 ; Simon et al.  2006 ). Those 
species are not only a source of concern econom-
ically (Radashevsky and Olivares  2005 ; Simon 
et al.  2006 ) but also pose a threat ecologically 
(Cohen and Carlton  1998 ). Ecological distur-
bances caused by invasive organisms (including 
polychaetes) associated with these mollusks are 
currently seen as a major cause of diversity loss 
worldwide (Mack et al.  2000 ; Miura  2007 ). 

 The polydorids include several species groups 
that are morphologically indistinguishable, with 
an insuffi cient number of distinct characters to 
enable species level identifi cation (Radashevsky 
and Pankova  2006 ; Sato-Okoshi and Abe  2013 ). 
At the same time, some species possess a high 
degree of intraspecifi c variation, particularly 
with respect to pigmentation patterns (Sato-
Okoshi and Abe  2013 ; Teramoto et al.  2013 ). 
Recently, molecular sequence analyses were con-
ducted in some shell-associated  Polydora  species 
(Sato- Okoshi and Abe  2012 ,  2013 ; Teramoto 
et al.  2013 ), and the results demonstrated that the 
nuclear 18S rRNA gene analysis would be an 
effective and useful tool to accurately discrimi-
nate between these problematic species. 

 The present study fi rst summarizes the poly-
dorid species to understand the background of the 
relevant species associated with commercially 
important mollusk shells in East Asia and Australia. 
Secondly, the study focuses on harmful  Polydora  
species known to be responsible for heavy host 
shell damage and with the potential to become an 
invasive species as a result of accidental transport 
on host shells. Morphological, ecological, and 
molecular biological characteristics of these 
high-risk  Polydora  species are described here in 
order to better trace and monitor the threat they 
pose to mollusk fi sheries and ocean ecologies.  
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2     Distribution and Composition 
of Polydorid Species 
Associated with Mollusk Shells 

 There are numerous polydorids that have been 
reported as being associated with commercially 
important mollusk shells, i.e., oysters, scallops, 
and abalone, in Japan, South Korea, China, and 
Australia (Table  1 ). A total of 28 species from 
fi ve genera have been reported from these waters 
since 1970, during which time the commercial 
transportation of mollusk shells has increased. 
The percentage composition of the number of 
species by genus was 16 species (57 %) in 
 Polydora , seven species (25 %) in  Dipolydora , 
three species (11 %) in  Boccardia , and one spe-
cies (3 %) in each  Boccardiella  and 
 Pseudopolydora , respectively. The results show 
that over half of the target species belong to the 
genus  Polydora . Among these, estimates of the 
shell infestation condition by  Polydora brevi-
palpa  and  P. uncinata  from Japan (Imajima and 
Sato  1984 ; Sato-Okoshi et al.  1990    ; Sato- Okoshi 
 1994 ,  1998 ; Sato-Okoshi and Abe  2012 );  P. has-
welli ,  P. aura , and  P. uncinata  from South Korea 
(Sato-Okoshi et al.  2012 );  P. brevipalpa  from 
China (Sato-Okoshi et al.  2013 ); and  P. uncinata , 
 P. hoplura , and  Boccardia knoxi  from Australia 
(Lleonart et al.  2003 ; Sato-Okoshi et al.  2008 ; 
Sato-Okoshi and Abe  2012 ) revealed that these 
polydorid species should be considered particu-
larly dangerous. To date,  Polydora uncinata  is the 
only species revealed to be harmful across all 
these countries, with the exception of China. This 
species was reported to be especially harmful in 
abalone shells, i.e., land-based tank- cultured 
abalone.

3        Morphological, Biological, 
and Ecological Characteristics 
of the Four Harmful  Polydora  
Species 

 Detailed characteristics of the four most harmful 
species from the 28 polydorid species are des-
cribed below. These include  Polydora brevipalpa , 

 P. uncinata ,  P. haswelli , and  P. aura . Photographs 
of living specimens (Fig.  1 ) and the infestation 
condition of scallop, oyster, and abalone shells 
(Fig.  2 ) are shown.   

3.1      Polydora brevipalpa  (Fig.  1a, b ) 

3.1.1     Morphological Characteristics 
 Large-sized worms. Conspicuous black bands 
appear on palps. The anterior end of the prosto-
mium is rounded, and there is no notochaetae in 
the 5th chaetiger. The color of the pygidium is 
light tan, white, black, or partially black.  

3.1.2     Biological and Ecological 
Characteristics 

 The larvae showed planktotrophic development. 
The species is distributed in cold waters. It is very 
common in scallop shells particularly abundant 
in the left valves of wild and sown cultured scal-
lops in the Okhotsk Sea (Fig.  2a ) (Mori et al. 
 1985 ). Recently, the species was fi rst extracted 
from the shells of wild and sown cultured aba-
lone, other than scallop, in north China (Sato- 
Okoshi et al.  2013 ). They reproduce egg capsules 
repeatedly, except during seasons of high tem-
perature, and showed high reproductive capacity. 
The larvae settle at the periphery of the left valve 
of the scallop during drift ice period and their life 
span is approximately 2.5 years (Sato-Okoshi 
 1994 ). Severe infestation by the species was 
observed not only in Japanese scallops but also in 
Chinese sown cultured scallops (Sato-Okoshi 
et al.  2013 ).   

3.2      Polydora uncinata  (Fig.  1c, d ) 

3.2.1     Morphological Characteristics 
 Large-sized worms. Conspicuous black bands 
appear on palps and black pigmentation pres-
ents on both dorsal and ventral sides of anterior 
chaetigers. Rarely no conspicuous black pig-
mentation is observed on the palps and body. 
Short occipital tentacle is present. There are 
special recurved notochaetae in posterior 
chaetigers.   

Harmful Shell Borers, Polydora Species (Polychaeta: Spionidae), from Commercially…
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  Fig. 1    Pictures of live individuals extracted from the shells. 
 Polydora brevipalpa  ( a ), anterior chaetigers with palps with 
black bars and a white pygidium, both protruding from their 
burrows in scallop shell (From Sato-Okoshi and Abe  2012 ). 
( b ) A complete individual extracted from its burrow (From 
Sato-Okoshi and Abe  2012 ).  Polydora uncinata  ( c ), anterior 
chaetigers with palps with inconspicuous black bars (From 

Sato-Okoshi and Abe  2012 ). ( d ) Posterior chaetigers with 
special hooks on the notopodia (From Sato-Okoshi and Abe 
 2012 ).  Polydora haswelli  ( e ), distinct black pigmentation 
along the prostomium, on peristomium, and on anterior 
chaetigers and palp with black bars (From Sato- Okoshi et al. 
 2012 ).  Polydora aura  ( f ), a complete individual with orange 
in color (From Sato-Okoshi and Abe  2012 )       

 

W. Sato-Okoshi et al.
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3.2.2     Biological and Ecological 
Characteristics 

 Larvae showed direct development and adelpho-
phagy with many nurse eggs within egg capsules. 
Their hatched-out stage was ca 17-chaetiger larvae 

and showed no or very short planktonic larval 
stage. One female seemed to reproduce egg cap-
sules repeatedly and reproduction capacity was 
suggested to be very high. Life span was pre-
dicted to be more than 2 years in the tank- cultured 
environment. The species was distributed widely 
in Asian and Australian waters, and it was 
extracted commonly from both wild and cultured 
mollusk shells. It is noteworthy to cite that a high 
number of these species have been suddenly 
observed in suspended cultured oyster shells in 
South Korea (Fig.  2b ), which is speculated to be 
the result of host oysters being introduced from 
different waters (Sekino et al.  2003 ; Sato-Okoshi 
et al.  2012 ). In addition to Japan and Australia, 
heavy infestation of this species has been reported 
on land-based tank-cultured abalone in Chile. It 
is also speculated that this infestation was the 
result of host abalone being transported from 
Japan to Chile accompanying the  P. uncinata  
population (Radashevsky and Olivares  2005 ). 
This species is regarded as one of the most dan-
gerous polydorids, especially in the case of 
enclosed aquaculture systems such as abalone 
land-based tank culture (Fig.  2c ).   

3.3      Polydora haswelli  (Fig.  1e ) 

3.3.1    Morphological Characteristics 
 Medium- to large-sized worms. Conspicuous 
black bands appear on palps and black pigmenta-
tion presents on both dorsal and ventral sides of 
anterior chaetigers.  

3.3.2     Biological and Ecological 
Characteristics 

 Larvae revealed planktotrophic development. 
Little is currently known about other charac-
teristics, e.g., life history or reproductive 
characteristics. Although the species exhibits 
medium sizes in Japan, it reaches larger sizes 
and is very common in South Korean mollusk 
shells (Fig.  2b ) (Sato-Okoshi et al.  2012 ). The 
species causes harmful infestations in many 
commercially important shells, but appears 
limited to South Korea (Sato-Okoshi et al. 
 2012 ).   

  Fig. 2    Pictures of shells infested by  Polydora  species. ( a ) 
Inner surface of the left valve of scallop shell showing 
heavy infestation by  P. brevipalpa  after removing the 
mantle (From Sato-Okoshi and Abe  2012 ). ( b ) Inner sur-
face of the oyster shell showing heavy infestation by  P. 
uncinata  and  P. haswelli  (From Sato-Okoshi and Okoshi 
 2014 ). ( c ) Inner surface of the abalone shell showing 
heavy infestation by  P. uncinata  (From Sato-Okoshi et al. 
 2012 )       
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3.4      Polydora aura  (Fig.  1f ) 

3.4.1    Morphological Characteristics 
 Medium- to large-sized worms. The body and 
palps are light orange but some worms without 
conspicuous color. A short inconspicuous occipi-
tal tentacle is present. Special notochaetae are 
present in the posterior chaetigers which exhibit 
tight cylindrical bundles of short needles.  

3.4.2     Biological and Ecological 
Characteristics 

 All the larvae in the capsule developed simulta-
neously and revealed planktotrophic develop-
ment. Little is currently known about other 
characteristics, i.e., life history or reproductive 
characteristics. As for  P. haswelli , this species 
was very large in size and common in South 
Korean mollusk shells (Sato-Okoshi et al. 
 2012 ). The species caused severe infestations in 
many commercially important shells, but again 
appears limited to South Korea (Sato-Okoshi 
et al.  2012 ).    

4     Phylogenetic Analysis of 18S 
rRNA Gene Sequences 

 Misidentifi cation and taxonomic confusion of 
 Polydora  species often arise because of a lack 
of effi cient morphological key characteristics 
and a high degree of intraspecifi c variation. 
In recent years, an increasing number of taxo-
nomic studies are relying on molecular methods 
for accurate species identifi cation. 18S rRNA 
gene sequences of seven  Polydora  species 
( P. onagawaensis ,  P. calcarea ,  P. brevipalpa , 
 P. websteri ,  P. haswelli ,  P. aura , and  P. uncinata ) 
have been analyzed (Sato-Okoshi and Abe  2012 , 
 2013 ; Teramoto et al.  2013 ). The results of these 
studies showed that the nucleotide sequence of 
the 18S rRNA gene was completely identical 
within a species even between separate popula-
tions and distinct between different species 
(Fig.  3 ). Therefore, 18S rRNA gene analysis is 

an effective tool for the identifi cation of these 
 Polydora  species, including the four species 
described above.   

5     Discussion and Conclusion 

 As little data exists on the species characteristics 
of  Boccardia knoxi , a species reported to be a 
severe shell-boring parasite of abalone shells by 
Lleonart et al. ( 2003 ), it should be considered as 
the focus of future studies. Additionally, discrim-
inating between the morphologically identical 
species  P. hoplura  and  P. uncinata , for which 
only  P. uncinata  has undergone molecular ana-
lysis (Sato-Okoshi and Abe  2012 ), remains prob-
lematic. As such, only data from  P. uncinata  will 
be presented here. The key morphologically 
identifying characteristics of these four species 
are summarized in Table  2 .

   The  Polydora  species differed according to 
locality and in their host shells. The species con-
sidered to be the most damaging to East Asian and 
Australian aquaculture were  P. brevipalpa , 
 P. uncinata ,  P. haswelli , and  P. aura . It is now pos-
sible to speculate that some of these species have 
been transported all over the world with commer-
cially important host shells over a prolonged 
period of time, making it diffi cult or impossible to 
trace their origins. It has been demonstrated that 
once invasive nonindigenous species successfully 
are introduced to an area, it is very hard and costly 
to eradicate them (Miura  2007 ). Although it is dif-
fi cult to prevent polydorid infestation after they 
succeed in boring into the shells, one of the most 
effective ways to avoid their infl uences may be 
preventing their early settlement on shells apply-
ing their life history traits. However, the harmful 
species tended to be continuous breeders and have 
high reproductive ability and possess long life 
span, so as a result, they show long settling peri-
ods. Moreover, once  P. uncinata  is introduced to 
the land-based tank- cultured system, the species 
has the capacity to increase its population 
 rapidly according to its direct development. 

W. Sato-Okoshi et al.
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The transportation of live animals therefore 
requires great care and suitable precautions to 
maintain sustainable aquaculture and biological 
diversity. Monitoring studies are indeed necessary 
to avoid the further dispersal of species already 
known to be harmful in existing cultured and 

 natural environments. It is needless to say that not 
only these polydorid polychaetes but other as yet 
unrecognized and potentially invasive animals 
and plants may have been unintentionally trans-
ported as a result of the international trade in 
 economically important mollusk species.     

  Fig. 3    A neighbor-joining tree inferred from the nuclear 
18S rRNA gene sequences of spionid polychaetes. The 
18S rRNA gene sequences of the four harmful  Polydora  
species are highlighted in  boldface type . Bootstrap values 

of >50 % as a percentage of 1,000 bootstrap replicates are 
given at the respective nodes. The  scale bar  represents the 
number of substitutions per site       
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    Abstract  

  The Sanriku Coast facing the Pacifi c Ocean is an important area for fi shing 
and aquaculture. The Sanriku Coast was hit hard by the catastrophic 
 tsunami event produced by the Great East Japan Earthquake on 11 March 
2011. The tsunami destroyed not only infrastructures of coastal fi sheries 
and aquacultures but also coastal ecosystems, such as the seagrass and 
seaweed beds vital for sustainable fi sheries. This study surveyed the 
 seagrass and seaweed beds in Otsuchi Bay, Iwate prefecture in June 2011 
and found that the seaweed beds around the mouth and middle of the bay 
were not impacted by the tsunami, but that the seagrass beds in the bay 
head had been destroyed. However, observations verifi ed the growth of 
seagrass seedlings germinated from seeds produced in previous years. 
This response of the seagrass demonstrates its resilience to huge tsunami 
events occurring in an interval of several decades. Huge seawall construc-
tion plan against tsunami threatens their recovery. The recovery program 
in Sanriku Coast must be established on a holistic approach including 
social and ecological aspects between land and the sea because coastal 
areas are ecotone and also “sociotone” between them.  

        T.   Komatsu      (*) •    T.   Ohtaki    •    S.   Sakamoto   
   S.   Sawayama    •    Y.   Hamana    •    S.   Sasa    
  Atmosphere and Ocean Research Institute (AORI) , 
 University of Tokyo, President of S.F.J.O. (*) of Japan , 
  5-1-5, Kashiwanoha ,  277-8564   Kashiwa-shi ,  Japan   
 e-mail: komatsu@aori.u-tokyo.ac.jp   

    M.   Shibata    •    K.   Shibata    
  Toyo Corporation ,   1-1-6, Yaesu , 
 Chuoku ,  Tokyo   103-8234 ,  Japan    

      Impact of the 2011 Tsunami 
on Seagrass and Seaweed Beds 
in Otsuchi Bay, Sanriku 
Coast, Japan  

           Teruhisa     Komatsu     ,     Takayoshi     Ohtaki    , 
    Shingo     Sakamoto    ,     Shuhei     Sawayama    , 
    Yasuaki     Hamana    ,     Michiharu     Shibata    , 
    Kohji     Shibata    , and     Shuji     Sasa   

1          Introduction 

 The Sanriku Coast is a highly fertile coastal zone 
where waters from the Oyashio cold water current 
encounter the Kuroshio warm water current 
(Fig.  1 ) (Kawai  1972 ). Geomorphologically, the 
Sanriku Coast comprises semi-enclosed and ria 
bays that protect raft and fi shery facilities from 
rough sea conditions. Numerous aquaculture facil-
ities are deployed in the ria bays (Komatsu et al. 
 2002 ), formerly belonging to the Rikuchu National 
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Park due to the attractive landform of the bays and 
now part of the Sanriku Recovery National Park. 
The majority of the aquaculture operating on the 
Sanriku Coast comprises of seaweeds, oysters, 
ascidians and scallops, which do not require artifi -
cial feed input. Shells and ascidians are fi lter feed-
ers that depend on particulate organic matter 
(POM) in the seawater (Dame  1993 ; Petersen 
 2007 ). POM is supplied from rivers and the ocean 
(Wada et al.  1987 ; Kawamiya et al.  1996 ). Ocean- 
derived POM consists of phytoplankton, zoo-
plankton and other particulate materials. In the 
Sanriku ria bays, the seaweed and seagrass beds 
produce POM not only from their own biomass 
but also from epiphytic organisms (e.g. Oshima 
et al.  1999 ). The seaweed beds are distributed 
mainly in the mouth and middle of the bays, and the 
seagrass beds are distributed mainly at the head of 
the bays, because the seaweed grows on rock beds, 
and most of the seagrass grows on sand beds. 

 Seagrass and seaweed beds play an ecologi-
cally important role as substrates for fl ora and 
fauna, including epiphytic and benthic organ-

isms, as well as their key role in fi sheries (   Fortes 
 1996 ; Coles et al.  1993 ). Seagrass beds contrib-
ute to the marine environment by stabilising bot-
tom sediments and maintaining coastal water 
quality and clarity (Ward et al.  1984 ; Jeudy de 
Grissac and Boudouresque  1985 ; Komatsu and 
Yamano  2000 ;    Komatsu et al.  2004 ). Seaweed 
and seagrass beds contribute to forming marine 
environments by infl uencing the spatial and tem-
poral distributions of water fl ow (Komatsu and 
Murakami  1994 ), water temperature (Komatsu 
et al.  1982 ,  1985 ,  1994 ), downward illumination 
via shading by their canopies (Komatsu  1989 ; 
Komatsu et al.  1990 ), pH distribution (Komatsu 
and Kawai  1986 ) and dissolved oxygen content 
by their respiration and assimilation (Komatsu 
 1989 ; Komatsu et al.  1990 ). Many commercially 
important species spawn in seagrass and seaweed 
beds (e.g. molluscs, sea urchins, balaos, cuttle-
fi sh), and larvae and juveniles use the beds as 
nursery grounds (Arasaki and Arasaki  1978 ). 

 Thus, seagrass and seaweed beds support bio-
diversity and are important habitats for marine 

  Fig. 1    Map showing the current systems off the Sanriku Coast and the epicentre of the Great East Japan Earthquake, 
indicated by a  closed cross  in the northwestern Pacifi c Ocean, based on Kawai ( 1972 )       
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animals and hence, contribute signifi cantly to 
coastal fi sheries (Komatsu and Tastukawa  1998 ). 
Recently, it has been reported that fl oating sea-
weeds play a vital role as spawning and nursery 
grounds of fi shes and associated animals (e.g. 
Safran  1990 ; Safran and Omori  1990 ; Thiel and 
Gutow  2005 ; Komatsu et al.  2009 ; Abé et al. 
 2013 ). 

 In Japan, the most important fl oating  seaweeds 
are  Sargassum horneri  (Turner) C. Agardh and 
other  Sargassum  species (Komatsu et al.  2007 ) and 
are seasonally distributed in offshore waters 
(Komatsu et al.  2014 ; Mizuno et al.  2014 ) and 
around the Japanese coastline (Yoshida  1963 ). 
Japanese saury ( Cololabis saira ) and some fl ying 
fi sh species spawn on the fl oating seaweeds, and 
Japanese saury fi sheries is one of the most impor-
tant fi sheries along the Sanriku Coast in autumn 
because the saury migrates south from waters off 
Hokkaido Island to those off the Coast. Thus, sea-
weed beds consisting of  Sargassum  species includ-
ing  S. horneri  are highly important in supporting 
fi sheries on this coast. 

  Zostera caulescens  Miki, the world’s tallest 
seagrass, reaching a length of 7 m (Aioi et al. 

 1996 ;  1998 ), grows extensively along the Sanriku 
Coast and in Funakoshi Bay (Fig.  2 ) to a water 
depth of ~ 20 m (Tastukawa et al.  1996 ; Sultana 
and Komatsu  2002 ). Komatsu et al. ( 2003 ) mapped 
a bed of  Z. caulescens  with a narrow multi-beam 
sonar system in Otsuchi Bay (Fig.  2 ), where the 
seagrass beds were distributed on a shallow bot-
tom at a depth of <7 m. Furthermore, a consider-
able amount of data has been collected on the 
seagrass and seaweed beds in Otsuchi Bay and 
Funakoshi Bay because the marine research sta-
tion belonging to the Atmosphere and Ocean 
Research Institute of the University of Tokyo is 
located in Otsuchi Bay. 

 On 11 March 2011, the Great East Japan 
Earthquake occurred off the Sanriku Coast, 
causing a massive tsunami (Department of 
International Affairs of Japan Science and 
Technology Agency  2011 ) that struck the coast-
line and caused extensive human casualties and 
damage to cars, houses, ports, boats, roads and 
the Fukushima fi rst nuclear power plant. The 
widespread damage to fi sheries infrastructures, 
such as fi shing boats, fi sh markets, freezing store 
houses, fuel stands, ice-producing facilities, 

  Fig. 2    Map showing the Otsuchi Bay and Funakoshi Bay, Iwate prefecture and Sanriku Coast, Japan       
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roads, bridges and dikes, was immediately 
 evident. However, it was diffi cult to observe 
damage to the seagrass and seaweed beds, which 
serve as “natural infrastructures” for fi sheries. 
Therefore, we opted to survey the seagrass and 
seaweed beds in Otsuchi Bay after the tsunami. 

 In this article, we examine the status of sea-
grass and seaweed beds before and after the 2011 
tsunami to provide information on these beds, 
their role in coastal fi sheries and their resilience 
to natural catastrophic disasters occurring on the 
Sanriku Coast.  

2     Materials and Methods 

2.1     Study Site 

 As our study site, we selected Otsuchi Bay on the 
Sanriku Coast, which represents a typical ria bay 
for this coastline, facing Pacifi c Ocean. The mouth 
of the bay and the longitudinal axis are 1 and 5 km 
in length, respectively (Fig.  3 ). Bottom depths 
along the axis are 30–50 m deep in the mouth and 
centre of the bay. Because the bay mouth is 
 narrow, the inside of the bay is protected from 
waves and currents. Numerous aquaculture facili-

ties are located in the bay. The inundation height 
of the tsunami was estimated to be 10–14 m near 
the fi shing port located in the bay (Yagi  2012 ).   

2.2     Field Survey 

 We were unable to conduct any fi eld survey 
shortly after the tsunami, which occurred on 11 
March 2011 because most of the boats had been 
lost in the tsunami and no hotels were open. 
Thus, the fi eld survey was conducted from 19 to 
23 June 2011, 3 months after the tsunami. An 
underwater camera (QI Co., Model FM 4100) 
was deployed at stations where seagrass and sea-
weed beds had been distributed before the tsu-
nami (Fig.  3 ), and the positions of the stations 
were recorded by GPS.     

3     Results 

3.1     Seaweed Beds 

 At station 1, seaweed beds consisting of 
 Laminaria  sp. and  S. horneri  were observed in 
2009. In June 2011, we observed  S. horneri  with 

  Fig. 3    Map showing the seafl oor topography and stations in Otsuchi Bay       
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stipes 7 m long (Fig.  4a ).  Laminaria  species with 
a luxuriant canopy covered the seafl oor (Fig.  4b ).  

 At station 2, thriving  Undaria pinnatifi da  
(Harvey) Suringar was observed on artifi cial 
reefs built for abalone (Fig.  5a ). Several sea 
urchins were attached to these artifi cial reefs 
(Fig.  5b ).   

3.2     Seagrass Beds 

 In the middle and south of the bay head around sta-
tion 3, we found no fl owering or vegetative shoots 
of seagrasses, but did observe seagrass seedlings 
(Fig.  6 ). The seedlings were identifi ed as  Zostera 
caulescens  Miki and  Zostera marina  Linnea. 
Around Station 4, we found fl owering shoots of 
 Zostera caespitosa  Miki (Fig.  7 ).        

4     Discussion 

4.1     Impact of the Tsunami 
on Seaweed Beds 

  Sargassum horneri  is an annual (Umezaki  1984 ) 
and matures in summer on the Sanriku Coast. 
 Undaria pinnatifi da  matures in late spring to 
early summer on the Coast (Miyagi Prefecture 
 2014 ). According to the information from the 
Fisheries Agency of Japan ( 2014 ),  Laminaria 
religiosa  Miyabe is distributed in Otsuchi Bay 
and is biennial (Yoshida  1989 ) and matures in 
summer. If the tsunami had destroyed these sea-
weed species, they would not have been thriving 
only 3 months later. When rocks have been 
turned over, their surfaces are white because the 
bottom surface that has been in contact with the 

  Fig. 4    Photographs    of  Sargassum horneri  ( a ) and  Laminaria  spp. ( b ) at Station 1, taken in June 2011       

  Fig. 5    Photographs of  Undaria pinnatifi da  ( a ) and an artifi cial reef with sea urchins (white arrows) ( b ) at Station 2, 
taken in June 2011       
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seafl oor is neither covered with seaweed nor are 
any animals attached. Because phytal organisms 
cannot grow on the bottom surface of an artifi -
cial reef, a clean surface would suggest that the 
artifi cial reef had been overturned. However, we 
observed no clean surfaces in the rocks and arti-
fi cial reefs and, hence, no evidence for their 
rolling by the tsunami. Thus, we concluded that 
the tsunami had no signifi cant impact on the 
seaweeds around the coast of the mouth and 
middle of the bay. The reasons for this are as 
follows: (1) the rocks or rock plates that acted as 
substrates for seaweeds were suffi ciently heavy 
to remain unmoved by the tsunami; (2) the sea-
weeds were suffi ciently small and fl exible in 

March before the onset of summer, their matu-
ration season, to not be removed by the tsunami; 
(3) since the seaweed beds were distributed 
close to the deep and steep seafl oor around the 
coast of the middle and mouth of the ria bays, 
the tsunami had not yet formed high waves due 
to the considerable water depth, which is sup-
ported by the observation of one of the students 
staying at the International Centre for Coastal 
Oceanography of the University of Tokyo 
located on the coast near the centre of Otsuchi 
Bay, who saw that the sea level rose and fell 
slowly during the tsunami (Kokubu, personal 
communication)—the shallower the water 
depth, the higher the wave formed (Japan 

  Fig. 6    Photograph of 
 Zostera  spp .  seedlings 
( white arrows ) at Station 3, 
taken in June 2011       

  Fig. 7    Photograph of 
 Zostera caespitosa  
fl owering shoots at Station 
4, taken in June 2011       
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Weather Association  2014 ); (4) since the 
Otsuchi Bay has a U-shape horizontal profi le, 
the wave height in the bay head was higher than 
that in the bay mouth (Japan Weather Association 
 2014 ); and (5) the tsunami waves did not break, 
and the speed of water movement was lower 
than that required to remove small seaweeds 
from the substrates.  

4.2     Impact of the Tsunami 
on Seagrass Beds and Their 
Responses 

 Elevated waves from the tsunami struck the bay 
head where the water was very shallow (Japan 
Weather Association  2014 ). The resulting power-
ful spilling waves and undertows transported sea-
grasses growing on the sandy seafl oor. We 
discovered solitary seagrass seedlings without 
rhizomes linking to other fl owering or vegetative 
shoots when we removed seedling samples in 
October 2011, which indicated that the seedlings 
had germinated from seeds. Shabaka and Komatsu 
( 2010 ), using bimonthly sampling, found that  Z. 
caulescens  fl owered between June and August in 
Funakoshi Bay, which lies near Otsuchi Bay. It is 
hypothesised that  Z. marina  also fl owers in June 
and August, similar to  Z. caulescens . Hence, we 
assume that the seeds had been produced before 
2011 and had remained buried until the tsunami. 
Yamaki et al. ( 2006 ) found that 90 % of seagrass 
seeds that had been preserved for 1 year germi-
nated in a fresh water medium. Thus, it is possible 
that seeds produced in 2010, and even before 
2010, were capable of germination in 2011. Seeds 
resuspended by the tsunami that then fell on the 
sand beds would have been able to germinate.  

4.3     Germination 
of Seagrass Seeds  

 Field and laboratory studies of seagrass germina-
tion have focused primarily on salinity, tempera-
ture, light, scarifi cation and, more recently, the 
sediments in which the seeds germinate (e.g. 
oxygen [oxygen-reduction profi les or Eh]), as 

critical factors infl uencing germination processes 
(Orth et al.  2000 ). A massive tsunami does not 
change the salinity or water temperature of the 
seeds’ environment, but does alter the light, sedi-
ments and scarifi cation. Some studies have 
reported that light is not important for the germi-
nation of  Z. marina  (e.g. Moore et al.  1993 ). 
While the latter study demonstrated more rapid 
germination of  Z. marina  seeds in sediments with 
no oxygen, mixing by a tsunami oxygenates sedi-
ments. Harrison ( 1991 ) reported that scarifi cation 
of the seed coat resulted in increased germination 
rates for  Z. marina , and it is possible that colli-
sion of seagrass seeds with sediments during the 
tsunami caused scarifi cation of the seed coat and 
promoted the seeds’ germination.  

4.4     Infl uences of Environments 
on Seed Germination 
and Seedling Growth 
of Seagrasses 

 It was reported that the lowest water temperature 
in which  Z. marina  seeds germinate was <5 °C, 
and the optimal water temperature was between 5 
and 10 °C in the Chesapeake Bay, USA (Orth and 
Moore  1983 ) and Odawa Bay, Japan (Kawasaki 
et al.  1986 ). In Otsuchi Bay, mean water tempera-
tures in March, April, May and June at a depth of 
1 m from 2000 to 2009 were 7.1, 9.1, 12.3 and 
14.8 °C, respectively (Michida et al.  2010 ). Abe 
et al. ( 2008 ) examined germination rates using 
culture experiments at water temperatures from 5 
to 25 °C at intervals of 5 °C over a period of 30 d 
following seed storage for 0–60 d at 0 °C at a 
depth of 1.5 cm in sand. They revealed that the 
optimal water temperature for seed germination 
was in the range of 10–15 °C (the highest germi-
nation rate occurred at 10 °C) with a PAR [photo-
synthetic active radiation] of 50 µmol regardless 
of storage duration. 50 % of the seeds were ger-
minated at 10 °C within 2 months. The germi-
nated seeds grew to seedlings approximately 
10 cm long within 2–3 weeks in water tempera-
tures of 5–20 °C. Thus, water temperatures in 
Otsuchi Bay might be favourable for seeds to ger-
minate and grow to longer than 10 cm, which 
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correlates with our observation that seedlings of 
 Zostera  species were present in mid-June. 
Germinated seeds require light, although some 
studies have reported that light had no infl uence 
on the germination of  Z. marina  seeds. Because 
the tsunami removed fl owering and vegetative 
shoots, the lack of shading from these absent 
shoots enabled seedlings to receive light, as has 
been reported previously (Olesen and Sand- 
Jensen  1994 ; Abe et al.  2004 ).  

4.5     Resilience of Seagrasses 
to Disturbances 

 In general, seagrasses undergo asexual reproduc-
tion through production of shoots on the root sys-
tems in subtidal zones that provide a stable 
environment (Philipps et al.  1983 ). However, 
seedlings are also produced after disappearance 
of seagrass beds caused by storm (Aioi and 
Komatsu  1996 ) and tsunami events. It is believed 
that seagrasses have two reproductive strategies: 
asexual in a stable environment and sexual, when 
a sudden loss of seagrass beds has occurred. The 
huge tsunami hit Sanriku Coast in 1896 (off 
Sanriku with moment magnitude, Mw 8.0–8.1), 
1933 (off Sanriku with Mw 8.4), 1960 (off Chile 
with Mw 9.5) (Iwate Prefecture  2014 ; Kanamori 
 1977 ; Omachi et al.  2003 ) and 2011 (off Sanriku 
with Mw 9.0) (Takeuchi and Chavoshian  2011 ). 
The last one in 2011 was caused by the great 
earthquake which tends to occur at an interval of 
700 years along this coastline facing Japan trench 
(Satake  2011 ).  Zostera  species on the Sanriku 
Coast invest energy to produce seeds as an insur-
ance against the disappearance of the mother 
plants; this provides the seagrass beds with resil-
ience against catastrophic natural disasters, such 
as huge tsunamis. Thus, it is recommended that 
recovery operations after such events (e.g. resto-
ration of ports and removal of debris (fragments 
of dykes) in shallow waters) incorporate mea-
sures to avoid damage to recovering seagrass 
beds and do not take place before regrowth of 
broad seagrass beds near the sites of such opera-
tions because of the fundamental role of these 
beds in fi sheries.  

4.6     Socio-ecosystem Resilience 

 Coastal areas in Otsuchi Bay and Sanriku Coast 
depend on fi sheries and aquacultures. Restoration 
of the areas from the tsunami disaster needs 
recovery of coastal fi sheries and aquacultures, 
which are based on the coastal ecosystem. In 
Sanriku Coast, damaged seagrass beds started to 
regenerate on the beds where their mother plants 
had been distributed.    On the other hand, the 
Ministry of Land and Transport with Miyagi and 
Iwate Prefectures is constructing huge seawalls 
with a wall height of 10–15 m and a base width of 
43–63 m from the against the huge tsunami along 
the coast in the places of broken seawalls to pro-
tect people and their properties without environ-
mental assessments (Anon  2013 ) with a 
far-fetched reason that construction of huge sea-
walls is a recovery work for sea-walls usually 
with about 3–4 m high before the tsunami. If for-
tifi cation of the coast by the huge seawalls cuts 
continuity of land and the sea and material fl ow 
between them, it destroys an ecotone including 
seagrass beds by direct and indirect ways due to 
construction. It is needed to remember that soci-
ety based on the fi sheries and aquacultures utilis-
ing coastal ecosystems exists with the nature that 
has original resilience against natural disasters. 
Thus, the recovery program from the tsunami 
must be established on holistic approach includ-
ing social and ecological aspects of land and the 
sea based on the ecosystem-based concept that 
secures material fl ows between land and the sea 
from the sustainable point of view because the 
coastal area is an ecotone of land and the sea and 
also a “sociotone” between land and the sea.      
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    Abstract  

  History repeats itself. In these 3,500 years, massive earthquake like the 
Pacifi c coast of Tohoku earthquake in 2011 has occurred at least seven 
times. Major earthquakes with big tsunami have occurred in 500- year 
cycles along the Pacifi c coast of northern part of Japan. The tsunami 
caused a lot of damage to the Tohoku region including marine life. During 
the earthquake, wavelike movement observed on the surface of the tidal 
fl ats. Liquefaction occurred just after the earthquake before tsunami. 
Bivalves distributed inside the sediment were dug out to surface with a jet 
of water. Not only the tsunami but also the liquefaction brought quick 
damage in the coastal marine life. The earthquake caused sudden land 
subsidence of about 1 m in maximum where intertidal zone became sub-
tidal zone. It may take at least several 10 years to recover the coseismic 
land subsidence. We have to clarify not only short-term effect which may 
explain an initial recovery of intertidal and subtidal animals but also a 
long-term effect which may explain continuous changes in mollusk popu-
lation with land subsidence. Construction of tsunami seawalls has begun 
without environmental assessment. Huge seawalls break the continuity of 
nature to land from the sea. We have to clarify the impact on the coastal 
ecosystem of artifi cial structures.  

        K.   Okoshi      (*) 
  Department of Environmental Science, 
Faculty of Science ,  Toho University , 
  2-2-1, Miyama ,  Funabashi ,  Chiba   274-8510 ,  Japan   
 e-mail: kenji.okoshi@env.sci.toho-u.ac.jp  

      Impact of Repeating Massive 
Earthquakes on Intertidal Mollusk 
Community in Japan 

           Kenji     Okoshi    

1          Introduction 

 At least seven magnitude 9-class earthquakes 
have occurred along the Pacifi c coast from 
Hokkaido to Tohoku over the past 3,500 years 
(source:  Sankei Shimbun , February 3, 2012), gen-
erating huge tsunami that inundated the coastline 
after analyzing volcanic ash and sand layers in 
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trenches excavated at lowland. Because the 
marine species of diatoms were collected only 
from sand layers, indicating that these layers 
were originated from marine event sediments, 
brought by tsunamis from the ocean (Dawson 
et al.  1996 ). Major earthquakes like the Pacifi c 
coast of Tohoku earthquake in 2011 have occurred 
in 500-year cycles along the Pacifi c coast of 
northern part of Japan. The tsunami caused a 
lot of damage to the Tohoku region including 
marine life. 

 It is considered that a magnitude 9-class earth-
quake had occurred along the Pacifi c coast of 
Japan during the Jomon period (Fig.  1 ). The 
Jomon period is the time in Japanese prehistory 
from about 14,000 BC to about 300 BC, when 
Japan was inhabited by a Neolithic culture. 
We have a clear evidence of a big earthquake in 
869 from the ancient documents and geological 
analysis. The 869 Jogan Sanriku earthquake and 
associated tsunami struck the area around Sendai 
in the northern part of Japan on 9 July 869 
(Abe et al.  1990 ; Minoura et al.  2001 ).  

 The earthquake had an estimated magnitude 
of 8.6 on the surface wave magnitude scale. The 
geological analysis indicated that the tsunami 
caused widespread fl ooding of the Sendai plain, 
with sand deposits being found up to 4 km from 
the coast. It is written in ancient documents that the 

tsunami reached in front of the local government 
offi ce in Tagajyo (Fig.  2 ).  

 In this way, major earthquake with massive 
tsunami has struck repeatedly in northern Japan. 
There has been no report about the effects of the 
magnitude 9-class earthquake and tsunami to 
the intertidal organisms including mollusks. 
This earthquake in 2011 was a magnitude 9-class 
earthquake for the fi rst time happened since the 
industrial revolution in Japan. Fire of the ship 
and corruption of the oil tank took place here and 
there. Combustion products and fuel have fl owed 
into the sea. This earthquake was also the fi rst 
earthquake of large quantities of chemicals that 
fl ows into the sea. 

 In this chapter, the author would like to focus 
on the rapid impact of the earthquake for mol-
lusks distributed in intertidal sandy shore and 
also on the long-term effect of the earthquake 
including land subsidence and artifi cial structures 
constructed after the earthquake.  

2     Rapid Impact by 
Liquefaction and Tsunami 

 Three minutes before the earthquake of 2011, the 
water was clear to the bottom at low tide in Yatsu 
tidal fl ats in Tokyo Bay. During the earthquake, 

  Fig. 1    Imaginary picture of the tsunami that occurred in the Jomon period in Japan illustrated by Kaiki Okoshi       
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wavelike movement observed on the surface of 
the tidal fl ats. Liquefaction occurred just after the 
earthquake before tsunami. Liquefaction is a 
 phenomenon in which the strength and stiffness 
of a soil are reduced by earthquake shaking. 
The water spurted from the cracks, which looked 
like a jet of water. I observed many fi ssures mov-

ing and a jet of water from liquefaction coming to 
the surface around the Yatsu tidal fl ats (Okoshi 
 2012a ,  b ,  2013 ;    Okoshi et al.  2014 ) (Fig.  3 ).  

 Twenty minutes after the earthquake, clear 
water changed to muddy water. Sanbanze tidal 
fl ats are connected with Yatsu tidal fl ats through 
two channels. 

  Fig. 2    Imaginary picture of the Jogan-Sanriku Tsunami in 869 illustrated by Kaiki Okoshi       

  Fig. 3    Yatsu    tidal fl at in Tokyo Bay. ( a  and  b ) 14:43, 11th of March 2011, 3 min before the earthquake. The water was clear 
to the  bottom  at low tide. ( c  and  d ) 22 min after the earthquake. Clear water changed to muddy water (From Okoshi  2012b )       
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 The muddy water was fl owing to the Sanbanze 
tidal fl ats through the sewage outlet and two 
channels. There were many sand boils that 
erupted in tidal fl ats during the earthquake 
(Okoshi  2013 ) (Fig.  4 ).  

 It is thought that this was caused by ground 
liquefaction. Many cracks caused by the earth-
quake were also observed in the baseball ground 
connected to the beach. The lawn of the baseball 
ground was divided into pieces and covered with 
 Ulva  sp. after the tsunami (Fig.  4 ). Many broken 
shells of trough shell  Mactra veneriformis  were 
observed along the coastline. There were a few 
broken shells in Manila clam  Ruditapes philippi-
narum  in the same area. There is a possibility 

that the difference in thickness of the shell is 
infl uenced in this matter. 

 Bivalves like sand gaper  Mya arenaria 
oonogai  normally distributed in deep were dug 
out to surface with a jet of water in Gamo tidal 
fl ats in Miyagi and Matsukawa-ura Inlet where 
50 km north from the Fukushima nuclear power 
plant in Fukushima, northern Japan (Okoshi 
 2012a ,  b ,  2013 ; Okoshi et al.  2014 ). 

 Some species of infaunal bivalves were also 
rushed by the tsunami in Matsukawa-ura Inlet. 
Matsukawa-ura Inlet was attacked by tsunami 
reached over 9 m. Strong tsunami stream dug up 
the bottom sand with many organisms living 
inside the substratum (Fig.  5 ).  

  Fig. 4    ( a ) Sand boils that 
erupted in Sanbanze tidal 
fl at in Tokyo Bay during 
the earthquake (From 
Okoshi  2013 ) ( b ) The lawn 
of the baseball ground was 
divided into pieces and 
covered with  Ulva  sp. 
( arrow ) after the 
earthquake       
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 In this way, not only tsunami but also the 
liquefaction brought quick damage in the coastal 
marine life. The infaunal bivalves dug from the 
tidal ground were not killed instantly. Some adult 
specimens of deep burrowing bivalves  Macoma 
contaculata  and  Mya arenaria oonogai  had been 
survived on the tidal surface in Matsukawa-ura Inlet, 
Fukushima, by the end of June 2011 (Okoshi  2013 ).  

3     Long-Term Effect by Land 
Subsidence 

 The earthquake caused sudden land subsidence 
of about 1 m in maximum around the Oshika 
Peninsula, Miyagi, where intertidal zone became 
subtidal zone. Mangoku-ura Inlet near Oshika 
Peninsula was occurred land subsidence of ca. 
80 cm. Therefore, intertidal zone became sub-
tidal zone and part of the land became intertidal 
zone. Although many mollusks were damaged by 
land subsidence and tsunami, plural recruitment 
of juvenile was observed after July 2011. Spat of 
Pacifi c oyster  Crassostrea gigas  was observed to 
attach to new hard substances after summer. 

Because the area of larval attachment became 
higher after the summer in 2011, the distribution 
area of the adult and juvenile was no longer over-
lap. The snails  Littorina brevicula  and  Batillaria 
cumingi  that can move itself were found at shores 
that were land before the earthquake (Okoshi 
 2012a ,  b ). Also during low tide, the part of newly 
formed tidal fl at has changed to a tide pool. The 
tide pools and their periphery were subject to the 
infl ux of soil and landform changed by typhoons, 
waves, and so on. Tide pools change their envi-
ronment by sea and land natural phenomena, 
so what creatures advance to there from sea? 
The great infl uential typhoon came in September 
2011, and soils were infl ux into the tide pool 
from the mountain surrounded, and the environ-
ment was dramatically changed.  B. cumingi  and 
 Assiminea spp . were found in the tide pool exten-
sively after the typhoon. Many juveniles of Venus 
clam  Cyclina sinensis  and some of Manila clam 
 R. philippinarum  were also found in and around 
tide pools (Okoshi  2013 ). These results showed 
that larval recruitment occurred in newly formed 
intertidal zone after the earthquake. In the future, 
they have possibility to reproduce in the tide pool. 

  Fig. 5    Bivalves damaged in Matsukawa-ura tidal fl at from the 2011 earthquake, where buoyancy caused by soil liquefaction 
pushed up many underground organisms including  Mya arenaria oonogai  (photo taken the 8th of April 2011)       

 

Impact of Repeating Massive Earthquakes on Intertidal Mollusk Community in Japan



60

 It may take at least several 10 years to recover 
the coseismic land subsidence. What creatures 
will advance to new environment and will 
 disappear? We have to clarify not only short-term 
effect which may explain an initial recovery of 
intertidal and subtidal animals but also a long- 
term effect which may explain continuous 
changes in population with land subsidence.  

4     Effects of Man-Made 
Structures 

 Almost all tidal fl ats in Mangoku-ura Inlet have 
lost as a result of land subsidence after the earth-
quake. The mountain sediment has been putting 
into sea from October 2013 to construct artifi cial 

tidal fl ats for Manila clam culture (Fig.  6 ). Silt is 
included in a certain percentage of the mountain 
sediment, turbidity sometimes occurred in the sea 
when low pressure came. We need to clarify 
whether or not there is a new recruitment of juve-
nile after the summer 2014.  

 The magnitude 7.7 earthquake occurred in 
1993 in the Sea of Japan near the Okushiri Island 
in southwest-off Hokkaido, northern Japan 
(Satake and Tanioka  1995 ). The tsunami reached 
several minutes after the earthquake. The tsu-
nami was 32 m high in maximum. The whole 
island subsided by 5–80 cm. The tsunami inun-
dated large parts of urban area in Okushiri Island 
especially in Aonae area, despite its artifi cial wall 
of tsunami defenses. The destructive power of 
this tsunami led to an overhaul of the sea defenses 

  Fig. 6     (a  and  b ) Artifi cial tidal fl ats made by mountain sediment in Mangoku-ura Inlet; ( c ) Turbidity occurs when stir 
the newly-introduced mountain sediment          
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involving the construction of higher tsunami 
seawalls. Huge seawalls break the continuity of 
nature to land from the sea (Fig.  7 ). Twenty years 
after the Okushiri earthquake, the construction of 
tsunami seawalls has begun in the Pacifi c coast of 
Tohoku district without environmental assess-
ment. The height of the tsunami seawalls will be 
exceeding 14 m in maximum.      

   References 

    Abe H, Sugeno Y, Chigama A (1990) Estimation of the 
height of the Sanriku Jogan 11 Earthquake-Tsunami 
(A.D. 869) in the Sendai Plain. Zishin 43:513–525 
(in Japanese with English abstract)  

    Dawson S, Smith DE, Ruffman A, Shi S (1996) The dia-
tom biostratigraphy of tsunami sediments: examples 
from recent and middle holocene events. Phys Chem 
Earth 21:87–92  

  Fig. 7    Coastline of 
Okushiri Island, Hokkaido 
Japan. ( a ) Natural coast. 
Coastal vegetation is 
continuous until the beach. 
( b ) Coast which are 
divided by the tsunami 
seawalls with some 
vegetation on the shore. 
( c ) Huge seawalls. There is 
no vegetation at all on 
the shore       

 

Impact of Repeating Massive Earthquakes on Intertidal Mollusk Community in Japan



62

    Minoura K, Imamura F, Sugawara D, Kono Y, Iwashita T 
(2001) The 869 Jogan tsunami deposit and recurrence 
interval of large-scale tsunami on the Pacifi c coast of 
northeast Japan. J Nat Disaster Sci 23:83–88  

      Okoshi K (2012a) How do the 3.11 tsunami affect the 
intertidal animals? Jpn J Benthol 66:117–119 (in 
Japanese)  

       Okoshi K (2012b) Effect of earthquake and tsunami to the 
coastal marine life. In: Iwatsuki K, Domoto A (eds) A 
catastrophic disaster and biodiversity. Biodiversity 
Network, Tohoku, pp 20–25 (in Japanese)  

         Okoshi K (2013) Changes in the distribution and 
abundance of intertidal bivalves in sandy shore one 
and a half years after the Pacifi c coast of Tohoku 
Earthquake. J Jpn Soc Water Environ 36:44–48 
(in Japanese)  

     Okoshi K, Suzuki M, Maruyama Y, Shinohara W (2014) 
Traces of the earthquake and tsunami observed in 
shells. Chikyu Mon 36:42–46 (in Japanese)  

    Satake K, Tanioka Y (1995) Tsunami generation of the 
1993 Hokkaido Nansei-Oki earthquake. Pure Appl 
Geophys 144:803–821      

K. Okoshi



63H.-J. Ceccaldi et al. (eds.), Marine Productivity: Perturbations and Resilience of Socio-ecosystems, 
DOI 10.1007/978-3-319-13878-7_7, © Springer International Publishing Switzerland 2015

    Abstract  

  On 11 March 2011, the fi fth most powerful earthquake in recorded history 
occurred off Japan in the northeastern (Tohoku) Pacifi c coastal area of 
Japan known as the Sanriku Coast. Now known as the Great East Japan 
Earthquake (or Tohoku-Oki Earthquake), it was a moment magnitude 9.0 
undersea megathrust-type earthquake with its epicenter approximately 
70 km east of the Oshika Peninsula in Miyagi Prefecture. Approximately 
20,000 people were confi rmed as dead or are still missing. In addition, the 
tsunami-related nuclear accidents at the Fukushima Daiichi nuclear power 
plant in Fukushima Prefecture resulted in the release of large amounts of 
radioactive substances into the environment. The impact of the earthquake 
and tsunami on the Sanriku area and the subsequent processes of transition 
over time are yet to be determined. Tohoku Ecosystem- Associated Marine 
Sciences (TEAMS) is a national project to observe marine ecosystem 
change after the Great East Japan Earthquake in Tohoku region. TEAMS 
is composed of research groups at three institutions in Japan. Tohoku 
University is a representative institution of TEAMS and conducts studies 
on the environmental change processes in the fi shing environment. The 
Atmosphere and Ocean Research Institute (AORI) of the University of 
Tokyo is performing “Studies on the mechanisms of marine ecosystem 
change.” AORI will evaluate the processes of reconstruction in the Sanriku 
sea area. The Japan Agency for Marine-Earth Science and Technology 
(JAMSTEC) is charged with “Elucidation of the mechanisms of ecosystem 
change on the seafl oor around the coastal area.” JAMSTEC also manages 
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data for TEAMS. TEAMS has been constructing a database of research 
information that will be accessible to the fi shing industry, local residents, 
and researchers. The main objective of TEAMS is to facilitate reconstruc-
tion of the coastal environment and fi sheries in the Tohoku area.  

1          Introduction 

 On 11 March 2011, the fi fth most powerful earth-
quake in recorded history occurred off the north-
eastern (Tohoku) Pacifi c coastal area of Japan 
known as the Sanriku Coast. Now known as the 
Great East Japan Earthquake (or Tohoku-Oki 
Earthquake), it was a moment magnitude (Mw) 
9.0 undersea megathrust-type earthquake with its 
epicenter approximately 70 km east of the Oshika 
Peninsula in Miyagi Prefecture. The focal region 
inferred from the distribution of aftershocks 
stretches approximately 400–500 km long by 
200 km wide offshore (Sato et al.  2011 ). This 
earthquake caused several huge tsunamis that 
which reached heights of up to 40 m at Miyako in 
Iwate Prefecture and traveled up to 10 km inland 
at Sendai in Miyagi Prefecture. These tsunamis 
seriously damaged towns, villages, ports, and 
boats in the coastal areas. Approximately 20,000 
people were confi rmed as dead or are still miss-
ing. This earthquake and the ensuing tsunami are 
one of the greatest natural disasters ever experi-
enced in Japan (Kahoku Shimpo  2011 ; Ozawa 
et al.  2011 ; Sagiya  2011 ; Suzuki  2011 ; Tsuji 
 2011 ). 

 In addition, the tsunami-related nuclear acci-
dents at the Fukushima Daiichi nuclear power 
plant (Fukushima Daiichi NPP) in Fukushima 
Prefecture resulted in the release of large 
amounts of radioactive substances into the 
environment, including highly contaminated 
cooling water that was released into the ocean. 
An estimated 3.5–27 petabecquerels of radioac-
tive substances were released into the Pacifi c 
(Kahoku Shimpo  2011 ; Yoshida and Kanda 
 2012 ; Normile  2013b ; Motojima  2014 ). 
Although the radioactive level in marine epipe-
lagic fi sh has been decreasing after the nuclear 
accident, the radioactive level in marine demer-
sal and freshwater fi sh has been increasing 

(Yokota and Kikkawa  2013 ). Levels of radioac-
tive contaminants in fi sh and shellfi sh have 
mostly been below the under minimum detec-
tion limits (Sakurai et al.  2012 ). 

 The northwest Pacifi c is one of the major fi sh-
ing areas in the world, and the Sanriku Coast is 
recognized as one of the largest seafood- 
producing areas in Japan. Many communities in 
Tohoku coastal areas rely on marine products and 
fi sheries industries. Accordingly, it is important 
to reconstruct the coastal fi sheries industry in 
these disaster-stricken areas, such as Sanriku. 
However, the effects of the disaster caused by the 
earthquake and tsunamis on marine ecosystems 
are unknown, including the effects of large 
amounts of debris, subsidence, contamination 
caused by oil spills and radioactive substances 
release, and the loss of seaweed beds. The impact 
of the earthquake and tsunami on the Sanriku 
area and the subsequent processes of transition 
over time are yet to be determined, although such 
information is vital to effectively restore the fi sh-
ing industry. 

 Furthermore, other recent disasters, such as 
the northern Sumatra (Indian Ocean) earthquake 
and tsunami in 2004 and super typhoon Haiyan 
(Yolanda) around Philippine island in 2013, 
were also known to cause serious damage to 
living environments and marine ecosystems. 
Accordingly, it is important to record and deter-
mine the effects of natural disasters on ecosys-
tems and the subsequent processes of transition 
for restoration and optimal use of ecosystem 
services. 

 Various research projects have been underway 
to understand the mechanism of occurrence of 
this massive earthquake and to reconstruct 
disaster- stricken areas in Japan. Tohoku 
Ecosystem-Associated Marine Sciences 
(TEAMS) is a national project to observe marine 
ecosystem change after the Great East Japan 
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Earthquake in the Tohoku region. The project 
was launched in January 2012 by the Japan’s 
Ministry of Education, Culture, Sports, Science, 
and Technology (MEXT) (Urushihara  2013 ; 
Hara  2013 ; Normile  2013a ; TEAMS HP  2013 ). 
This commentary will briefl y describe the aims 
and activities of TEAMS, particularly the project 
being conducted by Tohoku University.  

2     General Features of TEAMS 

 As shown in Fig.  1 , TEAMS primarily comprises 
research groups at three institutions in Japan: 
Tohoku University, the Atmosphere and Ocean 
Research Institute (AORI) of the University of 
Tokyo, and the Japan Agency for Marine-Earth 
Science and Technology (JAMSTEC).  

 Tohoku University is undertaking “Elucidation 
of the environmental change process in the fi sh-
ing environment.” 

 AORI is performing “Studies on the mecha-
nisms of marine ecosystem change,” which 
includes (1) development of advanced monitoring 
systems, (2) disturbances and recovering process 

ecosystems, (3) changes in material circulation 
processes, (4) infl ux of environmental pollutants, 
(5) integrative model of coastal ecosystems, 
(6) effects of forests and rivers on the marine envi-
ronment, and (7) physical changes to coastal 
ecosystems (Seike et al.  2013 ). AORI will evalu-
ate the processes of reconstruction in the Sanriku 
sea area. 

 JAMSTEC is charged with “Elucidation of the 
mechanisms of ecosystem change on the seafl oor 
around the coastal area,” which includes (1) pres-
ent situations and processes of debris decomposi-
tion, (2) surveying distributions of species and 
analyzing population structures, (3) realized dis-
tributions and materials spread by tsunamis and 
turbidity currents, (4) long-term monitoring of 
fi shery resources in the deep sea, (5) evaluating 
the effects of toxic substances on nutrition stages, 
and (6) habitat mapping for deep-sea ecosystems 
(Oguri et al.  2013 ). JAMSTEC also manages data 
for TEAMS. 

 TEAMS has been constructing a database of 
research information that will be accessible 
to the fi shing industry, local residents, and 
researchers.  

  Fig. 1    The research sea 
areas near Sanriku Coast 
managed by Tohoku 
Ecosystem-Associated 
Marine Sciences (TEAMS)       
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3     Studies on the Elucidation 
of the Environmental 
Change Process 
in the Fishing Environment 
by Tohoku University 

 Tohoku University is a representative institution 
of TEAMS and conducts studies on the environ-
mental change processes in the fi shing environ-
ment. The main fi elds where Tohoku University 
has been observing and researching are shown in 
Fig.  2 . The research subjects for the “Study on 
ecological succession of fi shery grounds in 
Miyagi Prefecture” are the following (Urushihara 
 2013 ; Hara  2013 ; TEAMS HP 2013).  

3.1     Environmental Monitoring 
in Coastal Areas 

 After the massive tsunami in 2011, the environ-
ments of the coastal sea areas in Miyagi Prefecture 
were dramatically changed. An automated rise- 
and fall-type or fl oating-type multifunction buoy 
has been developed to observe current directions 
and speeds, water temperature, salinity, turbidity, 
and the amounts of chlorophyll a (Fig.  3 ). This is 
a real-time monitoring system for use in the sea. 
Periodic water quality changes, such as water 

temperature, dissolved oxygen concentrations, 
coliform bacteria counts, nitrite-nitrogen levels, 
and silica, have been measured by a research ves-
sel. These data should provide useful information 
for understanding the environment of the fi sher-
ies in the coastal sea areas in Miyagi Prefecture.  

 After the tsunamis, silt and mud sediments 
were found in Onagawa Bay in Miyagi Prefecture. 
A decrease in the number and species of inverte-
brates, which may have been due to the turbu-
lence caused by the tsunami, was observed in 
Onagawa Bay.  

3.2     Ecosystems and Genetic 
Research 

 The tsunami and subsequent subsidence changed 
the sea environment. The dynamics and recovery 
processes of seaweed bed communities, such as 
brown algae  arame  kelp  Eisenia bicyclis  beds, 
can be used as markers for assessing of the dam-
age caused by the tsunami and for conserving the 
coastal ecosystem. 

 The recruitment of brown algae, abalone, and 
sea urchins was reduced due to silt and mud sedi-
mentation and subsequent subsidence in the 
rocky subtidal areas in Shidugawa Bay in Miyagi 
Prefecture. The genetic diversity of benthic inver-
tebrates and fi sh has also been monitored.  

  Fig. 2    The main fi elds 
where Tohoku University 
has been observing and 
researching       
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3.3     Coastal Fishery Resources 
and Tidal Flat Fauna 

 The tsunami subsidence and debris have obstructed 
the recovery of ecosystems and fi sheries activity. 
The fi shery resources, including benthos, plank-
tons, and fauna in the coastal shallow sea areas, 
tidal fl ats, and lower rivers in Miyagi Prefecture, 
have been monitored to understand the recovering 
processes of the coastal ecosystems. 

 Large amount of debris are still found in the 
coastal zone near Yamamoto in Miyagi 
Prefecture. Accordingly, it will be hard to catch 
bivalves, such as the surf clam  Pseudocardium 
sachalinensis , from the sea bottom in these areas.  

3.4     Feature of Aquacultural 
Environment and Innovation 
of Aquaculture 

    The massive tsunami caused extensive damage to 
aquacultural facilities for fi sh and shellfi sh cul-
ture. The effi cient production of aquacultural 
species, such as oysters and scallops, has been 
studied for rebuilding aquacultural cultivation 
systems. 

 A single seed experiment with oysters with a 
fl oating upweller system, “FLUPSY,” has been 
used for intermediate culture in Ogatsu Bay in 
Miyagi Prefecture and Yamada Bay in Iwate 
Prefecture. High growth and survival rates were 
observed in spat oyster cultures by this 
FLUPSY. 

 The changes in the features of bottom materials, 
such as the levels of chemicals, in Onagawa Bay in 
Miyagi Prefecture have been measured. The levels 
of chemical contaminants, such as extracts from 
the bottom sediment with organic solvents 
(n-hexane or methyl alcohol) in the entrance and 
the middle areas of Onagawa Bay, have decreased. 
However, the changing patterns of the levels of 
these extracts from the bottom sediment from 
Onagawa Bay appear to be variable. The several 
extracts from the bottom sediment of Onagawa 
Bay with organic solvents showed an inhibitory 
effect for cultured mammalian cell. Several chemi-
cal compounds, such as polycyclic aromatic hydro-
carbons (PAHs), have been detected in the bottom 
sediment from Onagawa Bay. But the origins and 
levels of    PAHs are still unknown and further stud-
ies should be needed (Yamaguchi et al.  2014 ).  

3.5     Coastal Environment 
and Marine Resources 
in the Southern Part of Iwate 
Prefecture 

 Periodic water quality and biological feature 
changes have been observed in Okirai Bay and 
Ofunato Bay in southern Iwate Prefecture. The 
genetic structures of the Yezo abalone  Nordotis 
discus hannai , Japanese common sea cucumber 
 Apostichopus japonicus , and northern sea urchin 
 Strongylocentrotus nudus , from the perspective 
of natural population genetics, have also been 
determined.   

  Fig. 3    Real-time 
monitoring system with 
multifunction buoy to 
observe sea conditions       
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4     Conclusions 
and Perspectives 

 From a scientifi c standpoint, TEAMS will contrib-
ute to reconstructing the regional fi sheries indus-
tries by determining revealing the mechanisms of 
ecosystem recovery based on long-term surveys 
and research. The biological, chemical, and 
physical data, which have been archived to build 
databases available to the public, are expected to 
provide signifi cant information for facilitating the 
reconstruction of the coastal environment and fi sh-
eries in the Tohoku area and for predicting when 
the next disaster will occur in the world. 

 Further investigations (now in progress) are 
required to determine the effects of massive tsu-
namis on marine ecosystems and life in general.     
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    Abstract  

  As a result of the earthquake and tsunami of March 2011, a large quantity 
of radioactive material was emitted into the sea from the Fukushima 
Daiichi Nuclear Power Plant (FNPP). Seawater, sediments, and many 
marine organisms with high radiation levels have been reported from 
coastal areas in Fukushima Prefecture. Currently, fi shing in Fukushima 
Prefecture has been banned. This projected study will examine the follow-
ing issues: (1) diffusion of radioactive material via the food chain, 
(2) diffusion via migration/movement of various organisms, and, as a 
long-term project, (3) the biological half-life of selected radionuclide 
cesium within the fi sh body. Sampling of marine organisms was carried 
out between November 2011 and May 2013 by scuba diving, gillnetting, 
and seine netting. A rocky shore and a sandy beach at Yotsukura (35 km 
south of FNPP; depth, 0.5–1 m), Ena (50 km south of FNPP; depth, 
5–6 m), and Souma (50 km north of FNPP; depth, 3–7 m) were selected as 
sampling locations. Sampled species included 15 seaweeds, 25 inverte-
brates, and 43 fi sh species. Concentrations of radioactive cesium ( 134+137 Cs) 
were measured using a germanium semiconductor detector. In addition, an 
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1          Introduction 

    On March 11, 2011, a massive earthquake and 
tsunami occurred in northeastern Japan. The 
Fukushima Daiichi Nuclear Power Plant (FNPP) 
lost power as a result of the tsunami, and a subse-
quent explosion within the building released a 
large quantity of radioactive material into the 
atmosphere and sea (   Honda et al.  2012 ; Wakeford 
 2011 ; Akahane et al.  2012 ; Chino et al.  2012 ; 
Aoyama et al.  2013 ). According to previous 
reports (TEPCO  2012 ; Estournel et al.  2012 ), the 
total amount of radioactive  137 Cs released into the 
ocean was 3.6 × 10 15  Bq. 

 Radioactive Cs levels exceeding the Japanese 
limit for human consumption (100 Bq/kg) were 
detected in various fi sh species caught in coastal 
Fukushima (Watabe  2012 ). Until September 
2013, fi shing in Fukushima Prefecture was 
banned, while the Fisheries Agency of Japan and 
authorities in Fukushima Prefecture measured 
radioactive Cs concentrations in marine organ-
isms after the accident. These analytical data 
have been published by Wada et al. ( 2013 ). 
Concentrations of radioactive Cs in octopus spe-
cies ( Enteroctopus dofl eini  and  Octopus conispa-
diceus ) and gastropods ( Buccinum isaotakii ) 
decreased rapidly. Two hundred days after the 
accident, radioactive Cs was not detected in these 
organisms. Concentrations of radioactive Cs in 
anchovy larvae ( Engraulis japonicus ), the bivalve 
 Pseudocardium sachalinense , and the seaweed 
Eisenia  bicyclis  decreased with time. However, 
concentrations of radioactive Cs in coastal 

demersal fi sh, such as  Microstomus achne , 
 Sebastes cheni , and  Okamejei kenojei , decreased 
slowly, with levels in excess of 100 Bq/kg 
recorded in 2012. 

 The reasons for these differences in the rate of 
decrease in radioactive cesium among the sam-
pled species may include local or large migra-
tions, nutritional physiology, digestive processes, 
and mode of excretion. To clarify how radioac-
tive material is dispersed within the marine eco-
system and how levels in organisms may vary in 
the future, cesium concentrations near FNPP 
were monitored. 

 This ongoing project involved the assessment 
and measurement of (1) diffusion via the food 
web, (2) diffusion via migration/ranging, and 
(3) a long-term study of the biological half-life of 
radioactive Cs within the fi sh body (Fig.  1 ). This 
report contains a brief outline and some prelimi-
nary key results from the study.   

2     Materials and Method 

 This study measured the spatial and temporal 
changes in radioactive Cs concentrations in 
coastal organisms near the damaged 
FNPP. Sampling locations were selected at 
Yotsukura (35 km south of FNPP; depth, 
0.5–1 m), Ena (50 km south of FNPP; depth, 
5–6 m), and Souma (50 km north of FNPP; depth, 
5–6 m) (Fig.  2 ).  

 Immediately after the accident, released 
radioactive material fl owed south due to the 

ultrasonic pinger was used to investigate the ranging behavior of the rock-
fi sh  Sebastes cheni  in an area contaminated with high concentrations of 
cesium. Immediately after the accident at FNPP, very high levels of radio-
active cesium were recorded in coastal marine organisms, but these 
decreased with time. At present, the concentrations found in demersal 
coastal fi sh are higher than in pelagic species. The ranging behavior of 
rockfi sh, contaminated at comparatively high levels, was very limited, 
with the fi sh remaining within a small territorial area and thus limiting 
the diffusion of radioactive cesium. It is 3 years since the Fukushima 
accident; however, continuous monitoring of radioactive cesium concen-
trations in benthic and coastal fi sh is still required to implement suitable 
management policies.  
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coastal current (Honda et al.  2012 ); therefore, 
bottom sediments and fi sh species in the area 
south of FNPP (i.e., off Yotsukura) were most 
contaminated (Otosaka and Kobayashi  2012 ; 
Wada et al.  2013 ). 

 In general, rocky and sandy ecosystems are 
populated by different species; therefore, in this 
study, the sampling locations were divided into a 
rocky reef and sandy area, and Cs levels in 
 sampled species recorded. The observation 
period extended from September 2012 to 
September 2013. 

 Organisms in both the reef and sand ecosys-
tems were sampled using gillnetting and seine 
netting, respectively. Seaweeds and invertebrates 

were collected by scuba diving. Sampled species 
included 15 seaweeds, 25 invertebrates, and 43 
fi sh species (Tables  1 ,  2 , and  3 ).

     Radioactive Cs concentrations and stable iso-
tope ratios in each organism were measured to 
assess contamination and the prey–predator rela-
tionship effect. Levels of radioactive Cs were 
measured using a germanium semiconductor 
detector (GEM20-70, Seiko EG&G Co. Ltd., 
Tokyo, Japan). Cs concentration is shown as the 
sum of  134 Cs and  137 Cs. 

 Diffusion of radioactive Cs via the movement/
migration of some organisms was also examined 
using a stationary-type biotelemetry system. 
Biotelemetry involves installing a receiver in a 

  Fig. 1    Outline of the 
projected study       

  Fig. 2    Location of the sampling stations       
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   Table 1    Summary of sampled fi sh species. Symbols P, R, 
and S in the Habitat column indicate pelagic substrate, 
rock substrate, and sand substrate, respectively   

 Species  Cs detection  Habitat 

  Engraulis japonicus   P 
  Seriola quinqueradiata   P 
  Zeus faber   *  P 
  Conger japonicus   *  R 
  Ditrema temmincki temmincki   *  R 
  Hexagrammos otakii   *  R 
  Lateolabrax japonicus   *  R 
  Oplegnathus punctatus   R 
  Pagrus major   *  R 
  Physiculus maximowiczi   *  R 
  Sebastes cheni   *  R 
  Sebastes inermis   *  R 
  Sebastes pachycephalus 
pachycephalus  

 *  R 

  Sebastes vulpes   *  R 
  Sebastiscus marmoratus   *  R 
  Takifugu poecilonotus 
(it seems that there is two 
Takifugu poecilonotus)  

 *  R 

  Takifugu poecilonotus   *  R 
  Takifugu rubripes   *  R 
  Takifugu snyderi   *  R 
  Chelidonichthys spinosus   *  S 
  Cynoglossus joyneri   *  S 
  Dasyatis akajei   *  S 
  Dasyatis matsubarai   *  S 
  Kareius bicoloratus   *  S 
  Lepidotrigla microptera   *  S 
  Microstomus achne   *  S 
  Mustelus manazo   *  S 
  Nibea mitsukurii   *  S 
  Occella iburia   *  S 
  Okamejei kenojei   *  S 
  Paralichthys olivaceus   *  S 
  Paraplagusia japonica   *  S 
  Pennahia argentata   *  S 
  Platycephalus  sp .  2  *  S 
  Pleuronectes yokohamae   *  S 
  Scyliorhinus torazame   *  S 
  Squatina japonica   *  S 
  Suggrundus meerdervoortii   *  S 
  Thamnaconus modestus   *  S 
     Triakis scyllium   *  S 
  Upeneus japonicus   *  S 

   Table 2    Summary of sampled invertebrate species   

 Species  Cs detection  Classifi cation 

  Charonia lampas 
sauliae  

 *  Mollusca 

  Enteroctopus dofl eini   Mollusca 
  Euprymna morsei   Mollusca 
  Loliolus japonica   *  Mollusca 
  Neptunea arthritica   *  Mollusca 
  Neptunea kuroshio   *  Mollusca 
  Octopus ocellatus   *  Mollusca 
  Octopus vulgaris   Mollusca 
  Pleurobranchaea 
maculata  

 Mollusca 

  Sepia andreana   *  Mollusca 
  Tugali gigas   Mollusca 
  Crangon uritai   *  Crustacea 
  Metapenaeopsis dalei   *  Crustacea 
  Oratosquilla oratoria   Crustacea 
  Pagurus gracilipes   *  Crustacea 
  Pagurus ochotensis   *  Crustacea 
  Panulirus japonicus   *  Crustacea 
  Paradorippe granulata   *  Crustacea 
  Philyra syndactyla   *  Crustacea 
  Portunus 
trituberculatus  

 *  Crustacea 

  Trachysalambria 
curvirostris  

 *  Crustacea 

  Asterias amurensis   *  Echinodermata 
  Astrocladus coniferus   *  Echinodermata 
  Distolasterias nipon   Echinodermata 
  Echinocardium 
cordatum  

 *  Echinodermata 

  Glyptocidaris 
crenularis  

 *  Echinodermata 

  Luidia quinaria   *  Echinodermata 
  Patiria pectinifera   Echinodermata 
  Strongylocentrotus 
nudus  

 *  Echinodermata 

  Synaptidae  sp .   Echinodermata 
  Actiniaria  sp .   *  Cnidaria 
  Cavernularia obesa   Cnidaria 
  Rhizostomeae  sp .   Cnidaria 
  Halocynthia roretzi   *  Chordata 
  Demospongiae  sp.  *  Porifera 
  Polychaeta  spp.  *  Annelida 
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sea area, receiving ultrasonic signals from a 
transmitter implanted in a fi sh, and monitoring its 
location and movement from the signal. 

 The selected fi sh species, rockfi sh ( Sebastes 
cheni ;  n  = 4; body length, 22.3–26.0 cm) and 
greenling ( Hexagrammos otakii ;  n  = 2; body 

length, 27.0–32.5 cm), were monitored in an area 
where high levels of radioactive Cs were detected. 
One system was set up in a rocky area off Ena. 
Four rockfi sh and two greenlings were caught in 
this area and an ultrasonic transmitter (pinger) 
implanted in each fi sh, which were then released 
in the same place (Fig.  3 ). The observation period 
lasted from November 2012 to May 2013.   

3     Results and Discussion 

 The duration of the planned study period is 
2012–2014 and this paper reports the results to 
May 2013. 

3.1     Diffusion via the Food Web 

 Radioactive Cs concentrations in fi sh caught dur-
ing 2012 and 2013 are reported. Radioactive Cs 
was detected in all fi sh, except pelagic or surface- 
dwelling species. Average radioactive Cs values 
of fi sh from the sandy substrate were in the range 
of 92–212 Bq/kg (wet weight, ww) in Yotsukura 
and 58–109 Bq/kg ww in Ena, while average val-
ues from the rocky reef were in the range of 

   Table 3    Summary of sampled seaweed and sea grass 
species   

 Species  Cs detection  Classifi cation 

  Phyllospadix iwatensis   *  Sea grass 
  Eisenia bicyclis   *  Phaeophyceae 
  Myelophycus simplex   Phaeophyceae 
  Saccharina japonica   *  Phaeophyceae 
  Sargassum horneri   *  Phaeophyceae 
  Sargassum fulvellum   *  Phaeophyceae 
  Sargassum 
micracanthum  

 *  Phaeophyceae 

  Sargassum miyabei   Phaeophyceae 
  Sargassum siliquastrum   *  Phaeophyceae 
  Undaria pinnatifi da   *  Phaeophyceae 
  Gelidium elegans   *  Rhodophyceae 
  Gloiopeltis furcata   *  Rhodophyceae 
  Grateloupia turuturu   Rhodophyceae 
  Marginisporum 
aberrans  

 *  Rhodophyceae 

  Pachymeniopsis 
elliptica  

 *  Rhodophyceae 

  Fig. 3    Biotelemetry system off Ena       
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28–73 Bq/kg ww in Yotsukura and 30–79 Bq/kg 
ww in Ena. Levels were frequently over 
the Japanese limit of 100 Bq/kg ww for 
rockfi sh  Sebastes cheni  and skate  Okamejei 
kenojei  (Fig.  4 ).  

 Radioactive Cs was not detected in some 
invertebrates such as octopus and squid and was 
generally detected at low levels in other inverte-
brates, with the exception of two species, a 
sponge  Porifera  sp. and a sea urchin 
 Echinocardium cordatum , which exceeded the 
limit of 100 Bq/kg ww (Fig.  5 ).  

 Radioactive Cs levels in each species of sea-
weed and sea grass decreased with time. 
Concentrations were higher in red algae than in 

other species. There was no difference in the 
radioactive Cs concentration between the annual 
species  Undaria pinnatifi da  (10.4 Bq/kg ww) 
and the perennial species  Eisenia bicyclis  
(11.4 Bq/kg ww) in May 2012 (data not shown). 

 Radioactive Cs concentrations in skate 
 Okamejei kenojei  were compared between the 
three sampling stations of Souma (50 km north), 
Yotsukura (35 km south), and Ena (50 km south 
of FNPP) on September 2012.  Okamejei kenojei  
returned one of the highest Cs concentrations in 
fi sh. With Souma and Ena at the same distance 
from FNPP, the Cs concentration in  O. kenojei  
from the south (108.6 ± 14.5 Bq/kg ww) was 
higher than in  O. kenojei  from the north 

  Fig. 4    Radioactive Cs concentration in fi sh species at the Yotsukura and Ena sampling stations off the Fukushima coast. 
Numerals in the fi gures indicate sample species numbers          

  Fig. 5    Radioactive Cs concentration in invertebrates at the Yotsukura and Ena sampling stations off the Fukushima 
coast       
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(37.9 ± 11.5 Bq/kg ww). In a southerly direction, 
a concentration of 426.6 ± 163.5 Bq/kg ww 
recorded at the Yotsukura sampling station and 
closer to FNPP was higher than at the Ena sta-
tion, 15 km further south. The distribution of 
radioactive Cs levels in fi sh was similar to the Cs 
levels in sediments (Otosaka and Kobayashi 
 2012 ). It is believed that this distribution is 
because of the infl uence of littoral southern 
currents at the accident site. 

 The prey–predator relationship effect was 
examined using a carbon and nitrogen stable 
 isotope ratio analysis at the sandy sampling sta-
tion at Souma. The carbon/nitrogen (CN) isotope 
ratio of fi sh was in the range of −18 to −15‰ for 
 13 C and 12–16‰ for  15 N. Generally, CN isotope 
ratios are in the range of −32 to −20‰ for par-
ticulate terrestrial organic matter, −24 to −18‰ 
for phytoplankton, −20 to −10‰ for benthic dia-
tom, and −27 to −8‰ for seaweed (Fry and Sherr 
 1984 ; Ogawa and Ogura  1997 ). Thus, it was con-
cluded that the food of fi sh in the sandy sampling 
area of Souma consisted of benthic diatoms liv-
ing on the surface seabed. 

 This result indicates that the main source of 
primary production for fi sh in this sea area is ben-
thic microalgae   .  

3.2     Diffusion via Movement/
Migration of Organisms 

 The number of signals received from the trans-
mitter implanted in fi sh decreased with decreas-
ing water temperature. However,  S. cheni  were 
continuously recorded using the ultrasonic pinger 
within the same area during the fall, winter, and 
spring. Based on previous reports (Nemoto and 
Ishida  2006 ), it was concluded that migration 
from shallow to deep water occurred with sea-
sonal changes in water temperature. Nevertheless, 
it was confi rmed that  S. cheni  did not migrate but 
remained in the same area and that rockfi sh were 
contaminated by the radioactive Cs within this 
littoral area.   

4     Conclusions 

 Regarding diffusion via the food web, radioactive 
Cs concentrations in all species decreased with 
time. However, many coastal demersal species 
had elevated radioactive Cs concentrations, espe-
cially fi sh. The food source of many species in 
this area originates from organic matter, princi-
pally microalgae. The study of diffusion via 
movement/migration showed that rockfi sh, which 
had high Cs levels, tended to remain within a 
small territorial area. 

 A study of diffusion within the body of fi sh is 
now being undertaken. It is necessary to observe 
radioactive Cs concentrations in marine organ-
isms over a prolonged period of time to clarify 
the distribution and variation in Cs levels, includ-
ing the biological and ecological half-life in 
selected marine organisms. 

 The Fukushima coast was decimated by the 
tsunami and subsequent nuclear power plant acci-
dent. The tsunami washed massive quantities of 
sand and rubble into the sea. According to the 
Fukushima Prefectural Fisheries Experimental 
Station, the sea urchin population was reduced sig-
nifi cantly (unpublished data); however, the infl u-
ence on other organisms has not been clarifi ed. 

 Numerous coastal species were contaminated 
by radioactive material, including Cs, from the 
accident at FNPP (Wada et al.  2013 ). However, it 
is believed that Cs contamination had almost no 
infl uence on ecology or physiology function. 

 Currently, fi shing for 41 commercial species 
is banned in waters near the Fukushima site; 
therefore, there is no fi shing pressure and, in 
effect, it is virtually a marine protected area. 
Iwasaki et al. ( 2013 ) has predicted via a numeri-
cal study that fl atfi sh resources will increase, 
aided by the fi shing ban, though it will be several 
years before marine productivity of the 
Fukushima coast returns to normal. Thus, for 
future marine resource management strategies, 
the effects of the “fi shing ban” on littoral areas 
need to be examined in detail.     
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    Abstract  

  The aim of this study based on a multidisciplinary research program 
(FLASH) (FLASH (FLuxes of Antibiotic and Antibiotic- resistant bacteria 
and the corresponding genes in Surface Hydrosystems) a research project 
founded by CNRS EC2CO/GIP Seine-Aval), associating chemists, 
hydrologists, and clinical and environmental microbiologists, was to 
monitor the impact of antibiotic prescription in human and veterinary prac-
tices on water and sediment contamination by antibiotic and  Escherichia 
coli  (antibiotic resistance, integrons) and  Enterococci  (diversity, antibiotic 
resistance, and the corresponding genes) along a medical center–WWTP–
river continuum. For this purpose, a multi- residue chemical methodology 
was developed in order to detect low levels of 34 antibiotics. In the 
medical center, the main prescribed antibiotic (amoxicillin) was weakly 
found in effl uents. Along the continuum, contamination of water by 
antibiotics decreased from 160 µg.L −1  (cefotaxime) in hospital effl uents 
to 1 ng.L −1  (ofl oxacin) in the river. These concentrations were too low 
to exert a selective pressure (mg.L −1 ) on antibiotic-resistant bacteria. 
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In the same samples, occurrence of antibiotic- resistant  E. coli  and those 
harboring a class 1 integrons was signifi cantly ( p -value < 0.001) decreased 
along the continuum. Among  Enterococcus  populations,  E. faecium  was 
mainly isolated (from 89 to 98 %). All  E. faecium  isolates from medical 
center effl uents were multiple antibiotic resistant, containing  erm (B) and 
 mef (A) genes, and belonged to the hospital-adapted clonal complex 17 
(CC17). The relative proportion of CC17 decreased in favor of other 
subpopulations, less resistant to antibiotics. In water, only persistent 
compounds were found (quinolones, macrolides, sulfonamides), but they 
did not correspond to the major resistances in  E. coli  and  Enterococcus  
(penicillins, tetracyclines).  

1          Introduction 

1.1     Why Does the Ecosystem 
Matter for Human Health 
in the Emergence of Antibiotic 
Resistance? 

 One of the major challenges of the next decades 
will be the assessment of how ecosystem changes 
could affect human health. Thus, the assessment 
of the microbiological vulnerability and the resil-
ience of the aquatic environment to contamina-
tion by fecal germs, which in industrialized 
countries, is accompanied by pharmaceutical 
contamination, will be a major health concern 
(Millennium Ecosystem Assessment,   http://
milleniumassessment.org    ). 

 Among pharmaceuticals, antibiotics have a 
unique character: with emerging contaminants of 
aquatic environments, their intensive use in 
human and animal medicine is also responsible 
for the increase of resistance to antibiotics in 
bacteria (Aarestrup  2005 ; Seveno et al.  2002 ). 
To date, the concentrations of antibiotics in water 
reported in the bibliography are dependent on the 
analytical methods and methods of sampling. 
However, the maximal values (in the order of a 
hundred µg L −1 ) are observed in effl uent from 
hospitals or from pharmaceutical factories. In 
surface water, lower concentrations (in the order of 
ten µg L −1 ) are detected immediately downstream 

from the discharge of wastewater treatment 
plants (WWTPs), mainly due to the dilution in 
the receiving environment and the degradation of 
the antibiotic compounds (   Kummerer  2009 ; 
Tamtam et al.  2008 ). 

 The emergence of bacterial resistance has 
been recognized as a major problem in public 
health by the World Health Organization (WHO 
 2001 ). Since the 1950s and the beginning of 
the large-scale use of antibiotics, pathogenic 
bacteria, initially sensitive to antibiotics, have 
very rapidly acquired resistance mechanisms, 
some of which were acquired from environmen-
tal bacteria. As an example, the pandemic of 
the extended- spectrum beta-lactamases (ESBLs), 
whose therapeutic consequences are dramatic, is 
consecutive to a genetic transfer from environ-
mental bacteria (e.g., CTX-M from  Kluyvera  spp., 
Poirel et al.  2002 ).  

1.2     Bacterial Antibiotic 
Resistance: A Global 
Ecological Process 

 Bacterial resistance to antibiotics is a complex 
ecological phenomenon which should be under-
stood, by considering the circulation of microor-
ganisms and the corresponding resistance genes 
within the four major ecosystems: humans, 
animals, soil, and water (Martinez  2008 ,  2009 ; 
Nwosu  2001 ; Wellington et al.  2013 ; Fig.  1 ). 
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Prescribed in human and veterinary medicine 
depending on the legislation in force    1 , antibiotics 
or their metabolites are discharged into the envi-
ronment via urine and feces. The emergence of 
bacteria resistant to antibiotics is the consequence 
of the selective pressure exerted on the intestinal 
microbiota of humans and animals treated with 
antibiotics. Consequently, in parallel with con-
tamination by antibiotics, fecal  antibiotic- resistant 
bacteria, mainly  Escherichia coli  (E. coli) and 
 Enterococcus  spp., are released into the water 
environment (Goni-Urriza et al.  2000 ; Koczura 
et al.  2011 ; Laroche et al.  2009 ; Leclercq et al. 
 2013 ; Oberlé et al.  2012 ; Watkinson et al.  2007 ). 
The most important sources of contamination 
are the treated effl uent from WWTP, the direct 
discharges in the countries which do not treat their 

1   The prescription of antibiotics as an additive in animal 
food is forbidden by EU regulations (rule n° 1831/2003). 

wastewaters, the soil leaching, and the runoffs, to 
which can be added the uncontrolled waste from 
pharmaceutical factories and from fi sh farming 
(Jiménez et al.  2012 ; Watkinson et al.  2009 ).   

1.3     The Seine Estuary: One 
of the Most Anthropized 
Estuaries in Europe 

 Chemical and microbiological contamination of 
coastal areas and estuaries refl ects the anthropic 
pressure exerted on their catchments. On the 
northwest European continental shelf, the Seine 
estuary is the outlet of a drainage basin of 
79,000 km 2  where 30 % of the French popula-
tion, 40 % of the economic activity, and 30 % of 
the national agricultural activity are concentrated. 
The microbial quality of the Seine estuary waters 
is poor and is mainly dominated in high-fl ow 

  Fig. 1    Circulation of antibiotic-resistant microorganisms and antibiotics within the four main ecosystems: Humans and 
animals under antibiotic treatment, soil, and water       
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periods by the upstream inputs, the WWTP which 
treats the wastewater from Paris and its suburbs 
(about fi ve million inhabitants) being located 
120 km upstream the Dam of Poses (Fig.  2 ). 
However, in a period of low fl ow, intra-estuary 
supplies are predominant with a contamination 
from tributaries close to 76 % (Garcia-Armisen 
et al.  2005 ). In the mouth of the estuary, where 
the microbiological quality of the water infl u-
ences that of the mussels from the coastal zone, 
there is a permanent contamination by fecal bac-
teria mainly due to the input of the Risle tributary 
(Touron et al.  2007 ).  

 The goal of this study was to have a better 
understanding of the fate of antibiotics, antibiotic- 
resistant bacteria, and the corresponding genes, 
from the human reservoirs to the estuary. However, 
the multiplicity of intra-estuary supplies combined 
with the hydrosedimentary dynamic makes the 
studies diffi cult to interpret in this aquatic envi-
ronment. So, to better analyze the data observed 
in the seine estuary, in particular to analyze more 
fi nely the relationship that exists between the 
consumption of antibiotics and the contamination 
of water, a small-scale survey has been conducted 
on a medical center–WWTP–river continuum, 

  Fig. 2    Map    of the Seine estuary, ( a ) one of the most 
anthropized estuary from Europe with a population den-
sity stated in inhabitants.km 2  ( black , 3,000–6,000 inh.
km 2 ;  gray , 500–3,000 inh.km 2 ;  white , <500 inh.km 2 ; 
INSEE dataset), mainly contaminated by WWTP ( gray star ) 
and the upstream input from Poses; Kp, kilometric point 

(kp 0 at Pont Marie in Paris); and of the studied zone 
( b ) where the medical center (hospital of 87 beds and 
retirement home of 180 beds)–WWTP–river continuum 
(4 km) is located, for which the receiving river corre-
sponds to the tributary (Risle) which fl ows in the mouth of 
the Seine estuary       
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whose receiving water is a tributary of the Seine 
estuary (Risle) which fl ows in the mouth of the 
Seine estuary. Thus, the aim of the multidisci-
plinary research program (FLASH) – associating 
chemists, hydrologists, and clinical and environ-
mental microbiologists – was to determine to 
what extent the hospital effl uent has an ecologi-
cal impact on the downstream aquatic environ-
ment. For this purpose, the fate of  Escherichia 
coli  (antibiotic resistance, gene content integrons; 
342 strains) and  Enterococci  (antibiotic resis-
tance, clonal complex 17, gene content  erm B, 
 mef A; 235 strains) was analyzed in water along a 
medical center–WWTP–river–estuary continuum, 
during a high epidemiologic period. A multi-
residue chemical methodology was developed in 
order to detect low levels of 34 antibiotics in 
water. To link the occurrence of antibiotic- 
resistant bacteria in water and antibiotic prescrip-
tion, we use the data collection from the hospital 
and the antibiotic sales information.   

2     Results 

2.1     The Fate of Antibiotics: 
From the Source 
of Contamination 
to the Estuary 

2.1.1     Antibiotic Contamination 
of the Seine Estuary 

 The concentrations of antibiotics observed in the 
Seine estuary well illustrate this quantitative and 
qualitative decrease from the sources to the receiv-
ing environment (Tabl   es  1  and  2 ). Thus, the treated 
effl uents from the WTTP and a tributary of the 
Seine estuary (Robec) – impacted by effl uents 
from a hospital – are the two major sources of 
intra-estuary contamination by antibiotics, with 
about twenty different molecules and a maximal 
concentration of 482 ng.L −1  observed for clarithro-
mycin (macrolide family) (Table  1 ). Antibiotics 
released by WWTP effl uent are rapidly diluted in 
the estuary, by at least a factor of 10 depending on 
the molecules, as shown in concentrations mea-
sured in the dense urban area (Rouen), especially 
on the site closest to the WWTP discharge 

(Table  2 ). Only nine antibiotics were detected, at 
concentrations ranging in ng.L −1 . With the excep-
tion of sulfamethoxazole (sulfonamide family), 
this decrease continues for all the antibiotics along 
the estuary especially in Caudebec (limit of the 
salinity) and then in the mouth of the estuary. The 
antibiotics predominantly found are those that are 
most stable in the aquatic environment: fl uoroqui-
nolones, sulfonamides, and macrolides.

2.1.2         Relationship Between 
Antibiotic Use and Antibiotic 
Contamination Along a Medical 
Center–WWTP–River 
Continuum 

 However, the multiplicity of intra-estuary supplies 
combined with the hydrosedimentary dynamic 
does not allow a clear understanding of the fate of 
antibiotics in this aquatic environment. A fi ner 
scale analysis of the relationship between antibi-
otic use and the contamination of water by anti-
biotics has been therefore carried out along a 
medical center (hospital of 87 beds and retire-
ment home of 180 beds)–WWTP–river contin-
uum (4 km). The receiving river (Risle) was the 
last tributary (Risle) which fl ows in the mouth of 
the Seine estuary (Fig.  2 ). 

 Whereas penicillins (amoxicillin) are the most 
prescribed antibiotics in the hospital and in the 
town’s pharmacies, the antibiotics mainly found 
in the effl uent from the hospital are the molecules 
that are most persistent in water: the quinolones/
fl uoroquinolones (ofl oxacin, 68 µg L −1 ; pipemi-
dic acid, 59 µg L −1 ) and the macrolides, to which 
can be added cephalosporins (160 µg L −1 ) 
(Tables  3  and  4 ). All the antibiotics prescribed at 
the hospital and in the town’s pharmacies are 
found in the raw effl uent of the WWTP, but the 
concentrations observed are low (in the order 
of ng.L −1 ) and decrease further in the receiving 
water where only the quinolones, the sulfon-
amides, and the macrolides are detected at con-
centrations in the order of ng.L −1 . These results 
highlight that antibiotic contamination of waters 
is mainly consecutive to the medical prescrip-
tions (type of molecule and epidemic period), but 
also to the stability of antibiotics and/or their 
metabolites once released in the water.
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 Antibiotics ng.L −1   Robec tributary  WWTP Elbeuf  WWTP Rouen 

  β-lactamines  
 Amoxicillin  235  41 
 Ampicillin  –  –  – 
 Penicillin G  –  –  – 
 Penicillin V  –  –  – 
 Oxacillin  12  –  – 
 Cloxacillin  40  –  – 
 Dicloxacillin  –  –  – 
  Cephalosporins  
 Cephalexin  –  –  – 
 Cefotaxime  368  31  12 
 Cefpodoxime  –  –  – 
 Ceftiofur  –  –  – 
 Cefuroxime  –  –  – 
  Quinolones/fl uoroquinolones  
 Ciprofl oxacin  114  130  265 
 Enrofl oxacin  –  –  – 
 Marbofl oxacin  –  –  – 
 Norfl oxacin  –  22  165 
 Ofl oxacin  62  77  86 
 Pipemidic acid  –  –  148 
 Oxolinic acid  –  –  – 
 Flumequine  –  161  138 
  Tetracyclines  
 Tetracycline  –  –  9 
 Oxytetracycline  –  –  – 
 Chlortetracycline  –  –  – 
 Doxycycline  –  –  17 
  Sulfonamides  
 Sulfadiazine  –  342  2 
 Sulfadimethoxine  –  129  0 
 Sulfamerazine  –  –  – 
 Sulfamethazine  –  105  – 
 Sulfamethizole  –  10  4 
 Sulfamethoxazole  5  276  200 
 Sulfanilamide  –  137  67 
 Sulfapyridine  –  235  396 
 Sulfathiazole  –  –  – 
  Macrolides  
 Azithromycin  208  248 
 Clarithromycin  3  89  482 
 Erythromycin  3  126  295 
 Josamycin  –  11  21 
 Roxithromycin  –  73  239 
 Spiramycin  –  39  50 

  A chemical analysis methodology, based on solid phase extraction coupled with liquid chromatography–tandem mass 
spectrometry, was developed in order to detect 34 molecules of different antibiotics (Oberlé et al.  2012 )  

   Table 1    Major sources of contamination of the Seine 
estuary by antibiotics: the tributary (Robec) contaminated 
by effl uent of a hospital (1,250-bed capacity) which fl ows 
at Kp 242 (urban zone of Rouen) and the two most impor-

tant WWTPs located in the urban zone, Rouen (Kp 247; 
treatment capacity, 550,000 inhabitants) and Elbeuf (Kp 
220; treatment capacity, 100,000 inhabitants) (Garcia-
Armisen et al.  2005 ; Touron et al.  2007 )  
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    Table 2    Antibiotic concentration in water along the Seine estuary (July 2011; see Fig.  1 )   

 Antibiotic ng.L −1   Poses  Rouen  Le croisset  Les docks  La bouille  Caudebec  Tancarville  Berville  Honfl eur 

  β -lactamase 
 Amoxicillin  –  –  –  –  –  –  –  –  – 
 Ampicillin  –  –  –  –  –  –  –  –  – 
 Penicillin G  –  –  –  –  –  –  –  –  – 
 Penicillin V  –  –  –  –  –  –  –  –  – 
 Oxacillin  –  –  –  –  –  –  –  –  – 
 Cloxacillin  –  –  –  –  –  –  –  –  – 
 Dicloxacillin  –  –  –  –  –  –  –  –  – 
  Cephalosporins  
 Cephalexin  –  –  –  –  –  –  –  –  – 
 Cefotaxime  –  –  –  –  –  –  –  –  – 
 Cefpodoxime  –  –  –  –  –  –  –  –  – 
 Ceftiofur  –  –  –  –  –  –  –  –  – 
 Cefuroxime  –  –  –  –  –  –  –  –  – 
  Quinolones/fl uoroquinolones  
 Ciprofl oxacin  –  –  –  –  –  –  –  –  – 
 Enrofl oxacin  –  –  –  –  –  –  –  –  – 
 Marbofl oxacin  –  –  –  –  –  –  –  –  – 
 Norfl oxacin  –  –  –  –  –  –  –  –  – 
 Ofl oxacin  3  2  2  2  1  1  1  1 
 Pipemidic acid  –  –  –  –  –  –  –  –  – 
 Oxolinic acid  –  –  –  –  –  –  –  –  – 
 Flumequine  9  9  9  8  13  7  3  6 
  Tetracyclines  
 Tetracycline  –  –  –  –  –  –  –  –  – 
 Oxytetracycline  –  –  –  –  –  –  –  –  – 
 Chlortetracycline  –  –  –  –  –  –  –  –  – 
 Doxycycline  –  –  –  –  –  –  –  –  – 
  Sulfonamides  
 Sulfadiazine  –  –  –  –  –  –  –  –  – 
 Sulfadimethoxine  1  0  1  0  0  0 
 Sulfamerazine  –  –  –  –  –  –  –  –  – 
 Sulfamethazine  –  –  –  –  –  –  –  –  – 
 Sulfamethizole  –  –  –  –  –  –  –  –  – 
 Sulfamethoxazole  24  5  24  16  21  51  22  56  12 
 Sulfanilamide  –  –  –  –  –  –  –  –  – 
 Sulfapyridine  12  6  5  5  16  7  14  2 
 Sulfathiazole  –  –  –  –  –  –  –  –  – 
  Macrolides  
 Azithromycin  –  –  –  –  –  –  –  –  – 
 Clarithromycin  8  9  11  7  11  1  0  1  2 
 Erythromycin  20  19  24  18  20  9  2  4  3 
 Josamycin  –  –  –  –  –  –  –  –  – 
 Roxithromycin  2  3  4  2  3  1  0 
 Spiramycin  5  2  3  2  2  1  0  1  1 
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2.2          The Fate of Antibiotic- Resistant 
Fecal Bacteria: From the Source 
of Contamination 
to the Estuary 

2.2.1     Occurrence of Antibiotic- 
Resistant  Escherichia 
coli  and  Enterococcus  
in the Seine Estuary 

 In parallel with the contamination by antibiotics, 
a permanent high level of antibiotic-resistant 
 E. coli  has been observed in the Seine estuary 
(Laroche et al.  2009 ; Table  5 ). A high proportion 
of these strains are multiresistant to antibiotics 
(60.5–80 %), part of which (11.1 %) harboring an 
integron 2  (Table  6 ). The class 1 integrons are 
found among the  E. coli  strains all along the estu-
ary, whereas only the strains isolated in the urban 
zone (Rouen) harbor class 2 integrons.

2   Integrons are genetic supports responsible for the capture 
of antibiotic resistance genes. They play a major role in 
the dissemination of antibiotic resistance genes, mainly 
among Gram-negative bacteria. 

2.2.2         Relationship Between 
Antibiotic Use and Antibiotic 
Contamination in Water 
Environment 

 Water contamination by antibiotic-resistant bacteria 
was also investigated along the medical center–
WWTP–river continuum. The results show that the 
percentages of strains of  E. coli  resistant to at least 
one antibiotic, and multiple-resistant strains (from 
three to eight resistances), are greater in the effl uent 
of the retirement home than in the effl uent of hos-
pital (Table  3  and Fig.  3 ). Thus, the long residence 
time of the patients enables to observe the long-
term consequences of antibiotic treatment in the 
emergence of antibiotic-resistant bacteria which is 
mainly due to the selection pressure exerted on the 
intestinal microbiota of patients.  

 The epidemiologic strains from the medical 
center, carrying specifi c genetic supports (integrons, 
a gene for resistance to  erm  gene encoding 
resistance to macrolides) decreased along the 
 continuum  in favor of strains better adapted to the 
environment (Figs.  3 ,  4 , and  5 ). Thus,  E. coli  
resistant to at least one antibiotic and those car-
rying the class 1 integron decreased signifi cantly 
along the continuum ( p -value < 0.001) from the 
retirement home effl uents to the river (Table  3  
and Fig.  3 , Oberlé et al.  2012 ).   

 Among the  Enterococci  population, mainly 
identifi ed as  Enterococcus faecium , all isolates 
from the medical center are multiple antibiotic 
resistant containing  erm (B) and  mef (A) and 
belonged to the hospital-adapted clonal complex 
17(CC17) (Leclercq et al.  2013 ). It decreases in 
the treated effl uent from the wastewater treat-
ment plant (19 and 17 %) to reach 4 and 5 % in 
the waters of the Risle. Interestingly, while the 
proportion of  Enterococcus faecium  resistant to 
erythromycin is greater than 70 % along the  con-
tinuum , only the hospital isolates exhibit a high 
level of resistance. The prevalence of the  erm (B) 
gene reaches 75 % of the hospital isolates and 
only 6.7 % of the strain isolates in the river 
(Fig.  4 ). Similarly, the occurrence of the clonal 
complex “CC17”, sequence of DNA present 
among the epidemic hospital strains (Fig.  5 ; 

   Table 4    Antibiotic consumption   

 Antibiotic (g)  Hospital a  
 Retirement 
home a   Community b  

  Glycopeptide  
 Vancomycin  0  0  NA 
  β- lactams 
 Amoxicillin  1,930  544  258,430 
 Cloxacillin  0  16  736 
 Ampicillin  0  0  0 
  Tetracyclines  
 Tetracycline  0  0  0 
 Doxycycline  1.1  0  1,562 
  Fluoroquinolones  
 Ciprofl oxacin  115  0  980 
  Macrolides  
 Erythromycin  75  20  NA 

   NA  not available (From Leclercq et al.  2013 ) 
  a Antibiotic consumption 1 month before sampling 
  b Antibiotic consumption 6 months before sampling based 
on the sales of antibiotics for all the pharmacies in the 
studied zone  
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Leavis et al.  2006 ), is maximal among the strains 
of  Enterococcus faecium  isolated in the medical 
center effl uents and then decreases along the 
continuum. This study shows a preferential 
disappearance of epidemiologic strains of  E. coli  

and  Enterococcus faecium  in favor of other 
subpopulations of these bacterial species less 
resistant to antibiotic and probably better adapted 
to the aquatic environment (Berthe et al.  2013 ; 
Phan and Ferenci  2013 ; Ratajczak et al.  2010 ).    

   Table 5    Proportion of  E. coli  isolates (%) resistant to at least one antibiotic in water, along the Seine estuary (January 
2006,  N  = 279; Laroche et al.  2009 )   

 Stations 
 Number of strains 
of  E. coli  tested 

 % of antibiotic-resistant 
isolates a  

 min-max  Geom.mean 

 Upstream input  Poses  113  16.0–50.0  30.2 
 Urban zone  Rouen  77  36.8–39.6  38.2 

 Le Croisset  104  24.5–94.7  56.6 
 La Bouille  92  31.0–68.7  49.6 

 Limit of salinity  Caudebec  94  13.3–58.3  35.7 
 Mouth of estuary  Tancarville–Honfl eur  174  44.2–60.0  50.1 

   Table 6    Occurrence of  E. coli  strains carrying an integron ( intI1, intI2 , or  intI3 ) in water sampled along the Seine 
estuary (January 2006,  N  = 279, Laroche et al.  2009 )   

 Stations 
    Nb. of  E. coli  
isolated 

 % resistant 
isolates a  

 % of isolates with integron 

 Total   intI1    intI2    intI1 + intl2    intI3  

 Upstream input  Poses  16  25.0  6.2  0  0  0  6.2 
 Urban zone  Rouen  58  39.6  8.6  5.2  0  0  13.8 

 Le Croisset  22  54.5  9.1  4.5  0  0  13.6 
 La Bouille  35  42.8  2.7  0  0  0  2.7 

 Limit of salinity  Caudebec  53  45.3  3.8  0  0  0  5.7 
 Mouth of the 
estuary 

 Tancarville–Honfl eur  95  44.2  14.7  0  1.1  0  15.8 

   a % of  E. coli  isolates resistant to one or more antibiotics  
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  Fig. 3    Occurrence of multiple-resistant strains of  E. coli  
along the medical center  (hospital  and retirement 
home)–wastewater treatment plant (WWTP)–river (Risle) 

continuum: percentage of isolates of  E. coli  resistant to at 
least three antibiotics     , percentage of isolates of  E. coli  
carrying class 1 integron      (Oberlé et al.  2012 )       
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  Fig. 4    Occurrence    of  Enterococcus  strains resistant to 
erythromycin, along the medical center (hospital and 
retirement home)–wastewater treatment plant (WWTP)–
river (Risle) continuum: (- - -), percentage of  Enterococcus  
strains resistant to erythromycin (macrolide family), 

percentage of strains of  Enterococcus  resistant to 
erythromycin carrying corresponding genes  erm B     , 
 mef A     , and  erm B +  mef A      and unknown genes      
(Leclercq et al.  2013 )       
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3     Conclusion 

 In the next decades, the estuaries will be exposed 
to a great chemical and microbial contamination, 
linked to the increase of the demography and 
human activity on their watershed. The    study car-
ried out in the Seine estuary and at small scale of 
a hospital–WWTP–river continuum shows not 
only the vulnerability but also the resilience of 
this environment to the contamination by antibi-
otics and antibiotic-resistant bacteria. 

 Thus, both the concentrations of antibiotic and 
the occurrence of antibiotic-resistant bacteria 
greatly decrease during their transfer from the 
main source of contamination (WWTP, hospital) 
to the estuary. The substantial decrease of antibi-
otic concentration along this continuum is mainly 
due to the degradation or elimination by WWTP 
treatments and the subsequent dilution in the 
receiving environment. Whatever the antibiotic, 
the concentrations observed are lower than the 
minimal inhibitory concentrations (MIC ranging 
from 0.032 to 256 µg mL −1 ) responsible for the 
selection of antibiotic-resistant bacteria demon-
strating the resilience of this water environment 
to the contamination by antibiotics (Oberlé et al. 
 2012 ; Leclercq et al.  2013 ). However, possible 
effects on bacterial physiology have been 
described for subinhibitory or sublethal concen-
trations (0.9x CMI to 0.25x CMI) (Davies et al. 
 2006 ; Kohanski et al.  2010 ). Indeed, the most 
stable molecules, such as the quinolones, the 
macrolides, and the sulfonamides, which persist 
longer in water could be accumulated in the envi-
ronment such as the biofi lms of periphytons or 
estuary mudfl ats. 

 The occurrence of antibiotic-resistant  E. coli  
and  Enterococcus  strains released in waters 
results from the selective pressure exerted on the 
intestinal microbiota of human under antibiotic 
treatment. In water environment, no simple rela-
tionship exists between the antibiotic detected, 
the antibiotic use, and the antibiotic-resistant 
phenotypes of fecal bacteria. Indeed, only the 
most stable molecules are detectable in water, 
and the bacteria can harbor integrons that confer 
resistance to several antibiotics (Laroche et al.  2009 ; 

Oberlé et al.  2012 ). However, the abundance of 
antibiotic-resistant fecal bacteria decreases dur-
ing their transfer from the source to the estuary, 
mainly due to a more important decay of hospital 
strains, that harbor gene implicated in the spread 
of antibiotic resistance (integrons,  erm  gene), in 
favor of strains less resistant to antibiotic and 
probably better adapted to the environment. 
These results also underline the resilience capac-
ity of this aquatic environment (Berthe et al. 
 2013 ; Leclercq et al.  2013 ). 

 However, the estuarine sediments chroni-
cally exposed to multiple chemical contami-
nants, including antibiotics, to which are added 
supplies of antibiotic-resistant bacteria, are 
vulnerable environments. Indeed, this area 
could be a hot spot zone favorable to the transfer 
of antibiotic-resistance genes within  the micro-
bial communities.     
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    Abstract  

  One of the most evident changes in the last half-century is the ubiquity and 
abundance of litter in the marine environment. The EU Marine Strategy 
Framework Directive (MSFD, 2008/56/EC) established a framework 
within which EU Member States shall take action to achieve the good 
environmental status (GES) of their marine waters by 2020. Amongst the 
11 MSFD qualitative descriptors, Descriptor 10 (D 10) concerns marine 
litter. Here we report the general strategy in support to the implementation 
of MSFD for marine litter. It includes various aspects such as scientifi c 
background, monitoring strategies and protocols, defi nition of good envi-
ronmental status and targets and support to management policies. 

 A technical group on marine litter (DG Environment/TSG ML) was 
created to provide scientifi c and technical background for the implemen-
tation of MSFD requirements and support to Member States with regard 
to D 10. The work of TSG ML focuses on the specifi cation of monitoring 
methods through the development of monitoring protocols for litter in 
the different marine compartments, including microplastics and litter in 
biota. Further consideration is also being given to the identifi cation of 
sources of marine litter and a better understanding of the harm caused by 
marine litter.  

        F.   Galgani      (*) 
  IFREMER/LER/PAC ,   Bastia ,  France   
 e-mail: Francois.galgani@ifremer.fr  

      Marine Litter Within the European 
Marine Strategy Framework 
Directive 

           François     Galgani    

1          Introduction 

 Pressures and demands on marine resources are 
often excessive and action must be taken in order 
to minimize impacts on the marine environment. 

The European Commission developed the Marine 
Strategy Framework Directive (MSFD) for the 
protection and sustainable use of marine ecosys-
tems. It establishes a framework within which 
Member States must take action to achieve or 
maintain good environmental status (GES) for 
the marine environment by 2020. 

 Member States have to take six procedural 
steps until 2016 to develop a marine strategy 
for their waters: (1) an initial assessment of the 
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current environmental status, (2) the determina-
tion of good environmental status, (3) the estab-
lishment of environmental targets and 
associated indicators, (4) the establishment and 
implementation of a monitoring programme, 
(5) the development of a programme of mea-
sures and (6) the entry into operation of this 
programme of measures. 

 Periodic assessments of the state of the marine 
environment, monitoring and the formulation of 
environmental targets are perceived as part of the 
continuous management process. Accordingly, 
provisions are made for the modifi cation of 
adopted marine strategies and measures. 

 Of the 11 descriptors listed in Annex I of the 
MSFD for determining GES, Descriptor 10 has 
been defi ned as “Properties and quantities of 
marine litter do not cause harm to the coastal and 
marine environment”. Commission Decision 
2010/477/EU identifi es the following criteria and 
associated four indicators for Descriptor 10:
    1.    Trends in the amount of litter washed ashore 

and/or deposited on coastlines, including 
analysis of its composition, spatial distribu-
tion and, where possible, source (indicator 
10.1.1)   

   2.    Trends in the amount of litter in the water col-
umn (including fl oating at the surface) and 
deposited on the seafl oor, including analysis 
of its composition, spatial distribution and, 
where possible, source (indicator 10.1.2)   

   3.    Trends in the amount, distribution and, where 
possible, composition of microparticles (in 
particular microplastics) (indicator 10.1.3)   

   4.    Trends in the amount and composition of litter 
ingested by marine animals (e.g. stomach 
analysis) (indicator 10.2.1)     
 Human pressures on the oceans have increased 

substantially in recent decades and coastal and 
marine human activities generate considerable 
quantities of waste. Much of this litter will persist 
in the sea for years, decades or even centuries. 
The occurrence of litter has been demonstrated 
worldwide, in oceanic gyres, on shorelines, in 
sediments and in the deep sea. Europe is on one 
of the main affected area. To follow these specifi c 
issues, the European Marine Directors and DG 
environment established a technical group under 

the Working Group for the implementation of 
MSFD Descriptor 10. 

 The group defi ned marine litter as any persis-
tent, manufactured or processed solid material 
discarded, disposed of or abandoned in the 
marine and coastal environment (Galgani et al. 
 2011 ). The group identifi ed and presented 15 
options/protocols for the monitoring of litter in 
the different marine compartments and the bio-
logical impact of the ingested litter or microlitter. 
It furthermore contains considerations about 
sources, GES, objectives, environmental targets 
and research needs, as well as general monitoring 
strategies and the understanding of harm. 1   

2     Marine Litter 

 Current knowledge of the quantities of litter in 
European seas, the degradation and fate of litter 
in the marine environment and its potentially 
harmful biological, physical and chemical 
impacts on marine life and habitats is insuffi -
cient. Encounters with marine litter were reported 
for 663 species (CBD  2012 ). Over half of the 
reported species (about 370) were associated 
with entanglement in and ingestion of marine 
debris, representing an increase of more than 
40 % since the last review in 1997. 

 The entanglement of species in marine litter 
has frequently been described as a serious mor-
tality factor leading to potential losses in biodi-
versity (Macfadyen et al.  2009 ). Entanglement in 
marine debris including lost (ghost) nets has been 
reported for pinniped species, cetaceans, all 7 
species of marine turtles and more than 56 spe-
cies of marine and coastal birds (Katsanevakis 
et al.  2007 ). Many species of fi sh have also been 
reported to ingest marine litter (   Katsanevakis 
et al.  2007 ; CBD  2012 ). 

 An emerging area of concern is the 
 accumulation of microplastic fragments in the 
water column and in sediments (Thompson et al. 
 2004 ). Pieces of common polymers of less than 
5 mm have been recorded worldwide (Barnes 

1   (See  http://publications.jrc.ec.europa.eu/repository/
handle/111111111/22826 ). 
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et al.  2009 ). Plastics are biologically inert and 
probably stay in the marine environment for long 
periods. If ingested, plastics release chemicals 
(mainly phthalates and bisphenol A) but also sorb 
hydrophobic pollutants (including PCBs and 
DDT). More research is however needed to estab-
lish the full environmental relevance and poten-
tial impact of these microparticles, notably on 
distribution, transport, degradation/weathering 
processes and sorption/release mechanisms. 

 Other known impacts of marine litter include 
alteration and degradation of benthic habitats 
(Katsanevakis et al.  2007 ) but also assist inva-
sions of alien species, including of algae associ-
ated with red tides (Barnes  2002 ). 

 From a socio-economic perspective, harm can 
include the cost of degradation of ecosystem goods 
and services, including the reduction in recre-
ational, aesthetic or educational values of an area 
such as beaches, as well as risks to human health 
such as the threat of fl oating objects to navigation. 
Economic harm includes signifi cant impact by 
direct costs and loss of income due to marine litter 
and affects a range of maritime sectors (including 
aquaculture, agriculture, fi sheries, shipping and 
leisure boating), power generation and industrial 
use, local authorities and tourism. Levels of eco-
nomic “harm” may run into millions of euro annu-
ally even at subregional scales (Mouat et al.  2010 ). 
Marine litter is also a serious offence to the visual 
and aesthetic sensitivities of visitors to beaches. 
Furthermore, sanitary, sewage- related and medical 
waste may cause injuries and/or be a risk to human 
health (Ivar do Sul and Costa  2007 ). 

 There is no common understanding of what 
exactly constitutes “harm” from marine litter or 
how it can be assessed with respect to the imple-
mentation of the MSFD. Research must consider 
this and develop robust approaches for assessing 
harm measures to reduce pollution from litter 
need to target different sources. Identifying the 
source of many litter items is however a complex 
task because of point and diffuse sources and 
possible long-distance travels before fi nal desti-
nations. Factors such as ocean current patterns, 
winds and tides and the proximity to urban cen-
tres, industrial and recreational areas, shipping 
lanes and fi shing grounds infl uence the types, 

nature and amount of litter that is found in the 
open sea or collected along beaches, waterways 
or underwater. Sources of marine litter can be 
characterized as either land based or sea based, 
depending on how the litter enters marine waters. 
These broad categories can be further broken 
down into sources such as recreational litter, 
shipping or fi shing litter, urban sources, etc. 
Some items can be attributed to certain sources. 
Such so-called use categories provide informa-
tion for setting targets and reduction measures, as 
they can easily be linked to sources. 

 For the Mediterranean Sea, PNUE/PAM/
MEDPOL (UNEP  2009 ) reported that most of 
the marine litter comes from land-based rather 
than sea-based sources (e.g. ships). Litter enters 
the sea mainly from the shoreline and results 
from recreational activities. It is composed 
mainly of plastics, aluminium and glass. 
Recordings of fl oating litter confi rmed the over-
whelming presence of plastics in the 
Mediterranean Sea (83 % of the observed marine 
litter items). The situation in the North Sea is dif-
ferent. The large diversity of items found on the 
coasts indicates that in the Northeast Atlantic, 
maritime activities in the form of shipping, fi sh-
ing and offshore installations are the predomi-
nant sources together with coastal recreational 
and tourism activities (OSPAR  2009 ). A consid-
erable proportion of litter enters the North Sea 
through transport by wind, currents and rivers 
and via the English Channel. Upcoming work 
will lead to better understand of waste pathways 
depending on the type of litter. Mapping the 
sources and their quantities remains a necessary 
step in order to plan effective measures (Fig.  1 ).   

3     Monitoring 

 In Europe, the existing different, but compatible, 
methods for monitoring need to be adapted and 
harmonized to take account of regional 
 differences, e.g. in the type of coastline or pre-
vailing currents in offshore areas. Methodologies 
for source assessment are mostly based on the 
identifi cation and reporting of collected/
observed marine litter. Due to the difference in 

Marine Litter Within the European Marine Strategy Framework Directive



96

the monitoring approaches, the possibilities for 
identifying the nature (category) of objects vary 
between the different environmental compart-
ments. It has been recommended (Galgani et al. 
 2013 ) that the categories for reporting should be 
compatible between different survey types 
(beaches, sea surface, sea fl oor) so that outcomes 
are comparable. Reporting of marine litter for 
source attribution needs still further develop-
ment as the effi ciency of measures targeting spe-
cifi c litter sources requires the distinction of the 
nature/categories of litter in the different envi-
ronmental compartments. 

 When planning monitoring schemes, consid-
eration should be given to adequate spatial and 
temporal scales. Beach-litter surveys, seafl oor 
monitoring on continental shelves and socio- 
economic studies can be readily applied at a 
European scale (Galgani et al.  2010 ), but priority 
should be given to the monitoring of marine areas 
that are most affected by litter. Methodological 
protocols in Europe are currently available for 
the assessment of certain types and occurrences 
of litter on coastlines (OSPAR  2009 ). These stan-
dards should be adjusted to European needs and 
harmonized for an extension to other regions. 
Pilot projects have also indicated that litter on the 
seafl oor could be measured alongside routine 
biological trawling surveys (e.g. International 

Bottom Trawl Surveys in the OSPAR area, 
Mediterranean International Trawl surveys in the 
MEDPOL area) and could include an evaluation 
of sources. 

 In the framework of the OSPAR Convention, 
amounts of plastics in fulmar ( Fulmarus glacia-
lis ) stomachs are used to assess temporal trends, 
local differences and compliance with a set target 
for acceptable pressure in the North Sea (OSPAR 
 2009 ). Such monitoring could be extended to 
other marine regions using region-specifi c indi-
cator species, such as turtles for the Mediterranean 
Sea. Further work will have to focus on develop-
ing common monitoring protocols, facilitating 
the implementation of fi t for purpose monitoring 
programmes, evaluating new monitoring tools, 
estimating the costs and developing standardized 
litter categories. 

 The evaluation of waste fl ows between the dif-
ferent compartments of the marine environment 
is a necessary step and goal for understanding the 
mechanisms of transport, fl uxes and potential 
impacts. Finally, understanding the transport 
mechanisms will help to clarify transformation 
and provide a better description of the spatial dis-
tribution of marine litter (Fig.  2 ).  

 The gaps in knowledge are a constraint in 
identifying targeted and effective measures to 
reduce litter pollution. 
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  Fig. 1    Increase in litter densities in the French/English channel between 1998 and 2010 (numbers of items per hectare) 
(After Galgani et al., 5th International Marine Debris Conference, Honolulu, Hawaii,  2011 )       
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 The abundance of litter at sea can be estimated 
either by direct observations of large debris items 
(e.g. submersible remote observation vehicles 
(ROVs) for monitoring litter on the seabed or 
ship-based and aerial observations for debris 
fl oating at the sea surface) or by large-scale imag-
ery application and net trawls (for smaller items). 
Net-based evaluation surveys are the most wide-
spread and adequate methods to date (Goldberg 

 1994 ), similar to the methodology for monitoring 
the benthic species. 

 The interpretation of trends is diffi cult because 
the fate of plastics at depth is not well  investigated, 
and the accumulation of plastics on the seabed 
had begun long before specifi c scientifi c investi-
gations started in the 1990s. Of the areas investi-
gated to date along the European coasts (Galgani 
et al.  2000 ), Mediterranean sites tend to show the 

  Fig. 2    Simulated transport 
of particles originating 
from the Arno estuary 
(Tuscany, Italy) from day 0 
( a ) to day 2 ( b ) and day 6 
( c ) [Ichthyop/Mars 
(IFREMER) simulation 
model (Courtesy from 
O. Gerigny, IFREMER/
Bastia])       
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greatest densities of litter accumulation. Debris, 
mainly plastic, that reaches the seabed may have 
been transported a considerable distance from its 
source, only sinking to the ground when weighed 
down by fouling. The consequence is an accumu-
lation of plastic debris in bays and canyons rather 
than in the open sea (Galgani et al.  2000 ; 
Katsanevakis et al.  2007 ). 

 However, due to large-scale residual ocean 
circulation patterns, some accumulation zones in 
the Atlantic Ocean and the Mediterranean Sea 
have very high debris densities despite being far 
from coasts. We poorly know the trends in accu-
mulation of debris at sea, but available data indi-
cate considerable variability. Abundances slightly 
decreased in the Gulf of Lion (France) during a 
15-year period (1994–2009). However, in some 
areas around Greece, the abundance of debris at 
depth has increased over a period of 8 years 
(   Katsanevakis  2008 ). Debris is progressively 
fragmented in the marine environment 
(Thompson et al.  2004 ) to microparticles. 
Concern is about the accumulation of micro-
scopic pieces of plastic (“microplastic”) due to 
their high prevalence at sea and the slow rate of 
their chemical and biological degradation. This 
also includes the spillage of pre-production (resin 
pellets) plastics, granules. At most locations, cur-
rent quantities appear to be relatively low. 
However, plastic microparticles have been 
reported in quantities exceeding 100,000 items/
km 2  in the North Sea. Similar quantities of debris 
have been reported in the northwest Mediterranean 
Sea (Collignon et al.  2012 ) where 115,000 items/
km 2  were calculated, giving an extrapolated total 
of 250 billion items in the whole basin. 

 In a number of reports, the Ecological Quality 
Objective (EcoQO) for litter in fulmar stomachs 
in the OSPAR framework proved able to provide 
valuable information on the temporal changes in, 
and the spatial distribution of, the abundance of 
marine litter, on the differences between trends in 
industrial and user plastics, and on the sources of 
marine litter (Van Franeker et al.  2011 ). The 
EcoQO currently applies to the North Sea but can 
be adapted to apply in most areas of the Northeast 
Atlantic. Pilot studies for biomonitoring of litter 
should also consider other species, especially 

marine turtles that are regularly stranded in the 
Mediterranean region and which often contain 
fatal quantities of ingested litter. Fish, zooplank-
ton species, shellfi sh and seals may be considered 
in the future as generally applicable target spe-
cies for most European seas.  

4     Consideration of the Marine 
Strategy Framework 
Directive 

 One of the key challenges for EU Member States 
in implementing the MSFD is to determine “good 
environmental status” because the term has dif-
ferent meanings in the EU marine regions or sub-
regions and is therefore open to interpretation. 
More than one indicator will be required to assess 
GES in relation to the different compartments of 
the marine environment and the different aspects 
of litter pollution. Metrics are not yet available 
for evaluating some of the biological impacts that 
litter may have. In their absence, the thresholds 
may be replaced by trends in pressure-related 
indicators, such as the amount of litter on the sea-
fl oor or on beaches, to provide proxies for evalu-
ating progress towards GES. 

 As stated above, “harm” caused by marine lit-
ter can be divided into three general categories: 
(1) social harm, i.e. loss in aesthetic value and 
public health; (2) economic harm, such as the 
cost to tourism, damage to vessels (net and ropes 
in propellers), fi shing gear and facilities cleaning 
costs; and (3) ecological harm, e.g. mortality of, 
or sublethal effects on, animals through entangle-
ment in fi shing gears or harm resulting from 
ingestion of litter, including the uptake of mic-
roparticles. GES is regarded as achieved when 
litter and its degradation products present in and 
entering EU marine waters (1) do not cause harm 
to marine life and habitats, (2) do not pose direct 
or indirect risks to human health and (3) do not 
lead to negative socio-economic impacts. 

 Descriptor 10 is particularly related to 
human health and to socio-economic interests. 
The use of trend indicators as listed in the 
Commission Decision (10.1.1; 10.1.2; 10.1.3), 
aimed to observe and assess trends in litter 
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occurrence in the different marine compartments, 
will help to predict both health and socio- 
economic consequences. 

 It is not generally feasible for assessments to 
provide information on the extent of harm at the 
population, community or ecosystem level, and it 
is thus essential to consider harm at the level of 
the individual organism. Estimates of the number 
of individuals affected are likely to offer the most 
feasible and representative conclusions about 
biological impacts. Following the example of the 
OSPAR EcoQ for plastic litter items in fulmar 
stomachs in the North Sea region, additional 
indicator species must be found for the other EU 
marine regions (such as sea turtles for the 
Mediterranean Sea), and additional indicators on 
ecological impacts of litter (e.g. on entangle-
ments) may be required by reference to 
Commission Decision 2010/477/EU. 

 Reaching GES may be understood as a con-
tinuous reduction of inputs with the aim of 
reducing the total amount of marine litter by 
2020 to a level that does not cause harm. 
Activities to remove litter that has already 
entered the marine environment will assist in 
reaching this goal, but some important points 
have to be considered. One of the diffi culties in 
target setting for some marine regions is the lack 
of data for developing a baseline. Moreover, any 
assessment of marine litter should consider 
short-term variations caused by meteorological 
and/or hydrodynamic events and natural fl uctua-
tions, which could infl uence our ability to detect 
underlying trends. Given the variability of litter 
data, which is infl uenced greatly by season, 
weather conditions and water currents, a 5-year 
running mean is considered appropriate for pro-
viding a baseline in terms of an average level of 
pollution. However, the reduction in litter inputs 
may not lead to a measurable reduction of total 
litter levels in the marine environment in the 
short term. This is due to the persistence of some 
materials and the long degradation processes for 
certain types of litter (plastics, metal, glass and 
rubber). Timescales of observations should 
therefore be adapted to ensure multiannual fre-
quency of surveying. 

 Beached litter surveys can be applied to the 
European spatial scale while deep-seafl oor moni-

toring, restricted to a few areas, is more relevant 
at smaller scales and over longer periods. It 
would not be reasonable to argue that the ultimate 
goal of the MSFD should be 0 % litter in the 
marine environment. Targets for the different 
compartments of the marine environment need to 
be set by Member States on the basis of the initial 
level of pollution within the area considered. 
Increasing knowledge of the amount and dynam-
ics of litter in the marine environment will help to 
determine whether targets need to be defi ned at 
the regional level in addition to targets set by 
individual EU Member States. 

 For litter on beaches and at sea (fl oating and 
on the seafl oor) and for microplastics, it is pro-
posed that the reduction goal recommended by 
TSG ML is adopted as a fi rst step. This goal is to 
achieve a general measurable and statistically 
signifi cant reduction in beach litter until 2020. 
Such trend-based target maybe appropriate until 
the evidence supports other procedures. 

 For microplastics, not currently measured on a 
regular basis, suffi cient monitoring should be 
carried out and a baseline established before 
defi ning a precise target. Based on such monitor-
ing, a potential target for the signifi cant decrease 
of microparticles by 2020 could be formulated 
and the occurrence of microparticles in sedi-
ments should also be considered. 

 Recent studies on industrial plastics found in 
beached fulmars in the North Sea showed that 
reductions in abundance of specifi c marine litter 
items in the order of 50 % per decade are a fea-
sible target if adequate measures are taken. 
OSPAR defi ned its more reasonable target for 
ecological pressure concerning litter in the 
North Sea that, 10 % of Northern Fulmars 
should be allowed to have 0.1 g plastic in their 
stomach. This OSPAR EcoQO cannot be 
directly transferred to other marine areas where 
fulmars do not occur. Appropriate indicator spe-
cies still need to be established and it may be 
more suitable, after a reference value will have 
been established, to describe GES in relation to 
the ingestion of litter in terms of a trend, e.g. x% 
annual reduction in the quantity of ingested 
litter. 

 Harmonization is necessary for common and 
comparable monitoring approaches and for 
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recommendations and guidelines to assess GES 
at regional, national and European scales. 
Research will need to incorporate the improve-
ment of knowledge concerning impacts of litter 
on marine life, degradation processes of litter at 
sea, the study of litter-related microparticles, the 
study of chemicals associated with litter, the fac-
tors infl uencing the distribution and densities of 
litter at sea (human factors, hydrodynamics, geo-
morphology, etc.), the comparability of monitor-
ing methods and the determination of thresholds 
for GES. The assessment and monitoring of 
socio- economic harm will also need to be 
addressed, and research will have to consider 
novel methods and automated monitoring devices 
and fi nally the rationalization of monitoring. 
Because monitoring is to be started in 2014, opti-
mization of monitoring (standards/baselines, data 
management/quality assurance) and the exten-
sion of monitoring protocols to all MSFD regions/
subregions are the most critical gap.     
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    Abstract  

  The Tohoku Ecosystem-Associated Marine Science (TEAMS) project 
started from 2011 with the aim of revealing the impacts of the 2011 tsu-
nami and to assess the present state of the marine ecosystem in affected 
areas over time during the next decade. TEAMS collected various data 
such as bathymetry, geography, oceanography, benthos, and tsunami 
debris not only from our project but also from the archived data at our 
respective institutes and in public databases. Integration of data and cre-
ation of habitat maps are expected to contribute to our understanding of 
the effects of large tsunamis, present the status of marine biodiversity in 
the area, and lead to the identifi cation of key areas for ensuring ecosystem 
resilience. Here we focus on information of marine debris identifi ed from 
deep-sea images and sonar data. We conducted data integration and col-
lated information in a GIS database. 

 Our preliminary results suggest that the impact of the tsunami debris in 
deep-sea areas (ca. 200–500 m) was not as severe as in coastal environ-
ments. Accumulations of tsunami debris were found mainly in submarine 
canyons. Although different types of debris occur so far in mixed aggrega-
tions, differences in the movement and decomposition patterns of these 
different materials are expected to lead to both positive and negative 
effects on the environment in different ways.  
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1          Introduction 

 The Great East Japan Earthquake 2011 (2011 
Tohoku-Oki Earthquake) occurred on the 11th of 
March 2011. After the earthquake, tsunami waves 
washed over the Pacifi c side of the Tohoku area – 
the northern part of the main island of Japan. 
Tsunamis destroyed many coastal towns, even 
those protected by seawalls of 10 m in height, 
and damaged and disabled a nuclear power plant 
as well. The Japanese government directed efforts 
to help the area recover from earthquake and 
tsunami damage, and several programs were 
 conducted in terrestrial areas. During this time, 
surveys of marine ecosystems were conducted 
separately. 

 An initiative called the Tohoku Ecosystem- 
Associated Marine Science (TEAMS) project 
was launched at the end of the fi scal year 2011 
with the support of the Ministry of Education, 
Culture, Sports, Science and Technology. The 
TEAMS project is required to contribute to the 
following in the ocean areas off Tohoku: (a) elu-
cidate the effects of earthquakes and tsunamis; 
(b) with a view to assessing recovery, reveal the 
dynamics of organisms and their environment; 
(c) suggest fi sheries that could be sustainably 
exploited; and (d) assess the safety of such prod-
ucts in terms of anthropogenic chemical com-
pound content. As part of this project, 
multidisciplinary surveys of the environmental 
conditions and state of the ecosystem have been 
conducted from coastal areas to the continental 
slope, where fi sheries are conducted, in order to 
assess the effect of earthquakes and tsunamis. 

 Previous research suggested heavy damage by 
the earthquake and tsunami in coastal and shal-
low ocean areas. Large amounts of sedimentation 
(Goto et al.  2012 ), increases in marine debris 
(Shibata et al.  2013 ), decrease in ground level/
seafl oor depth (Ozawa et al.  2011 ), and changes 
in the distribution of benthic organisms (Seike 
et al.  2013 ; Urabe et al.  2013 ) are considered to 
be the main changes in the ecosystem. Although 
extensive research and cleanup activities have 
been conducted in shallow waters, research 
results from deep-sea areas are scarce. A few 

reports, some sedimentation studies, suggested 
diffi culty in identifying the effects of the earth-
quake and the tsunami event in the upper part of 
the deep sea (such as shallower than 750 m) 
because of bioturbation (Arai et al.  2013 ). 
Nonetheless, marine debris is expected to have 
either positive or negative effects in deep-sea 
areas (Goto  2012 ; Ramirez-Llodra et al.  2011 ). 

 In the present paper, we introduce preliminary 
results on the distribution of debris in the datasets 
collected from deep-sea surveys by TEAMS- 
related cruises and from archived data from other 
studies. We focus in particular on the spatial dis-
tribution of marine debris and the types of marine 
debris to assess the positive or negative effects of 
marine debris originating from the earthquake on 
ecosystems in the upper part of the deep sea.  

2     Methods 

2.1     Study Area 

 The Tohoku offi ng is located on the northern 
Pacifi c side of the main island of Japan and is 
well-known as a frontal area where the warm, 
northward-fl owing Kuroshio current encounters 
the cold, southward-fl owing Oyashio current. 
Since 2011, we have surveyed the deep-sea area 
using a side-scan sonar, deep-tow submergible 
cameras, and an ROV (remotely operated vehi-
cle) system. The target region for the TEAMS 
surveys encompassed the area from the coast to 
the continental slope, and this study focused on 
the offshore region of Miyagi and Iwate 
Prefectures. The survey areas and sites are plot-
ted in Fig.  1 .   

2.2     Data Collection 

 We examined the data from fi ve different surveys 
to evaluate quantitatively the occurrence of 
marine debris in each survey area or along each 
survey transect. Details of each survey are as fol-
lows: towed camera surveys by the 4KC (4,000 m 
camera deep-tow camera) and YKDT (Yokosuka 
deep-tow camera) were conducted from May 16 

T. Yamakita et al.



103

to May 20 and July 31 to August 7, 2012. The 
4KC was equipped with a Super-HARP (high- 
gain avalanche rushing photoconductor) video 
camera recording in NTSC (National Television 
System Committee specifi cation) format for 
downward-facing seafl oor observations, and this 
allowed observation of an area of approximately 
3 × 3 m at an altitude of 3 m above the seafl oor. 
The YKDT was equipped with a similar camera 
confi guration but with a less light-sensitive CCD 
(charge-coupled device) camera and also record-
ing in NTSC format. An ROV (remotely operated 
vehicle) survey was carried out during June 30 to 
July 5 in 2013. The ROV  Crambon  was equipped 
with a pan-tiltable, forward-facing, high- 
defi nition (1080i) video camera with a 67° view 
fi eld angle and with video recorded onto a hard 
disk cartridge (AJA WZZ-KiPro2400) at ProRes 
4:2:2HQ resolution via HD-SDI and saved in 
QuickTime format (.mov). Video and other data 
were time-stamped and recorded synchronously 

using an Ethernet-enabled logging/playback sys-
tem based on that developed by Lindsay et al. 
( 2012 ). We assumed 2 m as the observation width 
for the calculation of the approximate number of 
debris items per km 2 . Side-scan sonar (EdgeTech 
4200MP, 400/100 kHz) was used to obtain topo-
graphic data and marine debris occurrence infor-
mation. In the case of coastal areas, another 
side-scan sonar system (System 3000, Klein Inc., 
500/100 kHz) was deployed from a fi shing boat.   

3     Results 

 The deep-tow camera survey from May 16 to 
May 20, 2012, revealed a broad distribution of 
the brittle star  Ophiura sarsii  (Lütken 1855). It 
was especially dense during transect DT-6C but 
not during DT-7C (nos. 14 and 15 in Table  1  and 
Fig.  1 ). During transects DT-6C to DT-9C, sev-
eral small items of debris, such as splinters of 

  Fig. 1    Location of study sites for research on species and/or marine debris. Site numbers correspond with those in 
Table  1        
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wood and plastic bags, were found. During tran-
sects DT-10C and DT-11C, near a submarine 
valley off Iwate, many differently sized items 
of debris were observed clumped together as 
shown in Fig.  2 .

    During the cruise from July 31 to August 7, 
2012, marine debris were found at 3000 m depth 

in the Japan Trench area, more than 200 km from 
land, using the YKDT deep-tow camera (nos. 
7–13 in Table  1 ). A fi shing net, cans, plastic bags, 
and sunken wood were scattered over an area of 
seafl oor (Fig.  3 ). The origin of these debris could 
not be determined as to whether it was related to 
the tsunami event or not. At a shallower study site 

  Fig. 2    Accumulated 
marine debris in a 
submarine valley (Deep 
Tow 10C image)       

  Fig. 3    Cans observed near 
the trench       
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(depth 551 m, no. 12 in Table  2 ), we discovered 
high abundances of invertebrates and fi sh (such 
as  Ophiura sarsii , sea stars, Anguilliformes sp., 
and  Sebastolobus      macrochir  (Günther 1877)) in a 
submarine canyon area where much debris had 
accumulated. An extremely large number of the 
anthomedusan jellyfi sh  Euphysa japonica  were 
observed near the seafl oor at some stations, but 
the identity and substrate habitat preferences of 
its benthic polyp stages have not yet been deter-
mined (Lindsay et al.  2008 ), so an analysis of 
correlations with debris distributions was not 
possible at the present time. 

   During the ROV survey in 2013, high densi-
ties of brittle stars were observed at stations 1 and 
2 (Table  1  and  2 ) but not as many occurred at sta-
tion 4. At station 2, the body sizes of brittle stars 
were signifi cantly different from those occurring 
at the other stations. At station 4, we found drag 
marks made by trawl nets and a lower diversity 
and population size of macrofauna. 

 Although the area surveyed by the ROV 
 Crambon  was limited, detailed information on 
debris could be collected (Fig.  4 ). The number of 
debris items was obviously higher within the bay 
area (no. 5; the Yamada Bay) on the July of 4th. 
Eight debris items were observed in an approxi-
mately 50 × 50 m area.  

 Surveys by side-scan sonar were able to inves-
tigate broader areas of the deep-sea fl oor, 
although the resolution of acoustic images was 
lower than that of the video images obtained dur-
ing the ROV survey (nos. 21 to 23 in Table  2 ). 
The acoustic survey off Miyagi found a large 
debris item of approximately 10–15 m in length 
(no. 23). In coastal areas, numerous small debris 
items, mostly less than 1 m in length, were able to 
be distinguished in the acoustic images (Fig.  5 ; 
nos. 24–26 in Table  2 ).  

 As shown in Tables  1  and  2 , the amount of 
debris decreased substantially with increasing 
water depth and/or distance from the coastline. 
The average number of debris items at the ten 
main, video-surveyed study sites (1, 2, 4, 12, 
14–19) at depths from 289 to 890 m and at dis-
tances from 11 to 57 km from the coastline, was 
5,195 (standard deviation [SD] = 5,133) per km 2  
(Tables  1  and  2 ). It was 1,116 per km 2  (SD = 961) 

at the fi ve sites (7, 9–11, 13) in deeper areas near 
the trench (>1,000 m depth), which were over 
100 km from the coastline. In canyon areas (2, 4, 
12, 18, 19), the average number of debris items 
per km 2  was 6,761 (SD = 3,528), and this was 
higher than at other areas of similar depth that we 
studied (mean = 3,629, SD = 6,381). Of the 
observed debris categories, “plastics” were most 
numerous (113), followed by “wood and paper” 
(85). A large subset of the debris (over 237 items) 
were unclassifi able.  

4     Discussion 

 Our preliminary results suggest that the direct 
impact of tsunami-derived debris in deep-sea 
areas off the Sanriku region (ca. 200–800 m 
depth) is not as severe as in coastal environments 
(Seike et al.  2013 ; Urabe et al.  2013 ). 
Accumulations of tsunami-derived debris were 
found mainly within submarine canyons in deep- 
sea areas, while in coastal areas the debris was 
scattered across the seafl oor. The transportation 
power of tsunamis, turbidity currents, and the 
geomorphological features of the seafl oor appear 
to greatly affect the distribution pattern of marine 
debris (Arai et al.  2013 ). 

 Our observations also showed that different 
kinds of debris, such as wood, plastics, and con-
struction materials, still occur in mixed aggrega-
tions. These debris items accumulate sessile 
species that need hard substrates on which to 
attach. This is assumed to be because of the lack 
of such surfaces on the largely muddy deep-sea 
fl oor, as was observed in the canyon area. 
Different materials are expected to move and 
decompose in different ways, and the composi-
tion of the debris aggregations is therefore 
expected to change over time due to transporta-
tion and decomposition. For example, plastics 
can be harmful when accidentally ingested 
(Ramirez-Llodra et al.  2011 ). Flustering of plas-
tics is also suspected to contribute to the accumu-
lation of harmful substances in organisms, where 
micro-plastics are known to be a problem 
(Andrady  2011 ). In the case of wood or mixtures 
of wood and fabric materials, such debris attracts 
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species that can decompose cellulose materials, 
such as members of the wood-boring mussel 
 subfamily Xylophagidae, which were retrieved in 
a sample from this area. In the case of nets or wire 
debris, a negative effect on fi sheries has already 
been reported by Goto ( 2012 ). For sustainable 
fi sheries, as a fi rst step the number of ghost fi shing 
nets and plastics of ingestible sizes should be 
reduced. The next step should be to track the stage/
status of fl ustering in plastics and determine the 
distribution of various marine debris materials.     
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    Abstract  

   Oithona davisae  is a planktonic cyclopoid copepod species, known to be 
extremely abundant and often predominates in coastal marine embayment. 
To understand why this animal is so successful, we have been looking into 
its swimming ability to escape from predators. Here we show how  O. davi-
sae  escapes from the moon-jelly  Aurelia aurita , which devours zooplankton 
and occurs in a huge number in embayments including Tokyo Bay. Direct 
observations revealed that  O. davisae  is agile enough to escape from the 
moon-jelly’s  ephyra  larvae, which appear much more numerously than adult 
moon-jelly. This agility reducing the predation mortality may be crucial for 
 O. davisae  to predominate in this bay and somewhere else that are full of 
predators. Direct observations by the use of video cameras suggested that 
 O. davisae  may be recognized as a genius in escaping from predators, com-
paring with some other planktonic animals such as  Acartia  (larger copepod), 
barnacle  cypris , decapod zoeas, etc., being less agile than  O. davisae .  

        Y.   Tanaka      (*) 
  Tokyo University of Marine Science and Technology , 
  4-5-7 Konan ,  Minato ,  Tokyo   108-8477 ,  Japan   
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       Oithona davisae , the Most 
Predominant Copepod in Tokyo Bay, 
a Highly Eutrophic Embayment: 
Why Are They So Predominant? 

           Yuji     Tanaka      and     Tatsuro     Akiba    

1          Introduction 

 Among various factors, anthropogenic loading and 
global warming are considered to be causing sig-
nifi cant changes in the coastal marine environment. 

We need to holistically understand mechanisms 
in such changes to predict how the environment 
would be in the future. Prerequisite is detailed 
knowledge on biological processes as well as 
physical and chemical ones in response to the 
environmental changes. Planktonic copepods are 
important in the aquatic ecosystems because of 
their abundance and diversity; they are consid-
ered to bridge the primary producers (phyto-
plankton) and higher consumers (such as larger 
zooplankton and fi sh). (Nishida  1985 ; Tsuda and 
Nemoto  1988 ; Itoh and Aoki  2010 ). 

 Among them, a cyclopoid copepod  Oithona 
davisae  (Fig.  1 ) is one of the most predominant 
species in the zooplankton community of coastal 
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waters including embayments such as Tokyo Bay 
(Ferrari and Orsi  1984 ; Anakubo and Murano 
 1991 ; Itoh et al.  2011 ), one of the most eutrophic 
embayment in the world.  

 This bay is also known to be inhabited by 
abundant moon-jelly  Aurelia aurita , having 
planktonic stages being voracious to smaller zoo-
planktons such as copepods (Omori et al.  1995 ). 
It is intriguing that  O. davisae  remains so pre-
dominant in spite of the abundant existence of the 
“copepod eater”  A. aurita . In this context, we 
may speculate that certain reasons should exist 
for the coexistence of such abundant  A. aurita  
and  O. davisae  as its prey. 

 In the present paper, we will (a) show some 
direct observations on the feeding behavior of 
moon-jelly’s  ephyra  in laboratory conditions; (b) 
discuss the special feature of the behavior of  O. 
davisae , able to escape easily from the  ephyra ; 
and (c) speculate the reason why  O. davisae  is 
predominant in Tokyo Bay today.  

2     Materials and Method 

2.1     Ephyra as Predator 

 In order to perform direct observations of 
predator- prey interactions between moon-jelly’s 
 ephyra  and zooplankton, after the method previ-
ously established (Ishii et al.  2004 ), from mature 
moon-jelly  Aurelia aurita  captured from the 
innermost part of Tokyo Bay, planula larvae 
were obtained fi rst, and then through the polyps, 
after strobilation, the  ephyra  larvae were liber-
ated (Fig.  2 ).   

2.2     Zooplankton as Prey 

 As preys of the  ephyra , zooplankton such as 
 Oithona davisae ,  Acartia omorii ,  cypris  larvae of 
barnacles, zoea larvae of decapods, and adults 
of a small species of hydromedusae  Rathkea 

  Fig. 1    Adult of  Oithona 
davisae , of which prosome 
length is ca. 400 µm       
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octopunctata  were captured from the innermost 
part of Tokyo Bay and kept in a healthy condi-
tion. In addition, nauplii of  Artemia  were obtained 
from canned cysts.  

2.3     Video Recording 

 A fl at-drum chamber (100 mm diameter, 25 mm 
thick) made of Plexiglas fi lled with fi ltered sea-
water was used to perform direct observations on 
the feeding of  ephyra  on each kind of zooplank-
ton. Holding the fl at surface upright, while 
slowly rotating the chamber (1 revolution per 
minute) containing the  ephyra  and a limited 
number of one kind of zooplankton, recordings 
were done with a Sony Handycam video (30 
frames per second). 

 Transparent cells of 40 mm cube and also 
cells for absorbance meter (10 mm × 10 mm 
and 50 mm tall) fi lled with fi ltered seawater 
and standing still were also used to make 
closer view of the prey and predators’ behavior. 
Video images were analyzed frame by frame 
afterwards.   

3     Results 

3.1      Oithona  

 Live adult of  Oithona davisae  did not show any 
special behavior while the  ephyras  were not in 
the vicinity. However, once the  ephyras  were came 
near, they easily escaped. As a consequence of 
such behavior, almost no  Oithona  was captured 
by  ephyra  (Fig.  3 ).   

3.2      Acartia  

  Acartia  which is larger in size than  Oithona  is 
expected to swim faster and thus thought to be 
able to escape better than  Oithona . However, 
unlike the case of  Oithona ,  Acartia  did not always 
succeed to escape, but sometimes were in contact 
with  ephyra  and eventually eaten (Fig.  4 ).   

3.3      Cypris  

  Cypris  larvae of barnacles were very often 
into contact with  ephyra , but never eaten. 

  Fig. 2     Ephyras  of moon-jelly  Aurelia aurita . These were newly liberated from strobila being cultured in the laboratory. 
The whole diameter is ca. 3 mm       
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  Fig. 3    Side view of the 10 mm absorbance cell contain-
ing an  ephyra  and ten  Oithona . After this clip, the  ephyra  
swam upward near the surface where  Oithona  is swim-

ming. Nevertheless, not a single  Oithona  was in contact 
with  ephyra . All the individuals of  Oithona  easily escaped 
from the  ephyra        

  Fig. 4    Side view of the 40 mm cubic chamber containing 
an  ephyra  and a few  Acartia . After this clip, the  ephyra  
swam upward near the surface where  Acartia  were 

located. Unlike the case of  Oithona ,  Acartia  did not 
always succeed to escape, but sometimes were in contact 
with  ephyra  and eventually eaten       
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After the contact with  ephyra,   cypris  stopped 
swimming and made the body curled to sink. 
They restarted swimming after a delay rang-
ing from several seconds and 2 min after the 
contact.  

3.4     Zoea 

 Zoea larvae of decapods were often in contact 
with  ephyra , but never eaten. It seems they were 
not seriously infl uenced by the  ephyral  venomous 
stings, probably having harder shell to avoid 
stings of the jellyfi sh tentacles.  

3.5      Rathkea  

 In the vicinity of  ephyra , the small hydromedusa 
 Rathkea octopunctata  seemed to try escaping. A 
single hit of  ephyra  seemed to be was enough to 
paralyze and capture  Rathkea .  

3.6      Artemia  

 Nauplius larvae of  Artemia  did not seem to avoid 
 ephyra  and were easily captured (Fig.  5 ). Once in 
contact with  ephyra , the nauplii quickly got para-
lyzed probably by the  ephyra  venom. Additional 
observations using  Artemia  eggs as prey showed 
that the eggs were not captured by the  ephyra  
(Fig.  5 ).    

4     Discussion 

 We observed that  O. davisae , being different 
from other zooplanktons, are not easily eaten by 
the  ephyra  of moon-jelly. In other words, they are 
capable of avoiding  ephyral  predation very well, 
suggesting that not all kinds of zooplankton are 
passively eaten by every stage of the moon-jelly. 
This observation may give a clue to understand 
why  O. davisae  are predominant in Tokyo Bay 
today. Our speculation is as follows:

  Fig. 5    Side view of the 
rotating fl at drum chamber 
containing the  ephyra  and 
 Artemia  larvae. The  ephyra  
in the top-middle of the 
image just captured two 
 Artemia        
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•    The recent predominance of  O. davisae  in 
Tokyo Bay may partly be explained by the 
increase in the abundance of moon-jelly due 
to the heavy increase of artifi cial constructions 
on the coast offering the substrata of the asex-
ually growing polyps of the moon-jelly (Ishii 
and Katsukoshi  2010 ), directly followed by 
the  ephyra  and medusae.  

•   In addition, the increase in the occurrence of 
oxygen depletion in the lower layer of inner 
Tokyo Bay (Ando et al.  2005 ) may cause the 
general decrease of species diversity of plank-
tons except for the moon-jelly that is less vul-
nerable in such oxygen-depleted environment 
(Ishii et al.  2004 ).  

•   Increase in  ephyras  of moon-jelly due possi-
bly to the above reasons, which voraciously 
eat zooplanktons except for  O. davisae , may 
eventually lead to enhance the predominance 
of  O. davisae .  

•   Moreover, not spawning but carrying the 
eggs, being different from many other cope-
pods, reproduction of  O. davisae  may not 
seriously be affected by the development of 
oxygen depletion in the bottom layer (Uye 
 1994 ).    
 It has been pointed out that the predominance 

of  O. davisae , with a very small size (even 
adults >0.5 mm) and thus grazing smaller phy-
toplankton such as dinofl agellates but not dia-
toms, leads to leftovers and excess growth of 
diatoms that sink to the aphotic bottom (7). The 
increase of organic materials in the aphotic 
 bottom deteriorates the oxygen depletion due to 
excess decomposition. This possible process of 
enhancement of oxygen depletion may also 
cause the increase of moon-jelly and predomi-
nance of  O. davisae  again. These processes may 
lead to some loss of species diversity in Tokyo 
Bay. To avoid this spiral, reduction of nutrient 
input and mitigation of artifi cial construction of 
the coastline are possible measures. Resilience 
of the Tokyo Bay ecosystem may not well func-
tion without reviving the natural coastline or 
without reducing the nutrient loading. To exam-
ine if the above speculation is valid, we are 

working on more quantitative studies on the 
prey-predator relationship between zooplank-
tons including  O. davisae  and the moon-jelly 
 A. aurita  (not only the  ephyra  stage but also the 
polyp and medusa stages).     
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    Abstract  

  The vicinity of urban activity and industry (petrochemistry) around the 
Berre lagoon (southeast of France) has induced the degradation of its 
ecosystem, characterized by a permanent eutrophic state. In particular, a 
power plant has discharged substantial inputs of enriched freshwater in 
the lagoon since 1966. Due to these high nutrient inputs and also to 
regeneration rates, several species of phytoplankton regularly bloom in the 
lagoon at spring, summer, or autumn. Peaks of phytoplanktonic biomass 
(>150 µg Chl a /dm 3 ) are generally followed by intense heterotrophic activ-
ities leading to O 2  consumption with hypoxic or anoxic episodes. The 
study of phytoplankton dynamics is thus of primary importance. 

 Within the framework of an ecological survey, an automated platform 
of  in situ  instruments was set up in a laboratory located on the “Berre 
l’Etang” harbor to assess biological and hydrological features of the lagoon 
at short time scale during October 2011. The phytoplanktonic community 
was characterized by a Cytosense autonomous fl ow cytometer (Cytobuoy, 
Netherlands) operating at high frequency (hourly sampling) in order 
to detect sudden changes of species compositions and abundances. In 
parallel, hydrological sensors have measured several physicochemical 
variables of the water directly pumped from the lagoon (1.5 m depth) to 
the fi eld laboratory. 

 In October 2011, among the various phytoplanktonic species optically 
resolved by the Cytosense, the dinofl agellate  Akashiwo sanguinea  has 
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been detected. It is known for causing fi sh and seabird death when its 
abundance is high and for having a potential toxicity on human consumed 
shellfi sh. On October 6, nutrient concentration combined with a weak 
hydrodynamic state triggered a large development of this species. 
Concentration reached up to 450 cells/cm 3 , leading to a fast increase in 
chlorophyll concentration (>20 µg Chl a /dm 3 ). However, these dinofl agellates 
were quickly affected after a sudden wind (mistral, 330°–360°) event 
with mean speed exceeding 20 m/s: on October 7, 2011,  A. sanguinea  
abundance dropped down below 20 cells/cm 3 . 

 These results, out of reach of more conventional methods with manual 
sampling, underline the power of  in situ  automated monitoring to follow 
in near real time the dynamics of phytoplankton in general and also to 
target some particular species of interest such as harmful algae.  

1          Introduction 

 Phytoplanktonic species play a key role for 
marine productivity. These primary producers 
fuel the entire trophic network and modulate 
biogeochemical cycles (N, C, P, Si, S, Fe). When 
environmental conditions favor their bloom, 
some species can be responsible for massive 
death of organisms, commercial species 
(Smayda  1997 ). These events, known as harmful 
algal blooms (HABs), represent a major risk for 
the marine fauna, from fi lter feeders to fi shes, but 
also marine mammals and seabirds, as they can 
be subject to toxic or nontoxic (anoxia, gill clog-
ging, physiological changes) effects leading to 
their death (Zigone and Enevoldsen  2000 ). HABs 
are caused by numerous species of dinofl agel-
lates, cyanobacteria, diatoms, prymnesiophytes, 
and raphidophytes which are harmful in many 
ways. Thus, they require an accurate monitoring 
to detect them as early as possible. 

 Phytoplankton analyses are based on their 
optical properties via microscopy or fl uorimetry, 
both considered as traditional methods used to 
detect algal proliferations (Anderson et al. 
 2001 ). In France, the national program REPHY 
(REseau de surveillance du PHYtoplancton et 
des PHY-cotoxines) conducted by IFREMER 
(Institut Français de Recherche pour 
l’Exploitation de la MER) is in charge of phyto-
plankton surveys along the French shore. It aims 

at enhancing our understanding about factors 
controlling phytoplanktonic blooms. By means 
of early warnings, this network also intends for 
preventing poisoned shellfi sh consumption by 
triggering some particular toxic species. 
Observations are based on microscopic counts 
which are time consuming and require expertise. 
The sampling frequency is, typically, from one 
per month to up to one per week during risky 
periods (in May/June for most of the sites). 

 Located in the south    of France, the Berre 
lagoon is one of the largest marine lagoons in 
Europe and around the Mediterranean Sea. Because 
it has received a large amount of nutrients over 
the years, the lagoon used to regularly host 
algal blooms characterized by the dominance of 
few species, with extreme biomass (Malkassian 
 2012 ). Since 1995, this site benefi ts from a 
special attention relying on European (Directive 
Cadre sur l’Eau (DCE)), regional (Réseau de 
Suivi Lagunaire (RSL)), and local (Groupement 
d’Interêt Public pour la Réhabilitation de l’Etang 
de Berre (GIPREB)) frameworks. In general, 
lagoons are both highly dynamic and sensitive to 
human activities because of their intermediate 
state between land and sea. Besides a long-term 
monthly monitoring of phytoplankton in the 
Berre lagoon, it appears that the establishment 
of the annual budget of primary production is 
still incomplete. This is likely due to important 
seasonal changes (with, for instance, sporadic 
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events such as natural fl ooding or strong wind 
events) (Gouze et al.  2008 ). 

 Even nowadays, little is known about the phy-
toplankton dynamics at fi ne scale and about the 
variables controlling it. In shallow coastal eco-
systems, phytoplankton abundances are infl u-
enced, at different time scales, by grazing, local 
inputs (nutrients), and turbulent mixing, as 
described by Cloern ( 1996 ). However, conven-
tional sampling methods are not suitable to 
assess their changes induced by sudden sporadic 
events such as wind episodes, freshwater dis-
charges, or spates. There is thus a need for 
devices able to run automated and high- 
frequency analysis independently of the weather 
conditions and of the presence of a person. Such 
instruments would be very valuable to detect 
blooms at an early stage and provide a warning 
about a potential harmful algal bloom. This obvi-
ously requires analyses performed at a taxo-
nomic level. 

 In this context, we report in this study a high- 
frequency  in situ  monitoring of phytoplankton 
in the Berre lagoon by means of a Cytosense 
automated fl ow cytometer (Cytobuoy b.v., 
Netherlands). This project has been supported 
by CNRS EC2CO, FEDER, and the Council of 
Provence Alpes Côte d’Azur Region. Abundances 
were measured every hour during October 2011 
for species ranging from pico- to small micro-
phytoplankton, some of which identifi ed as 
harmful such as  Akashiwo sanguinea .  

2     The Berre Lagoon 

 The Berre lagoon receives freshwater inputs 
from both three natural rivers and from the artifi -
cial channel of a hydroelectric power station 
(Electricité de France (EDF)) built on the north-
eastern shore. The freshwater from the Durance 
River is thus derived and discharged in the 
lagoon, bringing with it massive amounts of sed-
iments and organic matter. The lagoon also 
receives Mediterranean seawater through the 
Caronte channel. It is subjected to multiple 
natural (frequent wind events, freshwater dis-

charges, and spates) and anthropic forcing 
(industries, inhabitations). Due to the proximity 
of several small cities and from the Marseille 
metropolis (about 800,000 inhabitants), a pres-
suring instatement of urban, industrial, and agri-
cultural exploitations has emerged all around the 
lagoon shore. Since 1966, the main disturbing 
infrastructure has been the power plant, using 
and discharging freshwater of the Durance River 
for electricity supply (by turbines) into the Berre 
lagoon, with a drastic impact on salinity (by 
important dilution). All these human activities 
have generated wastes and inputs that were 
drained in the lagoon and enriched it, particu-
larly in nitrogen and phosphorus. In 2011, the 
power plant was responsible for 50 % and 15 % 
of total nitrogen and phosphorus inputs, respec-
tively. These high inputs combined with the fast 
regeneration rates of the microbial community 
(Gouze et al.  2008 ) have fueled the phytoplank-
tonic species, and as a result, the water mass has 
become ultimately eutrophic. For many years, 
blooms associated with extreme autotrophic bio-
mass (>150 µg Chl a /dm 3 ) and colored waters have 
been observed until a regulation of the power 
plant discharges was imposed to EDF in 1994 
and 2005 (Malkassian  2012 ). The salinity gradi-
ent between surface and bottom of the lagoon 
maintains a quasi-permanent stratifi cation of the 
water column (Nérini et al.  2001 ) and prevents 
reoxygenation of the deep layer after the oxygen 
depletion that follows blooms. Hypoxia or in 
extreme case anoxia, light attenuation, and toxin 
production during these blooms have perturbed 
the entire ecosystem, which remains eutrophic 
(Fig.  1 ) and in a “bad” ecological state according 
to RSL (Réseau de Suivi Lagunaire) evaluation 
criteria (Mayot et al.  2013 ).   

3     The Experimental Setup 

 In order to detect sudden changes in composition 
and abundances of the phytoplanktonic commu-
nity in the Berre lagoon, the Cytosense (Cytobuoy, 
Netherlands) fl ow cytometer was placed in a labo-
ratory nearby the “Berre l’Etang” harbor (Fig.  2 ). 
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This instrument is designed to operate autonomous 
 in situ  monitoring of a wide number of phyto-
planktonic species in the range of size between 1 
and 800 µm (Dubelaar et al.  1999 ). Analyses 
are made at the single cell level and at high 
frequency (up to once every 10 min) (Dubelaar 
and Gerritzen  2000 ; Peeters et al.  1989 ). This 

instrument has been used to reveal the temporal 
and spatial phytoplankton variability  in situ  
(Thyssen et al.  2008 ). Autotrophic cells are trig-
gered on the basis of their chlorophyll  a  content, 
which naturally emits red fl uorescence. When the 
cells pass through the light source excitation 
(a 488 nm laser beam), fi ve optical profi les 

  Fig. 1    Surface chlorophyll  a  
concentration measured at 
the 10 hydrological stations 
in the Berre lagoon for the 
sampling performed in 
September 2011       

Cytosense

N

laboratory

(sampling point)

100 m

5.166

43.469

43.470

43.471

43.472

43.473

5.168 5.170 5.172 5.174

  Fig. 2    Location of the 
sampling point ( black 
circle ) and the 250 m pipe 
( black line ) until the 
laboratory, on the “Berre 
l’Etang” harbor. Flow 
cytometry analyses were 
automatically run every 
hour by the Cytosense fl ow 
cytometer. When needed, 
the cytometer could be 
remotely operated thanks 
to an Internet connection       
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(two diffusion intensities (forward angle and 
sideward light scatter) and three fl uorescence 
intensities (red, orange, and yellow fl uorescences)) 
are recorded for each single particle (cell). Cells 
sharing similar optical properties are therefore 
grouped together when plotted in 2D projections 
of the numerous variables collected by the fl ow 
cytometer (2 light scatter and three fl uorescences, 
with for each one the area under the curve, the 
peak and length of the curve, etc.). In addition, an 
“image-in-fl ow” device mounted in the Cytosense 
takes pictures of cells of interest after their passage 
through the 488 nm laser beam.  

 In parallel to fl ow cytometry analyses, hydro-
logical variables were also measured by automated 
sensors (ISUS for nitrate concentration and 
Hydrolab probe for temperature, salinity, turbidity, 
chlorophyll  a  content, pH) in the water pumped 
from the sampling point (43°28′10.57 N, 5°10′9.91 
E, 2.5 m depth) to the fi eld laboratory. Water was 
carried out to the laboratory through a 250 m hose 
(50 mm inner diameter) at a fl ow rate of 30 dm 3 /
min during 17 min before each analysis (in order 
to completely fl ush the entire hose). Each hour, 
temperature, salinity, turbidity, pH, nitrate, and 
chlorophyll  a  concentrations were measured by 
the various sensors installed in an 80 dm 3  tank 
receiving the pumped water. A dedicated volume 
of 1 dm 3 , set up between the pipe and the 80 dm 3  
tank, was used for the fl ow cytometry analyses 
performed by the Cytosense. An  in situ  HOBO ®  
Pendant ®  Temperature/Light Data Logger has been 
installed next to the pipe inlet in order to measure 
the incident light intensity at the very sampling 
depth. A strainer brass was set  in situ  at the end of 
the hose to prevent biofouling and the passage of 
larger particles (several millimeters long) which 
may clog the hose and/or the instruments.  

4     Results 

4.1     Phytoplankton Clusters 
Defi ned by Flow Cytometry 

 During the October 2011 monitoring, up to 12 
separate clusters of photoautotrophic cells 
(arbitrary labeled C1 to C12) have been resolved 

thanks to their optical properties recorded by the 
scanning fl ow cytometer (Fig.  3 ). Clusters showed 
a proportional relation between light scatter 
(related to cell size) and red fl uorescence (related 
to chlorophyll a pigment content) intensities.  

 The length of the cells has been determined both 
from the pictures taken by the image-in-fl ow and 
from calibration microspheres (Polysciences) of vari-
ous sizes (from 1 to 20 µm in diameter). It covered a 
large range of sizes, from 0.9 ± 0.1 µm (for C12) to 
56.4 ± 12.2 µm (for C1) (Table  1 ). The largest cells 
pictured by the image-in-fl ow camera correspond to 
clusters C1 to C4 and belong to the microphyto-
plankton class. As revealed by the pictures, they were 
monospecifi c and composed of  Akashiwo san-
guinea  (Hirasaka) for C1,  Prorocentrum micans  
(Ehrenberg) for C2,  Scrippsiella  sp. (Balech) for 
C3, and  Gymnodinium  sp. (Stein) for C4.

4.2        Dynamics of  Akashiwo 
sanguinea  
and of the Environmental 
Variables During 
the Sampling Period 

 The chlorophyll  a  concentration of the overall 
phytoplanktonic community strongly varied in 
the Berre lagoon during the sampling period, 
with  maxima  correlated to high nitrate concentra-
tions ( n  = 215, correlation coeffi cient 0.53, 
 p  < 0.001). Proliferation of microphytoplanktonic 
cells, including  A. sanguinea , has led to several 
peaks of chlorophyll  a  concentration which 
reached up to 21.81 µg/dm 3  on October 5 at 
05:30 pm. Such high biomass have not been 
detected by the monthly monitoring carried out 
in the Berre lagoon; actually, in October the 
lowest concentration has been measured (Fig.  4 ).  

 During the sampling period, one major forcing 
that occurred in the lagoon was a turbulent 
mixing induced by a strong mistral event (wind 
from 330° to 360° from October 6 to 10) (Fig.  5 ).  

 The mean temperature of the water dropped 
down by 5.2 °C (from 23.2 ± 0.2 °C to 18.0 ± 0.3 °C 
between October 6 and 7). Nitrates and micro- and 
nanophytoplankton concentrations decreased 
and  Akashiwo sanguinea  abundance dropped 
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from 445.5 cells/cm 3  on October 6, 11:00 pm, to 
12.2 cells/cm 3  on October 7, 12:00 pm (Fig.  6 ).  

 Water turbidity which rose to 15.9 NTU dropped 
down to 2.02 ± 0.77 NTU as the biggest autotrophic 
cells decreased in abundance. The maximum light 
intensity measured  in situ  increased from 9,300 
lux to 14,467 lux, while there was no signifi cant 
difference of the solar irradiation.   

5     Discussion 

 Since the instatement of the EDF power plant on 
the northern shore of its basin, the Berre lagoon 
has been subject to recurrent algal blooms in 
spring, summer, and autumn. In October, these 
algal proliferations are caused by the persistence 
of summer-like temperatures combined with the 
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  Fig. 3    Cluster description on a red fl uorescence (total red fl uorescence, arbitrary unit)/light scatter area under the curve 
(total sideward light scatter, arbitrary unit) cytogram with 0.8 and 0.9 confi dence ellipses       

   Table 1    Mean lengths (µm) of cells composing the various cytometric clusters pictured by the image-in-fl ow camera   

 Cluster  C1  C2  C3  C4  C5  C6 
  A. sanguinea    P. micans    Scrippsiella  sp.   Gymnodinium  sp. 

 Mean length
 ± 

standard deviation 
                        

 56.4 ± 12.2  37.7 ± 10.5  23.3 ± 8.8  20.1 ± 13.5  13.1 ± 4.2  13.2 ± 4.3 
 C7  C8  C9  C10  C11  C12 
 13.9 ± 5.6  8.6 ± 1.3  3.5 ± 0.5  4.1 ± 1.0  1.1 ± 0.1  0.9 ± 0.1 
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resumption of nutrient supply generated by the 
power plant activities (Minas  1976 ). During the 
sampling period, freshwater discharges reached 
150.10 6  m 3  for a volume of the lagoon estimated 
at 980.10 6  m 3 . Mean temperature was 21.4 ± 2.1 °C. 

 Few dinofl agellate and diatom species like 
 Prorocentrum minimum  and  Cyclotella  sp. have 
then always been dominant for both new and 
regenerated production (Raimbault et al.  2013 ). 
Historically, abundances of  P. minimum  could 
reach 40,000 cells/cm 3  in the lagoon. Before the 
water policy management, colored waters were 
observed with concentration of up to 660 cells/
cm 3 , and fi sh and mollusk mortality was induced 
by toxins close to the paralytic shellfi sh poison-
ing (PSP) with concentration of 5,184 cells/cm 3  
(Belin and Berthome  1988 ). However, since 
the fi rst regulation of the power plant discharges 
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  Fig. 4    Chlorophyll  a  concentration measured during the monthly monitoring of the lagoon ( black line , with the stan-
dard deviation,  n  = 20) and during the hourly sampling period from October 5 to 11 (in  green )       

  Fig. 5    Distribution of the wind direction with mean speed 
exceeding 20 m/s during the sampling period       

 

 

Monitoring of a Potential Harmful Algal Species in the Berre Lagoon by Automated…



124

in 1994, the abundance of this species decreased 
and more eurythermal and euryhaline as well as 
marine species like  Scrippsiella sp.  were able to 
develop (Malkassian  2012 ).  Gymnodinium sp. , 
 Akashiwo sanguinea ,  Prorocentrum micans , 
and several other species of nanofl agellates are 
also present in the lagoon (identifi ed by micros-
copy by the monthly monitoring supervised by 
the GIPREB). Like  A. sanguinea , able to grow at 
temperatures between 10 and 30 °C and salinities 
between 10 and 40 (Matsubara et al.  2007 ), these 
species are well adapted to the important 
hydrological variations of the lagoon (Nérini 
et al.  2001 ). 

 In the literature,  A. sanguinea  has been 
referred as a potentially toxic species (Tindall 
et al.  1984 ), harmful for fi shes, marine birds, 
mollusks, and human after consumption of 
contaminated shellfi sh and corals (Cardwell et al. 
 1979 ; Botes et al.  2003 ; Jessup et al.  2009 ; 
Vazquez et al.  2011 ). However, no biotoxin have 
been isolated yet and evidences of a direct 
mortality mode have only been reported recently 
in case of seabird’s stranding with no current toxins 
involved (Jessup et al.  2009 ). For Du et al. ( 2011 ), 
a massive red tide dominated by  A. sanguinea  
in concentration at only 400 cells/cm 3  was 

responsible for the mortality of several seabird 
species. The saponifi cation of their feathers’ oil 
caused by the massive production of surfactant 
amino acids (MAAs) has led to hypothermia and 
ultimately to the death of the birds. 

 In addition to the direct mortality caused by 
secondary metabolites, harmful algal bloom 
species can also be indirectly noxious through 
the exceptional concentration and biomass they 
reach, especially for benthic species needing 
oxygen and light. Proliferation of some phyto-
planktonic species can be important enough to 
clog shellfi sh gills and thus asphyxiate organisms 
even if the oxygen concentration in the environ-
ment is suffi cient. The substantial release of 
phytoplanktonic organic matter derived from the 
blooms may also favor the oxygen depletion in 
the water column induced by the respiration of 
the aerobic heterotrophic prokaryotes. 

 This compartment is indeed the major respon-
sible for the organic matter remineralization. Manté 
and Michez ( 2010 ) have demonstrated that spe-
cies richness of the benthic macrofauna of the 
Berre lagoon is lower than in other Mediterranean 
lagoons due to frequent anoxia. The thermic or 
haline stratifi cation of the water column prevents 
the reoxygenation of the deep layers by gas 

  Fig. 6    Dynamics of  A. sanguinea  ( green line ) and mean wind speed ( dashed line ) before, during, and after a strong 
mistral event       
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exchange with the surface, leading to hypoxia or 
anoxia in extreme cases. The variation of nitrate 
concentration and salinity during the sampling 
period with the strong wind (mistral) event 
clearly demonstrates that the Berre lagoon was in 
a stratifi ed state in early October. On October 18, 
vertical profi les of nutrient concentrations showed 
differences between surface and bottom (GIPREB 
 2011 ). The mistral event has contributed to the 
mixing of the water mass and has favored its 
reoxygenation. 

 Due to their capacity to migrate along the 
water column (i.e., nycthemeral migration), 
fl agellate species including  A. sanguinea  are 
known to proliferate in worldwide stratifi ed 
waters (Shipe et al.  2008 ; Du et al.  2011 ). Hence, 
they contribute for a great part to the regenerated 
production based on nutrient remineralization by 
the microbial loop in deeper layers. When 
photosynthesis becomes light limited, fl agellates 
can swim downward the column water to fi nd 
inorganic regenerated form of nitrogen such as 
ammonium while nitrates are not consumed. 

 In October 2011, peaks of phytoplanktonic 
biomass due to dinofl agellate proliferation were 
correlated to higher nitrate concentrations. When 
the chlorophyll  a  content of the lagoon was the 
highest (21.81 µg/dm 3 ),  A. sanguinea  measured 
concentration reached up to 445 cells/cm 3 . A recent 
study conducted on nutrient uptakes and regen-
eration rate in the water column suggests that 
pelagic regeneration of ammonium can largely 
encompass the demand for primary producers’ 
development (Gouze et al.  2008 ). 

 As emphasized by Anderson ( 2009 ), harmful 
phytoplanktonic outbreaks are increasing over 
the years. The fi rst invoked cause is intensifi ca-
tion of industrialization and pollution. But global 
warming is also believed to trigger algal blooms 
(Moore et al.  2008 ). Increase of surface tem-
perature is indeed coherent with dinofl agellate 
proliferation in stratifi ed waters. Moreover, 
higher exposure to UV due to the depletion of 
ozone is a factor of control of the biosynthesis of 
photoprotective MAAs (Litchman et al.  2002 ). 

 Climate change could thus enhance the devel-
opment of harmful dinofl agellate species as 
well as their deadliness. However, this very study 

and particularly the effects of the mistral event 
point out their consequence may not be clear 
concerning these harmful algal blooms and even 
display opposite responses. According to the 
Mermex group ( 2011 ), the stratifi cation of water 
mass could be balanced by more frequent northern 
wind event like mistral in the Mediterranean Sea. 

 In this study, the occurrence of a mistral event 
characterized by a mean speed exceeding 20 m/s 
was phased with the disappearance of micro- 
and nanophytoplankton cells. However, wind and 
storms have been considered as factors of resus-
pension and dispersal leading to the increase of 
harmful algal blooms (Anderson  1989 ; Kremp 
 2001 ). Resuspension and dispersal of a high con-
centrated inoculum of resistant cysts could indeed 
conduct to massive and sudden proliferation if 
environmental conditions favor their germination.  

6     Conclusion and Perspective 

    Algal bloom monitoring is a major preoccupation 
as proliferations of harmful species can induce 
great economic losses and sanitary issues if they 
are not anticipated. The Berre lagoon is a brackish 
water pool known to host regular phytoplanktonic 
blooms involving harmful and red tides species. 
As lagoons represent important sources of socio-
economic incomes, their management constitutes 
a major concern for today’s society. Since 2000, 
the European Water Framework Directive policy 
order regular surveys to state about the eutrophica-
tion of these ecosystems, aiming at a coordinate 
management that could lead to the rehabilitation 
of hundreds of sites, including the Berre lagoon. 
This study demonstrates that the deployment 
of an autonomous fl ow cytometer in this area 
constitutes a complementary method to the 
monthly monitoring of the phytoplanktonic com-
munity performed for many years now. During 
one month, the cytometer has characterized at 
high frequency the phytoplanktonic assemblage, 
resolving several clusters ranging from pico- to 
microphytoplankton. Pictures taken by the 
instrument helped to identify the largest ones, 
composed of red tide dinofl agellate species. 
This strategy combined to hydrological variables 
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records has evidenced a highly dynamic commu-
nity capable of responding very quickly to spo-
radic environmental forcing. A fast increase of 
dinofl agellates’ abundance, including the harm-
ful species  Akashiwo sanguinea , was initiated by 
the stratifi cation of the water column for which 
they present physiological advantages compared 
to other phytoplankton species. The potential 
outbreak of a harmful algal bloom in the lagoon 
was however disturbed by the mistral episode 
with a mean speed exceeding 20 m/s. The possibility 
of monitoring a great range of phytoplankton, at 
high frequency and automatically (independently 
of the weather conditions), with the associated 
environmental conditions, opens new ways to 
better understand the circumstances under which 
harmful algal blooms can arise or disappear. 
And since they constitute a main effect of eutro-
phication, autonomous fl ow cytometry obviously 
appears appropriate to follow the rehabilitation 
of the Berre lagoon which is expected after the 
discharge restrictions imposed to the EDF power 
plant. The characterization of the resilience of 
this ecosystem will be eventually determinant for 
the restoration of certain economical activities, 
explaining why the interest of such instrumenta-
tion does not only stand for fundamental research-
ers in the fi eld of marine microbiology but also 
for people, networks, and stakeholders directly or 
indirectly concerned by eutrophication and the 
quality of the aquatic environment.     

   References 

      Anderson DM (1989) Toxic algal blooms and red tides: a 
global perspective. In: Red tides: biology, envi-
ronmental science and toxicology. Elsevier Science 
Publishing Co., pp 11–16  

    Anderson DM (2009) Approaches to monitoring, control 
and management of harmful algal blooms (HABs). 
Ocean Coast Manag 52:342–347  

      Anderson DM, Andersen P, Bricelj VM, Cullen JJ, 
Rensel JE (2001) Monitoring and management strat-
egies for harmful algal blooms in coastal waters, 
APEC #201-MR-01.1, Asia Pacifi c economic 
 program, Singapore, and intergovernmental oceano-
graphic commission technical series no. 59, Paris  

   Belin C, Berthome J-P (1988) Bilan des perturbations 
phytoplanctoniques observées sur les côtes françaises 
en 1986. Rapport IFREMER, pp 1–184  

    Botes L, Smit AJ, Cook PA (2003) The potential threat 
of algal blooms to the abalone ( Haliotis midae ) 
mariculture industry situated around the South African 
coast. Harmful Algae 2:247–259  

   Cardwell RD, Olsen S, Carr MI, Sanborn EW (1979) 
Causes of oyster mortality in South Puget Sound. 
NOAA Technical Memorandum, ERL MESA-39, 
Environmental Research Laboratories, Marine 
Ecosystems Analysis Program, Boulder  

    Cloern JE (1996) Phytoplankton bloom dynamics in 
coastal ecosystems: a review with some general lessons 
from sustained investigation of San Francisco Bay, 
California. Rev Geophys 34:127–168  

     Du X, Peterson W, McCulloch A, Liu G (2011) An 
unusual bloom of the dinoflagellate  Akashiwo 
sanguinea  off the central Oregon, USA, coast in 
autumn 2009. Harmful Algae 10:784–793  

    Dubelaar GBJ, Gerritzen PL (2000) CytoBuoy: a step 
forward towards using fl ow cytometry in operational 
oceanography. Sci Mar 64:255–265  

   Dubelaar GBJ, Gerritzen PL, Beeker AER, Jonker RR, 
Tangen K (1999) Design and fi rst results of CytoBuoy: 
a wireless fl ow cytometer for  in situ  analysis of marine 
and fresh waters. Cytometry 37:247–254  

      GIPREB (2011) Bilan du suivi écologique 2011.   http://
www.etangdeberre.org/upload/file/maxi/rapport-
suivi-2011_250.pdf      

      Gouze E, Raimbault P, Garcia N, Picon P (2008) Nutrient 
dynamics and primary production in the eutrophic 
Berre lagoon (Mediterranean, France). Transit Waters 
Bull 2:17–40  

    Group M (2011) Marine ecosystems’ responses to climatic 
and anthropogenic forcings in the Mediterranean. 
Prog Oceanogr 91:97–166  

     Jessup DA, Miller MA, Ryan J-P et al (2009) Mass strand-
ing of marine birds caused by a surfactant-producing 
red tide. PLoS ONE 4:e4550  

    Kremp A (2001) Effects of cyst resuspension on germination 
and seeding of two bloom- forming dinofl agellates in 
the Baltic Sea. Mar Ecol Prog Ser 216:57–66  

    Litchman E, Neale P, Banaszak A (2002) Increased 
sensitivity to ultraviolet radiation in nitrogen-limited 
dinofl agellates: photoprotection and repair. Limnol 
Oceanogr 47:86–94  

     Malkassian A (2012) Méthodes d’analyse fonctionnelle et 
multivariée appliquées à l’étude du fonctionnement 
écologique des assemblages phytoplanctoniques de 
l’étang de Berre. Thesis. Université de la Méditerranée  

   Manté C, Michez N (2010) Expertise pour le traitement et 
l’analyse statistique des données issues du suivi des 
indicateurs biologiques dans l’étang de Berre .  Rapport 
GIPREB, pp 1–82  

    Matsubara T, Nagasoe S, Yamasaki Y, Shikata T, 
Shimasaki Y, Oshima Y, Honjo T (2007) Effects of 
temperature, salinity and irradiance on the growth of 
the dinofl agellates  Akashiwo sanguinea . J Exp Mar 
Biol Ecol 342:226–230  

   Mayot N, Gouze E, Malet N (2013) Bilan des apports à 
l’étang de Berre et état des lieux de l’eutrophisation. 
Les actes des rencontres LAGUN’R, pp 128–141  

M. Dugenne et al.

http://www.etangdeberre.org/upload/file/maxi/rapport-suivi-2011_250.pdf
http://www.etangdeberre.org/upload/file/maxi/rapport-suivi-2011_250.pdf
http://www.etangdeberre.org/upload/file/maxi/rapport-suivi-2011_250.pdf


127

    Minas M (1976) Production organique primaire dans un 
milieu saumâtre eutrophe (Etang de Berre). Effets 
d’une forte dilution (dérivation des eaux de la 
Durance). Mar Biol 35:13–29  

    Moore SK, Trainer VL, Mantua NJ, Parker MS, Laws 
EA, Backer LC, Fleming LE (2008) Impacts of cli-
mate variability and future climate change on harm-
ful algal blooms and human health. Environ Health 
7:1–12  

     Nérini D, Manté C, Durbec J-P, Garica F (2001) Une 
méthode statistique de détermination de séquences 
caractéristiques dans une série temporelle de plu-
sieurs variables. Application à la physico-chimie des 
eaux de l’étang de Berre. Earth Planet Sci 
332:457–464  

    Peeters JCH, Dubelaar GBJ, Ringelberg J, Visser JWM 
(1989) Optical plankton analyser: a fl ow cytometer for 
plankton analysis, I: design considerations. Cytometry 
10:522–528  

   Raimbault P, Beker B, Garica N, Fornier M, Gouze E 
(2013) L’étang de Berre, cycle de la matière, pro-
duction primaire et communautés phytoplancto-

niques. Les actes des rencontres LAGUN’R, 
pp 143–157  

    Shipe RF, Leinweber A, Gruber N (2008) Abiotic controls 
of potentially harmful algal blooms in Santa Monica 
Bay, California. Cont Shelf Res 28:2584–2593  

    Smayda TJ (1997) What is a bloom? Limnol Oceanogr 
42:1132–1136  

    Thyssen M, Tarran GA, Zubkov MV, Holland RJ, Gregori 
G, Burkill PH, Denis M (2008) The emergence of 
automated high-frequency fl ow cytometry: revealing 
temporal and spatial phytoplankton variability. J 
Plankton Res 30:333–343  

    Tindall DR, Dickey RW, Carlson RD, Morey-Gaines G 
(1984) Ciguatoxigenic dinofl agellates from the 
Caribbean Sea. Seafood Toxin 21:225–240  

    Vazquez EJ, Lizarraga I, Schmidt CJ, Tapia A, Cortes D, 
Sandoval F, Tapia A, Guzman JJ (2011) Impact of 
harmful algal blooms on wild and cultured animals in 
the Gulf of California. J Environ Biol 32:413–423  

    Zigone A, Enevoldsen HO (2000) The diversity of harmful 
algal blooms: a challenge for science and management. 
Ocean Coast Manag 43:725–748      

Monitoring of a Potential Harmful Algal Species in the Berre Lagoon by Automated…



129H.-J. Ceccaldi et al. (eds.), Marine Productivity: Perturbations and Resilience of Socio-ecosystems, 
DOI 10.1007/978-3-319-13878-7_14, © Springer International Publishing Switzerland 2015

Abstract

Natural and anthropogenic sources of contamination such as plankton 
toxins and hydrocarbons are nearly ubiquitous in the marine environment. 
Specifically, they are a pernicious threat especially at low concentration as 
nonlethal effects on the plankton propagate through the food chain and 
accumulate in the tissues of top predators, ultimately putting human health 
at risk. In this contribution, I first describe how the complexity observed in 
the spatial and temporal patterns of copepod swimming behaviour can be 
objectively quantified using a series of ‘behavioural stress indexes’ based 
on fractal and multifractal analyses of copepod swimming behaviour and 
swimming sequences. These indexes are suggested as a potential tool to 
critically assess behavioural responses to natural and anthropogenic forcing 
in the marine environment.

L. Seuront (*) 
Centre National de la Recherche Scientifique,  
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When Complexity Rimes 
with Sanity: Loss of Fractal 
and Multifractal Behavioural 
Complexity as an Indicator 
of Sublethal Contaminations 
in Zooplankton

Laurent Seuront

1  Introduction

As observed across the whole spectrum of social 
and natural sciences, behavioural data are 
inherently very complex (Seuront 2010a, b), a 
priori lacking of any spatial pattern or temporal 
structure (Fig. 1). This complexity is believed to 
be biologically adaptive as it avoids restricting 

the functional response of an organism to highly 
periodic behaviour (Goldberger et al. 2000) 
and it is error tolerant, allowing organisms to 
cope with stress and unpredictable environments 
(Goldberger et al. 1990). The analysis of behaviour 
hence critically requires approaches explicitly 
dealing with this complexity. This issue is par-
ticularly relevant in welfare assessment as most 
behavioural measures are not sensitive enough to 
detect subtle changes associated with mild or 
acute stress (Rutherford et al. 2004).

The field of behavioural ecology has recently 
begun to use novel analytical tools such as fractal 
analysis (Asher et al. 2009). Specifically, fractal 
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analysis has been introduced in the study of 
human physiology to distinguish between sys-
tems operating in normal vs. pathological states 
(Ivanov et al. 1999; Mishima et al. 1999). Both 
the temporal and structural complexity of a range 
of biological systems hence decrease under 
stressful conditions. For instance, the time series 
of beat intervals in healthy subjects have more 
complex fluctuations than patients with severe 
cardiac disease (Ivanov et al. 1999). Similarly, 
the geometry of the lung terminal airspace 
branching architecture is more complex in nor-
mal subjects than in patients with chronic 
obstructive pulmonary disease (Mishima et al. 
1999). More specifically, stressed (e.g. diseased 
and parasited) animals typically reduce the 
 complexity of their behavioural display (Alados 
et al. 1996). Fractal analysis has hence been 
extensively used as a non-invasive assessment of 
the general health of wild and captive animals 
(Rutherford et al. 2004; Alados et al. 1996), 
including copepods (Seuront 2011).

The quantitative assessment of changes in 
copepod swimming behaviour is critical as  
swimming and feeding are intertwined in most 
copepod species, hence any disruption of cope-
pod swimming is predicted to have detrimental 

consequences to their biology and ecology 
(Seuront 2012), which in turn may affect eco-
system structure and function and geochemical 
fluxes. Behavioural changes have the potential to 
be used as indicators of ecosystem health.  
This issue is particularly relevant for sublethal 
toxicant concentration as behavioural changes 
provide sensitive non-invasive sublethal endpoint 
with short-response time for toxicity bioassays, 
which are more sensitive than mortality responses 
(Garaventa et al. 2010).

Over the last two decades, fractal analysis has 
increasingly been used to describe and provide 
further understanding to zooplankton swimming 
behaviour. This may be related to the fact that 
fractal analysis has the desirable properties to be 
independent of measurement scale and to be very 
sensitive to even subtle behavioural changes that 
may be undetectable to other behavioural vari-
ables (Rutherford et al. 2004; Coughlin et al. 
1992). As early claimed (Coughlin et al. 1992), 
this creates ‘the need for fractal analysis’ in  
zooplankton behavioural ecology in general and 
in zooplankton ecotoxicology in particular.

In this context, I first briefly rehearse the very 
basic principles of fractal theory before describing 
a few fractally derived ‘behavioural stress indexes’ 

0

10

20

30

0 20 40 60 80 100

150

0

100

50

1500 10050

y (mm)

z 
(m

m
)

S
pe

ed
 (
m

m
 s

-1
) 

Time (sec)

a b

Fig. 1 Illustration of the intrinsic complexity perceptible 
in the spatial pattern (a) and temporal structure (b) of  
zooplankton swimming behaviour. (a) Two-dimensional 
projection of the three-dimensional trajectory of an  
adult male Eurytemora affinis. (b) Time series of the 

instantaneous speed of an adult Temora longicornis 
female. Both behaviours were recorded at 25 frames s−1 in 
a cubic (15 × 15 × 15 cm) glass chamber from E. affinis 
and T. longicornis individuals swimming freely in filtered 
estuarine and coastal waters, respectively
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that can be directly applied to various aspects of 
zooplankton behavioural complexity and used to 
infer the stress experienced by these organisms 
under a range of conditions. I subsequently intro-
duce the more elaborated and still seldom used, 
though more general, concept of multifractal that 
may conveniently be used as an objective and 
quantitative tool to thoroughly identify models of 
movement behaviour, such as Brownian motion, 
fractional Brownian motion, ballistic motion, Lévy 
flight/walk and multifractal random walk. I stress 
that fractal and multifractal analyses can detect 
differences in behavioural complexity, where 
traditional measures cannot. As such, I finally 
discuss their relevance as a practical tool to infer 
the nature of both natural and anthropogenic 
forcing.

2  From Fractal Theory to Stress 
Assessment: Behavioural 
Stress Indexes

2.1  A Few Words on Fractals

A fractal is ‘a rough or fragmented geometric 
shape that can be split into parts, each of which is 
(at least approximately) a reduced-size copy of 
the whole’ (13). This property is called scale 
invariance and means that the observed structure 
remains unchanged under magnification or con-
traction. This scale invariance can be observed in 
two distinct, though conceptually similar, forms 
referred to as self-similarity and self-affinity. 

Self-similarity has traditionally been illustrated 
using theoretical fractal objects (Mandelbrot 1982). 
A more realistic construction of a fractal object, a 
fractal tree, is shown in Fig. 2. In contrast, self-
affinity characterises an object that may be written 
as a union of rescaled copies of itself, where the 
rescaling is anisotropic, that is, dependent on the 
direction. A typical example of self-affinity is 
given by the temporal patterns of the successive 
speed of copepods (Fig. 1b); it looks rough, like 
their trajectory (Fig. 1a), but with the two axes 
corresponding to physical quantities that are  
fundamentally different.

A fundamental consequence of scale invari-
ance is, as originally described for the length of 
the coast of Britain (Mandelbrot 1982), that the 
length of, for example, copepod trajectories 
(Fig. 1a) does not converge towards a fixed value, 
but keeps increasing, theoretically without any 
upper limit, but see Rutherford et al. (2004) for a 
detailed discussion on the topic. As a conse-
quence, in contrast to Euclidean lines, they can-
not be differentiated or integrated, hence cannot 
be described by an integer dimension. The com-
plexity of scale invariant patterns and processes 
can, however, be described by a dimension D,  
the so-called fractal dimension. In contrast to 
Euclidean dimensions, a fractal dimension is 
fractional. For instance, the Euclidean dimen-
sions, d, of a line, a circle and a cube are, respec-
tively, 1, 2 and 3. The trajectory of a copepod has, 
in turn, a fractal dimension, D, bounded between 
D = 1 when the copepod swims along a com-
pletely linear path and D = 2 when the movements 
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Fig. 2 Illustration of the first four successive steps of the 
iterative process leading to a self-similar fractal tree. At 
each step n of the process, each terminal branch of the tree 
is replaced by a rescaled version of the original tree. Here 
the scale ratio between two successive steps is 2, i.e. at a 

step n, each branch is replaced by a tree, which is a copy 
of the original tree reduced 2n times. Hence, when n = 4, 
the resulting ramifications are 24 times smaller than the 
original tree
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are so complex that the trajectory fills the whole 
available space. The fractal dimensions reported 
in the literature for zooplankton trajectories 
(essentially cladocerans and copepods) typically 
fall in the range 1.0–1.8, indicating a range of 
behavioural strategies that may be related to the 
nature of the physical, chemical and biological 
cues present in the water (Rutherford et al. 2004; 
Seuront 2012, 2013; Garaventa et al. 2010; 
Shimizu et al. 2002).

Three types of behavioural data can be used in 
fractal analysis: (1) two- or three-dimensional 
movement pathways, (2) the temporal patterns of 
successive displacements (or equivalently speed) 
and (3) observation of the presence or absence of 
a behavioural state scored on a binary scale, i.e. 
whether an animal is active or inactive, or fluctu-
ations between two behavioural states. In the next 
section, I provide a set of fractal techniques to 
analyse these behavioural data and briefly review 
how they were used to assess the stress experi-
enced by zooplanktonic organisms.

2.2  Fractals as a Stress 
Assessment Tool 
in Zooplankton Behavioural 
Ecology

2.2.1  The Fractal Nature of Copepod 
Spatial Patterns

I describe hereafter three conceptually similar 
methods—the box-counting, the dividers and the 
mass dimension methods—that can be easily 
implemented to quantify the geometric complexity 
of copepod trajectories (Rutherford et al. 2004). 
Note that whilst these methods are discussed  
in the general framework of three- dimensional 
trajectories, they can be equivalently implemented 
in two dimensions.

The box-counting method relies on the δ cover 
of a trajectory, i.e. the number of boxes of length 
δ required to cover the trajectory. Practically, this 
procedure consists in superimposing a regular 
grid of boxes of length δ on the trajectory and 
counting the number of boxes that intersect the 

trajectory. This procedure is repeated using  
different values of δ. The volume occupied by a 
trajectory is then estimated using a series of 
boxes spanning a range of volumes down to some 
small fraction of the entire volume. The number 
of occupied boxes increases with decreasing  
box size, leading to the following power-law 
relationship:

 
N Dbδ δ( ) ∝ −

 
(1)

where δ is the box size, N(δ) is the number of 
boxes intersecting the trajectory and Db is the 
box fractal dimension; Db is estimated from the 
slope of the linear trend of the log-log plot of 
N(δ) vs. δ.

The divider dimension Dd (also referred to as 
the compass dimension) is estimated by measur-
ing the length of a trajectory at various scales δ. 
The procedure is analogous to moving a set of 
dividers (like a drawing compass) of fixed length 
δ along the trajectory. The estimated length of  
a trajectory L(δ) increases with decreasing δ as 
L Dδ δ( ) ∝ −1 d . As the estimated length L(δ)  
is also the product of N(δ) (the number of com-
pass dividers required to cover the trajectory)  
and δ (i.e. L(δ) = N(δ)δ), this can equivalently be 
written as

 
N Dδ δ( ) ∝ − d

 
(2)

The divider dimension Dd is then estimated from 
the slope of the linear trend of the log-log plot of 
N(δ) vs. δ.

The mass dimension method counts the num-
ber of pixels occupied by a trajectory in sampling 
cubes (δ  × δ  × δ). The mass m(δ) of occupied pixels 
is subsequently defined as m(δ) = NO(δ)/NT(δ), 
where NO(δ) and NT(δ) are, respectively, the num-
ber of occupied pixels and the total number of 
pixels within an observation window of  
size δ. These computations are repeated for  
various values of δ, and the mass dimension Dm is 
defined as

 
m Dδ δ( ) ∝ m

 
(3)
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where the fractal dimension Dm is estimated 
from the slope of the linear trend of the log-log 
plot of m(δ) vs. δ.1

The results of studies based on a geometric 
assessment of zooplankton behavioural 
 complexity under various conditions of water 
contaminations—i.e. short-term exposure to cop-
per, organophosphorus and carbamate (Shimizu 
et al. 2002), the water-soluble fraction of diesel 
oil (Seuront 2010a, b, 2012), nonylphenol, cad-
mium and a mixture of polycyclic aromatic 
hydrocarbons (Michalec et al. 2013a, b)—lead a 
variety of a priori conflicting conclusions, includ-
ing no change (Michalec et al. 2013a, b), a 
decrease (Seuront 2010a, b, 2012; Fig. 3a) and an 
increase (Seuront 2010a, b) in the geometric 
complexity of swimming behaviour.

1 Note that it is readily seen from Eqs. (1) and (2) that 
Db = Dd, whilst more convoluted developments show that 
Db = Dm; hence Db = Dd = Dm; see (Seuront 2010a) for 
details. Statistically inferring the absence of significant 
differences between fractal dimensions returned by differ-
ent methods of analysis hence constitutes an additional 
guarantee of the trustworthiness of the fractal dimension 
estimates.

2.2.2  The Fractal Nature of Copepod 
Temporal Patterns

One of the most extensively used techniques to 
detect temporal self-affine patterns is power 
spectral analysis. Formally, a power spectrum is 
defined as the square of the amplitude of the 
Fourier transform of a time series of a descriptor; 
it is hence an expression of the variance of the 
descriptor at different temporal scales. In prac-
tice, the power spectral density E(f) is given by 
E f f( ) ∝ −β , where f is the frequency (s−1; f = 1/t, 
where t is time). The spectral exponent β is esti-
mated as the slope of a log-log plot of E(f) vs. f. 
Specifically, the value of the exponent β provides 
an efficient way to classify the type of motion 
behaviour exhibited by zooplankton organisms.2

Spectral analysis has still barely been used in 
zooplankton behavioural ecology (Uttieri et al. 
2008; Dur et al. 2010) but nevertheless suggests 

2 Brownian motion (i.e. normal diffusion) is characterised 
by β = 2. Anti-persistent and persistent fractional Brownian 
motions are characterised by β < 2 and β > 2, respectively. 
Specifically, a motion is persistent in the sense that an 
organism moving in some direction at time t will tend to 
move in the same direction at the next time step.

Fig. 3 The fractal dimension D (a) and stress index ϕ (b) 
estimated from the swimming behaviour of Eurytemora 
affinis adult males (black) and non-ovigerous females 
(grey) in control uncontaminated estuarine water and in 
estuarine water contaminated with the water-soluble frac-
tion of diesel oil at 0.01, 0.1 and 1 % (Modified from 

Seuront 2010a, b). (c) The multifractal function ζ(q) 
allows to identify a range of movement behaviour (see 
text for details) such as ballistic motion (dotted blue line), 
Brownian motion (red dashed line), optimal Lévy flight 
(black dots) and multifractal random walk (continuous 
green curve) (Modified from Seuront and Stanley 2014)
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that zooplankton organisms exhibit a range of 
behaviour including fractional Gaussian motion, 
fractional Gaussian noise and pure random noise.3

2.2.3  The Fractal Nature 
of Behavioural States

Self-affine techniques based on the analysis of 
frequency distributions of behavioural states 
were used to infer the response of zooplankton to 
a range of stressors. They include considerations 
of the scaling properties of the probability distri-
bution functions (PDFs) of either the time tx 
spent in a specific behavioural state x (i.e. 
p t tx x

c( ) ∝ − )  (Schmitt et al. 2006) or the velocity 
vx used to define different behavioural states x 
(i.e. p v vx x

c( ) ∝ − )  (Michalec et al. 2010). A few 
studies investigated the scaling properties of the 
cumulative probability distribution functions 
(CDFs) of move duration greater than a deter-
mined duration t ( P t T t≤( ) ∝ −f1 )  (Seuront and 
Leterme 2007) and move lengths L greater than a 
determined length l ( N l L l≤( ) ∝ −f2 )  (Seuront 
2010a, b, 2011). These studies consistently found 
a decrease in the exponents ϕ1 and ϕ2, hence in 
behavioural complexity, for a range of copepod 
species exposed to sublethal concentrations of 
naphthalene (Seuront and Leterme 2007) and the 
water-soluble fraction of diesel oil (Seuront 
2010a, b; Fig. 3b). In contrast, the exponent c was 
shown to increase in Eurytemora affinis following 
a short-term exposure to sublethal concentrations 
of nonylphenols (Michalec et al. 2013a, b).

Note that the behaviour of an organism alter-
nating between two behavioural states can also 
be assessed through the construction of a binary 
sequence zt(i) for each behavioural activity taken 
from continuous observations. When a specific 
activity is observed, zt(i) = 1, and zt(i) = 0 otherwise. 
The resulting time series of binary sequences can 

further be integrated as w t z ii
i

N

t( ) = ( )
=
∑

1

, where N 

3 For instance, the velocity components of Clausocalanus 
furcatus were both characterised by β  ≈ 0 (Uttieri et al. 
2008), indicative of a random process without internal 
serial correlation. In contrast, β ranged from 0.30 to 
0.75 in Temora longicornis (Moison et al. 2012) and 1.4 to 
1.5 in Pseudodiaptomus annandalei (Dur et al. 2010).

is the number of behavioural observations. 
The temporal pattern of the integrated variable 
wi(t) can then be analysed with self-affine 
techniques such as spectral analysis.

3  From Fractals 
to Multifractals: A Step 
Further in Zooplankton 
Stress Assessment

3.1  From Fractals to Multifractals

A measure (i.e. a physical quantity such as mass, 
energy, a number of individuals or more  
specifically the distance displaced by a copepod; 
Fig. 1b) has to be distinguished from its geomet-
ric support, which might or might not have a 
fractal geometry (Rutherford et al. 2004). Then, 
if a measure has different fractal dimensions on 
different parts of the support, the measure is a 
multifractal. Multifractals are hence a generalisa-
tion of fractal geometry initially introduced to 
describe the relationship between a given quan-
tity and the scale at which it is measured. Whilst 
fractal geometry describes the complexity of a 
given pattern with the help of only one parameter 
(the fractal dimension), multifractals characterise 
its detailed variability by an eventually infinite 
number of sets, each with its own fractal 
dimensions.

An intuitive interpretation of multifractals is 
based on the spatial structure of modern cities 
(Rutherford et al. 2004). Consider a city viewed 
strictly from above, it can be considered as a 
succession of built (buildings) and unbuilt (streets 
and parks) areas. The only available information 
is hence the distribution of the built and the 
unbuilt areas. This is the geometric support of the 
city. Now, change the angle of vision by taking a 
position not directly above the city, but from the 
side. The city initially made of built and unbuilt 
areas is now a set of buildings with different 
heights. This is the measure we are now interested 
in. It is now possible to estimate the distribution 
of a wide range of building heights. Each height 
will (eventually) be characterised by a fractal 
dimension, hence the concept of multifractals.

L. Seuront
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3.2  Multifractals as a Diagnostic 
Tool to Assess a Family 
of Swimming Behaviours

The strongly non-Gaussian fluctuations percepti-
ble in zooplankton successive displacements 
that range from very likely slow steps to rare and 
extremely rapid displacements (Fig. 1b) are 
inherently incompatible with classical self-affine 
approaches based, e.g., on the scaling behaviour 
of the power spectral density described above 
that are fundamentally limited to second-order 
moments. A more general approach is based on 
the analysis of qth order long-range correlations 
in displacements. Specifically, the norm  
‖ΔXτ‖ of the three-dimensional displacements 
of a zooplanktonic organism is defined as 

∆ τ τ τ τX x x y y z zt t t t t t= −( ) + −( ) + −( )+ + +
2 2 2

, 

where τ is the temporal increment and (xt, yt, zt) 
and x y zt t t+ + +( )τ τ τ,, ,,  are respectively the posi-
tions of the organism at time t and t + τ . ‖ΔXτ‖ is 
a nonstationary process with stationary incre-
ments; its statistics do not depend on time, t, but 
on the temporal increment τ (Rutherford et al. 
2004; Seuront and Stanley 2014). The moments 
of order q (q > 0) of the norm of three- dimensional 
displacements ‖ΔXτ‖ depend on the temporal 
increment τ as

 ∆ ττ
ζX q q∝ ( )

 (4)

The exponents ζ(q) are estimated as the slope of 
the linear trend of < >∆ τX

q  vs. τ in log-log 
plots. The function ζ(q) characterises the statis-
tics of the random walk ‖ΔXτ‖ of the organism 
regardless of the scale and intensity (Rutherford 
et al. 2004; Seuront and Stanley 2014). Low and 
high orders of moment, q, characterise, respec-
tively, smaller and more frequent displacements 
and larger and less frequent displacements.4

The shape of the function ζ(q) can be used as 
a direct, objective and quantitative diagnostic 

4 Note the one-to-one correspondence between the function 
ζ(q) and the spectral exponent β for q = 2, i.e. β = 1 + ζ(2) 
(Seuront 2010a).

tool to unambiguously identify the type of motion 
exhibited by zooplankton organisms and ultimately 
any swimming organisms (Fig. 3c). Briefly, for 
Brownian motion, ζ(q) = q/2, and fractional 
Brownian motion is defined as ζ(q) = qH, where 
H = ζ(1) and the limits ζ(q) = 0 and ζ(q) = q corre-
sponding, respectively, to confinement and local-
isation, and ballistic motion. Anomalous diffusion 
occurs when H ≠ 1/2. Specifically, super-diffu-
sion occurs when H > 1/2 and sub- diffusion when 
H < 1/2. For finite-length Lévy flights, the func-
tion ζ(q) is bilinear with ζ(q) = q/(μ−1) for q < μ−1 
and ζ(q) = 1 for q ≥ μ−1; the exponent μ (1 < μ ≤ 3) 
characterises the power-law tail of the probability 
distribution of the move- step length l as P(l) ≈ l−μ, 
where 1 < μ ≤ 3. For μ ≥ 3, the mean and the 
variance of the move-step lengths are both finite; 
hence, as a consequence of the central-limit theo-
rem, their distribution is Gaussian. For 1 < μ < 3, 
the scaling is super- diffusive; the value μ = 2 
corresponds to a Lévy flight (i.e. the swimming 
behaviour is tailored to minimise the distance 
travelled whilst locating prey). Finally, a function 
ζ(q) that is nonlinear and convex is indicative of 
a multifractal random walk (Rutherford et al. 
2004; Seuront and Stanley 2014).

The only study that used multifractals to 
assess the behavioural response of zooplankton 
to water contamination led towards an increase in 
Pseudodiaptomus annandalei behavioural com-
plexity under conditions of stress induced by the 
presence of a diatom toxin (Michalec et al. 
2013a, b). Specifically, P. annandalei swimming 
behaviour is very close to a (monofractal) ballistic 
motion in control water and progressively 
diverges towards an increasingly multifractal 
behaviour with increasing toxin concentrations.

4  Conclusions

The behavioural approach discussed in this 
contribution to assess zooplankton stress from 
the geometric and stochastic properties of their 
motion behaviour has the potential to become an 
efficient tool in zooplankton ecotoxicology as a 
sensitive, non-invasive and robust behavioural 
sublethal endpoint with short-response times 
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for toxicity bioassays, in particular as it is very 
sensitive to subtle behavioural changes that may 
be undetectable to other behavioural variables 
(Rutherford et al. 2004; Coughlin et al. 1992).

Zooplankton behavioural complexity typically 
decreases under stress (Seuront 2010a, b, 2012; 
Seuront and Leterme 2007; Michalec et al. 
2013a, b). Increases in complexity have, how-
ever, also been observed under certain stress 
conditions (Shimizu et al. 2002; Michalec et al. 
2013a, b),5 although such results seem to occur in 
response to acute or stimulatory challenges, quite 
apart from the chronic or inhibitory stressors 
that are associated to reduction in complexity 
(Alados et al. 1996; Seuront 2010a, b, 2012). 
As shown for several fractal and multifractal 
measures of environmental complexity (Seuront 
2010a), regardless of the direction, it is ulti-
mately the relative differences between the fractal 
and multifractal exponents observed for a given 
species under stressful and non-stressful condi-
tions that may be more informative on the related 
behavioural changes.

Note that the approach described in this 
contribution is not limited to behavioural ecotoxi-
cology but can be generalised to assess relative 
changes in the behavioural complexity of marine 
invertebrates in a wide range of ecologically 
relevant situation related to, e.g., the quality and 
the quantity or food and the presence of mates or 
predators (Seuront 2010a, b; Schmitt et al. 2006). 
It is finally stressed that the application of fractals 
to zooplankton behavioural ecology in general 
(Rutherford et al. 2004; Seuront 2011) and to 
zooplankton ecotoxicology in particular (Seuront 
2010a, b, 2012; Shimizu et al. 2002; Michalec 
et al. 2013a, b; Seuront and Leterme 2007) is, 
however, still in its infancy. Further work is 
needed to entangle the fractal complexity of 
behavioural properties and to generalise the use 
of fractal and multifractal approaches to stress 
assessment in marine invertebrates.

5 It is worth noting that the increase in the complexity of 
Daphnia magna trajectories in contaminated waters  must 
be treated with caution as some of the fractal dimensions 
reported fall outside the theoretical range 1 ≤ D ≤ 2, i.e. 
D > 2 (Shimizu et al. 2002).
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1          Introduction 

 Power plants that use seawater for their cooling 
water usually suffer from biofouling. Chlorine is 
often used to lessen biofouling and the associated 
damage to the plant. When chlorine is added to 
seawater, it oxidizes bromide ions, the product 
being hypobromous acid (HBrO). Hypobromous 
acid reacts with ammonia, and a variety of oxi-
dants (mainly bromamines) are subsequently 
generated. The sum of concentrations of these 
substances is referred to as the total oxidant resi-
due (or just “chlorine residue”) in seawater 
(Fig.  1 ). In many cases, Japanese power plants 
are required by local governments to keep the 
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concentration of the chlorine residue under the 
limit of quantitation (LOQ) at the outlet. 
According to the Japanese Industrial Standards 
(JIS), the LOQs of the chlorine residue are 0.05 
and 0.01 mg/L as Cl for the  N - N -diethyl- p -
phenylenediamine (DPD) and orthotolidine 
methods of analysis, respectively (Japanese 
Standards Association  2002 ).   

2     Methods 

2.1     Sampling of Seawater 
and Phytoplankton 

 Seawater samples from a depth of 0.5 m at sta-
tions 1–8 and from a depth of 6 m at stations 1–6 
were obtained with a reciprocal pump in the 
vicinity of a thermal power plant on the coastline 
of Japan facing the Western North Pacifi c Ocean 
(Fig.  2 ). The dates of sampling were 30 
September, 24 October, 2 December, and 20 
December 2011 at stations 1–8 and 27 January, 
21 February, and 15 March 2012 at stations 1–6. 
For about 1 year, including this period, the injec-
tion of chlorine into the intake of the power plant 
was stopped.  

 Phytoplankton samples were obtained from a 
depth of 0.5 m at stations 1, 2, and 4 at the same 
time as the seawater sampling. The phyto-
plankton in 10 L of seawater were fi ltered 

through a 20-µm mesh-size net on board the 
boat, concentrated into 200 mL seawater, and 
preserved with 30 mL of 33 % formaldehyde 
solution. Samples were stored in the dark under 
cool conditions. Professionals at the Plantbio 
Co., Ltd., Odawara, Japan, classifi ed and counted 
the phytoplankton cells.  

2.2     Measurement of Chlorine 
Residue 

 We used both the DPD and orthotolidine colori-
metric methods to measure the chlorine residue 
in water samples on board the boat immediately 
after obtaining the samples. The detailed analyti-
cal methodology of the DPD method is described 
in Standard Methods (Rice et al.  2012 ), and that 
of the orthotolidine method is described in JIS 
Handbook Environmental Technology (Japanese 
Standards Association  2002 ).  

2.3     Temperature Effects 
on Measurements of Chlorine 
Residuals 

 Sensitivity tests for the two colorimetric methods 
of chlorine quantitation were conducted on 28 
June, 4 August, and 17 November 2012 and 2 
February 2013. We used each colorimetric 

  Fig. 1    In seawater, the total oxidant residue (chlorine residue) consists mainly of free bromine and bromamines 
(Redrawn from Khalanski  2002 )       
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method to measure the chlorine residue in the 
same sample solution at different temperatures. 
The concentration of the chlorine residue in each 
sample was predetermined using an iodometric 
titration, which is more accurate than either colo-
rimetric method. The sample solutions were pre-
pared by adding sodium hypochlorite to seawater 
and then leaving the solutions to stand for more 
than 60 min to allow the concentration of chlo-
rine residue to stabilize. The solutions were held 
at a temperature of 10, 15, 20, 25, or 30 °C during 
the measurements. The temperature of 30 °C was 
used only in the summer. The analytical method-
ology of the iodometric titration is described in 
Standard Methods (Rice et al.  2012 ).  

2.4     Interference by H 2 O 2  
in the Measurement 
of Chlorine Residue 

 To study the reactions between H 2 O 2  and the 
reagents in the DPD and orthotolidine assays, we 

measured the color changes that occurred in a 
NaCl solution and in fi ltered seawater in which 
H 2 O 2  was dissolved. The NaCl solution was 
prepared by dissolving 35 g of NaCl in 1 L of dis-
tilled water. In the case of the DPD method, 
0.03 mL of 35 % H 2 O 2  (11 mmol) was added to 
1 L of NaCl solution and to 1 L of seawater. In 
the case of the orthotolidine method, 0.3 mL of 
35 % H 2 O 2  (105 mmol) was similarly added to 
1 L of NaCl solution and to 1 L of seawater.   

3     Results and Discussion 

3.1     Field Survey of Chlorine 
Residue 

 The results of the fi eld survey of chlorine residue 
based on the DPD method are shown in Fig.  3 . 
The DPD reagent develops a weak red color even 
at the limit of quantitation. We ranked the extent 
of the redness as +, ++, +++, and ++++, corre-
sponding to solutions that were made by diluting 

  Fig. 2    Map of the sampling locations in northern Fukushima, Japan       
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the standard color solution (0.05 mg/L as Cl) to 
0.01, 0.02, 0.03, and 0.04 mg/L as Cl, respectively. 
The results show a signifi cant amount of back-
ground chlorine residue, even though the injec-
tion of chlorine at the power plant was stopped 
during the period of sampling. In the results 
obtained with the orthotolidine method, the back-
ground concentrations were lower (data not 
shown).   

3.2     Temperature Effects 
on Measurements of Chlorine 
Residue DPD Method 

 The chlorine residue concentrations determined 
by the iodometric titration method (abscissa) are 
compared with those obtained by the DPD 
method (ordinate) in Fig.  4 . An analysis of cova-
riance indicated that there was no statistically 
signifi cant temperature effect on the slopes of the 
linear relationships between the results obtained 
by the two methods. The elevations of the regres-
sion lines, however, were signifi cantly different; 
the y-intercepts in spring and summer were 
higher than in autumn and winter (Fig.  5 ; 
 p  < 0.01).   

3.2.1     Orthotolidine Method 
 In the case of the orthotolidine method, the 
slopes of the lines were small (about 0.2–0.7) 
and differed among temperatures and between 
seasons (Fig.  6 ;  p  < 0.01). The implication is that 
the chlorine residue estimated with the orthotoli-
dine method was affected by the temperature of 
the water sample. The orthotolidine method tends 
to give a lower value than the iodometric titration 
and DPD methods.    

3.3     Concentrations 
of Phytoplankton 

 The phytoplankton concentration data are shown 
in Fig.  7  (left). The concentrations at each site 
were similar and decreased from autumn to 
winter.   

3.4     Interference by H 2 O 2  
in the Measurement 
of Chlorine Residue 

 The results of the assays for chlorine residue with 
H 2 O 2  dissolved in NaCl solution and fi ltered sea-
water are shown in Fig.  8 . In the DPD assay, with 
11 mg/L of H 2 O 2  dissolved in the water, the arti-

  Fig. 3    Concentrations of chlorine residue measured by 
the DPD method during the period when chlorination was 
stopped. Concentrations below the limit of quantitation 

were characterized by the symbols +, ++, +++, and ++++, 
according to the extent of  red color  development in the 
DPD assay       
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  Fig. 4    Comparison of the chlorine residue estimated with the iodometric titration method (abscissa) and with the DPD 
method (ordinate)       

  Fig. 5    The slopes ( left ) and the y-intercepts ( right ) of the lines in Fig.  4        

factual chlorine residue concentrations were 
0.09 mg/L as Cl and ++ (0.02 mg/L as Cl equiva-
lent) in the NaCl solution and fi ltered seawater, 

respectively. In the orthotolidine assay, with 
105 mg/L of H 2 O 2  dissolved in the water, the arti-
factual chlorine residue concentrations were only 
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  Fig. 6    The slopes ( left ) and the y-intercepts ( right ) of lines relating chlorine residue estimated with the iodometric titra-
tion and orthotolidine methods       

  Fig. 7    Concentrations of phytoplankton ( left ) and the relationship between the concentrations of phytoplankton and 
chlorine residue (Data from Fig.  3 ) estimated by the DPD method ( right )       

  Fig. 8    Interference by 
H 2 O 2  in the measurement 
of chlorine residue. The 
H 2 O 2  concentration in the 
water was 11 mg/L in the 
DPD assay ( left ) and 
105 mg/L in the orthotoli-
dine assay ( right )       
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about 0.003 mg/L as Cl and 0.009 mg/L as Cl 
equivalent in the NaCl solution and fi ltered sea-
water, respectively.    

4     Discussion 

 Comparison of the DPD and iodometric titra-
tion (Figs.  4  and  5 ) results indicates the exis-
tence of an unknown material that causes the 
background signal to be larger with the DPD 
method than with the iodometric titration 
method in spring and summer. On the basis of 
our experience, we hypothesized that the 
unknown material responsible for the chlorine 
residue blank was a by- product of phytoplank-
ton photosynthesis. We believe that the positive 
correlation between the concentrations of phy-
toplankton and chlorine residue estimated with 
the DPD method (Fig.  7 , right) supports our 
hypothesis. There is also a possibility that some 
abiotic mechanism is responsible for the blank; 
for example, strong solar radiation may pro-
duce oxidants in the atmosphere or in the sea 
(Plane et al.  1997 ). At fi rst, we assumed that 
H 2 O 2  was the naturally produced unknown 
material that was interacting with the DPD 
reagents because H 2 O 2  has been reported to be 
one of the substances that interfere with the 
measurement of chlorine residue by the DPD 
method (Japanese Standards Association  2013 ). 

 According to the literature, H 2 O 2  is produced 
in phytoplankton cells (Palenic et al.  1987 ; Twiner 
and Trick  2000 ). But to produce a red color in the 
DPD assay equivalent to a chlorine residue con-
centration of ++ (0.02 mg/L as Cl equivalent), 
11 mg/L (0.3 mmol/L) of H 2 O 2  was required 
(Fig.  8 ), which is about 1,500 times the reported 
concentration in the Sargasso Sea [at most 
0.0002 mmol/L; Miller and Kester ( 1994 )]. 
Recently, several species of diatoms have been 
reported to catalyze the oxidation of Br –  and I –  by 
H 2 O 2 , the products being HBrO and HIO (Hill and 
Manley  2009 ). Such reactions are catalyzed by 
bromoperoxidase and iodoperoxidase on the sur-
face of the cell (in the apoplast; Fig.  9 ; Tschirret-
Guth and Butler  1994 ; Lin and Manley  2012 ). 
These mechanisms probably account for the low 
concentration of H 2 O 2  in the sea, because oxida-
tion of Br –  and I –  (and the simultaneous reduction 
of H 2 O 2 ) may occur continuously in the apoplast 
of the cell, where the concentration of H 2 O 2  is as 
high as it is in higher plants and macroalgal spe-
cies (Küpper et al.  2002 ). As mentioned above, 
the regulations relating to chlorination by power 
plants in Japan are very strict. If the results of this 
study are found to be generally applicable in the 
future, the strict regulation of chlorination at 
Japanese power plants should be reconsidered. 
The background  concentration must be added to 
the threshold value (LOQ, i.e., 0.05 mg/L as Cl for 
the DPD method). We believe that identifi cation 

  Fig. 9    A scheme for the 
production of chlorine 
residue (HBrO) and organo 
halogens by phytoplankton 
(Redrawn and modifi ed 
from Tschirret-Guth and 
Butler  1994 )       
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of the substances responsible for the background 
concentration should be a priority.      
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    Abstract  

  Growth in fi sh is regulated by the growth hormone (GH)-growth hormone 
receptor (GHR)-insulin-like growth factor-1 (IGF-1) axis. However, the 
effect of severe acute stressors on the GH-IGF-1 axis in fi sh is not well 
understood. The present study determined the changes in mRNA expres-
sion of growth-related genes  gh ,  ghr , and  igf  and the redox state in coho 
salmon ( Oncorhynchus kisutch ), in response to severe acute stress. 
Severe stress consisted of exposure to heat shock (adequate rearing tem-
perature +11 °C for 2 h). The plasma expression patterns of redox state-
related biomarkers, such as glutathione, lipid peroxides, and superoxide 
dismutase, in response to heat shock suggest that heat shock might 
induce oxidative stress in fi sh. After exposure to heat shock,  ghr  mRNA 
levels in the pituitary glands and liver increased, whereas levels decreased 
48 h post- stress. Hepatic  igf1  mRNA expression levels gradually 
decreased in response to the stressor. On the other hand, the pituitary  gh  
mRNA expression did not change in response to the stressor. These fi nd-
ings showed that a heat shock-induced oxidative stress could affect the 
redox state and the expression of several growth-related genes in coho 
salmon. The results of this study also suggest that the expression of sev-
eral growth-related genes in fi sh may be affected differently by the types 
and strength of stress.  
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1          Introduction 

 It is well known that fi shing and aquaculture are 
very important to world food production. World 
market demand for high quality products has 
stimulated much of the growth in aquaculture, 
especially for salmonid, shrimp, and shellfi sh 
species (Nakano  2007 ). Cultured fi sh are exposed 
to biotic and abiotic stressors, such as toxicants 
and acute changes in temperature, which can 
increase the chances of these fi sh succumbing to 
infectious disease (Pickering  1993 ; Nakano and 
Takeuchi  1997 ; Nakano et al.  1999a ; Iwama et al. 
 2006 ; Nakano  2007 ,  2011 ; Pankhurst  2011 ; Ellis 
et al.  2012 ; Prunet et al.  2012 ). Furthermore, 
perturbations due to global climate change, 
typhoon, tsunami, and artifi cial factors such as 
environmental pollutants, radioactive contami-
nants derived from nuclear power plant accident, 
in aquatic biological systems have recently 
become a serious problem (Pörtner  2002 ; Lesser 
 2006 ; Valavanidis et al.  2006 ; Hofmann and 
Todgham  2010 ; Urushihara  2013 ; Hara  2014 ). 

 In response to a particular stressor, a series of 
biochemical and physiological changes occur at 
both the cellular and organismal levels. These 
stress responses in fi sh can affect their general 
health, disease resistance, growth, and reproduc-
tion (Barton and Iwama  1991 ; Pickering  1993 ; 
Pickering and Pottinger  1995 ; Pankhurst and 
Kraak  1997 ; Barton  1997 ; Nakano  2011 ; Prunet 
et al.  2012 ). 

 The growth of fi sh is regulated to a large extent 
by liver-derived insulin-like growth factor 
(IGF)-1 in response to pituitary-secreted growth 
hormone (GH) binding to GH receptor (GHR) in 
the liver. The GH-IGF-1 axis has a critical role in 
regulating both fi sh growth and development 
(Kopchick and Andry  2000 ; Moriyama et al. 
 2000 ; Björnsson et al.  2002 ; Reineck et al.  2005 ; 
Klein and Sheridan  2008 ; Deane and Woo  2009 ; 
Reineck  2010 ).    

 Fish growth is genetically regulated and is 
also infl uenced by cellular, endocrinological, and 
environmental factors. The responses of endo-

crine tissue are affected by the integration of 
external stimuli with internal signals according to 
the physiological state (Peter  1979 ; Barton and 
Iwama  1991 ; Pickering  1993 ; Pickering and 
Pottinger  1995 ; Duan  1998 ; Moriyama et al. 
 2000 ; Mommsen and Moon  2001 ; Iwama et al. 
 2006 ; Kameda et al.  2008 ; Deane and Woo  2009 ; 
Reineck  2010 ; Nakano  2011 ; Prunet et al.  2012 ). 

 The physiological states of ectothermal organ-
isms, such as fi sh, depend on the environmental 
temperature. Studies on thermal stress in fi sh 
have primarily focused on cellular molecular 
chaperones, heat shock proteins (HSPs), expres-
sion, and characterization (Iwama et al.  1998 ; 
Feder and Hofmann  1999 ; Basu et al.  2001 ,  2002 ; 
Pörtner  2002 ; Nakano  2011 ; Iwama et al.  2006 ). 
Little is known about the effects of severe acute 
stressors, such as heat shock, on the expression 
levels of genes that are related to growth in fi sh 
(Pörtner  2002 ; Lushchak and Bagnyukova  2006a ; 
Kameda et al.  2008 ; Deane and Woo  2009 ; 
Reineck  2010 ; Nakano  2011 ; Beckman  2011 ; 
Nakano et al.  2013 ,  2014 ). Therefore, it is impor-
tant to determine the effects of thermal stress on 
fi sh fi tness and tolerance in order to improve their 
production and health in both natural and cultural 
conditions. 

 In this study, we examined changes in mRNA 
expression levels of the gh, ghr, and igf1 genes in 
response to a severe acute stress derived from heat 
shock in coho salmon ( Oncorhynchus kisutch ). 
Coho salmon is known to be one of the most val-
ued species used in aquaculture. We discuss the 
relationships between the thermal stress responses, 
expressions of growth-related genes, and the oxi-
dative stress in fi sh in the context of our fi ndings.  

2     Materials and Methods 

2.1     Fish, Rearing Conditions, 
Stress Performance, 
and Sampling 

 Coho salmon were purchased from a local 
hatchery, Sakai Hatchery Co., in Zao town, 
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Miyagi, Japan. After acclimatization for 2 weeks 
at the aquarium facility of Tohoku University, 
fi sh (approx. body weight, 144 g) were reared in 
60-L fl ow-through glass tanks at 8 °C (light/
dark = 12 h/12 h). The fi sh were fed by hand to 
apparent satiation twice a day with commercial 
feed (Nosan Co., Japan). Food was withheld for 
over 48 h before each sampling period. Fish 
were exposed to heat shock (+11 °C for 2 h) and 
sampled at 2.5, 17.5, and 48 h post-stress. Blood 
was collected from the caudal vessels under 
MS222 (m-aminobenzoic acid ethyl ester meth-
anesulfonate) anesthesia. The plasma was sepa-
rated by centrifugation and frozen at 
−80 °C. Fish were gutted; the tissues were 
quickly removed and frozen at −80 °C in RNA 
later (Ambion, Life Technologies, Austin, TX) 
until analysis. 

 Our experiments were conducted in accor-
dance with the principles and procedures 
approved by the Animal Care Committee at 
Tohoku University (Sendai, Japan).  

2.2     Plasma Cortisol and Glucose 
Levels 

 Plasma cortisol levels were measured using an 
enzyme-linked immunosorbent assay kit 
(Oxford Biomedical Research, UK) (Basu et al. 
 2001 ). Plasma glucose was measured using an 
enzymatic assay method with a Glucose CII-
Test Wako kit (Wako Pure Chemical Industries, 
Ltd., Japan).  

2.3     Plasma Lipid Peroxides, 
Glutathione, and Superoxide 
 Dismutase Levels  

 Lipid peroxides (LPO) were determined as thio-
barbituric acid-reactive substances (TBARS) by a 
HPLC-fl uorescence method (Wong et al.  1987 ; 
Morliere et al.  1991 ). Glutathione (GSH) levels in 
plasma were determined by a glutathione reduc-
tase-recycling method with a Total Glutathione 
Quantifi cation Kit (Dojindo Laboratories, Japan). 
This kit can measure the total amount of reduced 

GSH and oxidized form of GSH. The superoxide 
dismutase (SOD) activity was assayed by the 
formazan-WST method (Total SOD Assay Kit, 
Dojindo Laboratories, Japan).  

2.4     RNA Extraction and cDNA 
Synthesis 

 Tissues were suspended in TRIzol Reagent 
(Invitrogen, Life Technologies, CA) and immedi-
ately homogenized using a polypropylene pestle. 
The resulting RNA pellet was dissolved in 
RNase-free water (UltraPure, Gibco, Life 
Technologies, NY), quantifi ed by spectropho-
tometry (V-630-Bio, JASCO, Japan), and then 
diluted to 500 ng/µL for use in reverse transcrip-
tion reactions. RNA samples were stored at 
−80 °C. Complementary DNA (cDNA) was syn-
thesized using a ReverTra Ace qPCR RT Kit 
(Toyobo, Japan) with a mixture of random hex-
amers and oligo-dT primers or with a gene- 
specifi c primer for salmon GH (gh-reverse 
primer) and 250 ng of RNA (Nakano et al.  2013 ).  

2.5     Real-Time qPCR for gh, ghr, 
igf1, and arp mRNA Levels 

 The mRNA expression levels of gh, ghr, and 
igf1 in tissues were determined by a real-time 
quantitative PCR (qPCR) with an ABI Prism 
7300 Sequence Detection System (Applied 
Biosystems, Life Technologies, Foster City, CA) 
using acidic ribosomal phosphoprotein P0 gene 
(arp) as an internal standard (Pierce et al.  2004 ; 
Nakano et al.  2013 ). mRNA values for gh, ghr, 
and igf1 were normalized to those for arp. 
Accordingly, each sample amplifi cation value for 
each gene was expressed as a relative gene 
expression ratio (relative mRNA level).  

2.6     Statistical Analysis 

 All samples were run in duplicate and results 
were expressed as means ± SEM. All data were 
subjected to one-way analysis of variance 
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(ANOVA). Multiple comparisons between 
groups were made by the Tukey-Kramer method.   

3     Results 

3.1     Plasma Cortisol and Glucose 
Levels 

 Plasma cortisol levels increased at 2.5 h post-heat 
stress compared with those in control fi sh, but 
returned to basal levels at 17.5 h post-stress 
(Fig.  1a ).  

 Plasma glucose levels increased at 2.5 and 
17.5 h post-stress compared with those in control 
fi sh. However, at 48 h post-stress, plasma glucose 
levels in stressed fi sh decreased and were not sig-
nifi cantly different from those in control fi sh 
(Fig.  1b ).  

3.2     Plasma LPO, GSH, and SOD 
Levels 

 Plasma LPO and GSH levels are shown in Fig.  2 . 
As shown in Fig.  2a , the plasma LPO levels in 
stressed fi sh gradually increased after heat shock 

treatment and increased signifi cantly compared 
with those in control fi sh at 17.5 and 48 h 
post-stress.  

 Plasma GSH levels decreased at 2.5 h post- 
heat stress, but returned to basal levels at 17.5 h 
post-stress (Fig.  2b ). At 48 h post-stress, plasma 
glutathione levels in stressed fi sh increased sig-
nifi cantly as compared to those in control fi sh. 

 Plasma SOD activity in stressed fi sh increased 
signifi cantly compared with that in control fi sh at 
17.5 h post-stress, but returned to basal levels at 
48 h post-stress (data not shown).  

3.3     gh, ghr, and igf1 mRNA Levels 

 The mRNA expression levels of gh, ghr, and 
igf1 in the pituitary glands and livers of stressed 
and control fi sh were compared (Figs.  3  and  4 ).   

 In the pituitary glands, gh mRNA levels were 
not signifi cantly different between the control 
and stressed fi sh (data not shown). ghr mRNA 
expression levels in the pituitary glands of 
stressed fi sh gradually increased after heat stress 
treatment, with the highest level at 17.5 h post- 
stress. At 48 h post-stress, ghr mRNA expression 
levels returned to their basal levels (Fig.  3 ). 

  Fig. 1    ( a  and  b ) Effect of thermal stress on cortisol ( a ) 
and glucose ( b ) levels in plasma from coho salmon  O. 
kisutch . Data represent means ± SEM ( n  = 8). Statistical 

relationships between groups are indicated by  letters  
where signifi cant differences were detected ( p  < 0.05)       
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 As shown in Fig.  4a , ghr mRNA levels in the 
livers of stressed fi sh increased. In contrast, the igf1 

mRNA levels in stressed fi sh livers decreased grad-
ually after heat stress and decreased signifi cantly as 
compared with those in the control fi sh at 48 h post-
stress (Fig.  4b ).   

4     Discussion 

 The results of this study demonstrated that a 
severe acute thermal stressor could affect the 
redox state and the expression of growth-related 
genes in coho salmon. 

 The temperature can induce numerous 
changes in the biological functions of organisms. 
Increased environmental temperature results in 
increased oxygen consumption and stimulates 
various metabolic processes on the basis of 
known thermodynamic principles (Pörtner  2002 ; 
Lesser  2006 ; Lushchak and Bagnyukova  2006a, b ; 
Lushchak  2011 ). 

 LPO, expressed as TBARS, in plasma are con-
sidered to be metabolites derived from various dam-
aged tissues (Parihar and Dubey  1995 ; Nakano and 
Takeuchi  1997 ; Nakano et al.  1999a ,  b ; Rau et al. 
 2004 ; Lushchak et al.  2005a, b ; Olsen et al.  2005 ; 
Heise et al.  2006 ; Bagnyukova et al.  2007 ). In this 
study, the plasma TBARS levels of fi sh exposed to 
heat shock increased. TBARS levels in fi sh tissues 

  Fig. 2    ( a  and  b ) Effect of thermal stress on LPO ( a ) and 
GSH ( b ) levels in plasma from coho salmon  O. kisutch.  
Data represent means ± SEM ( n  = 5). Statistical relation-

ships between groups are indicated by  letters  where sig-
nifi cant differences were detected ( p  < 0.05)       

  Fig. 3    Effect of thermal stress on expression level of  ghr  
mRNA in the pituitary from coho salmon  O. kisutch . The 
expressions of target gene were normalized by  arp  expres-
sions. Data represent means ± SEM ( n  = 4). Statistical rela-
tionships between groups are indicated by  letters  where 
signifi cant differences were detected ( p  < 0.05)       
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can change under several stressful conditions, such 
as heat exposure, handling stress, hyperoxia, oxi-
dized oils administration, and heavy metal intake 
(Parihar and Dubey  1995 ; Nakano et al.  1999a ; Ali 
et al.  2004 ; Rau et al.  2004 ; Lushchak et al.  2005a, b ; 
Martínez-Álvarez et al.  2005 ; Olsen et al.  2005 ; 
Heise et al.  2006 ; Lesser  2006 ; Valavanidis et al. 
 2006 ; Bagnyukova et al.  2007 ). 

 The major nonprotein cellular thiol, reduced 
GSH, is a tripeptide (Glu-Cys-Gly) with reduc-
ing and nucleophilic properties that is one of the 
major regulators of the intracellular redox state 
(Niki  1988 ; Nakano and Takeuchi  1997 ; Arrigo 
 1999 ; Sies  1999 ; Lesser  2006 ; Valavanidis et al. 
 2006 ). GSH can act as a chain breaker of free 
radical reaction and is the substrate for glutathi-
one peroxidase, an enzyme that scavenges reac-
tive oxygen species (ROS) and LPO generated 
within cells. The plasma    GSH levels observed in 
this study were similar to those in the livers of 
fi sh that were administered with an oxidant, 
such as t-butyl hydroperoxide, after heat expo-
sure (Ploch et al.  1999 ; Ali et al.  2004 ; Lushchak 
and Bagnyukova  2006a, b ; Heise et al.  2006 ; 
Valavanidis et al.  2006 ; Bagnyukova et al. 
 2007 ). At the initial post-heat stress stage, GSH 
may be consumed to eliminate ROS generated 
in blood. 

 Plasma SOD activity in heat-shocked fi sh 
showed a transient increase at 17.5 h post-stress 
in this study. Antioxidative enzymes, such as 
SOD, glutathione peroxidase, and catalase, can 
scavenge radicals and contribute to the body’s 
antioxidative defenses. In particular, SODs are 
considered to have key roles in the fi rst line of 
the enzymatic antioxidative defense system 
against oxidative injuries, as they catalyze the 
removal of oxygen radical, superoxide (Asada 
 1988 ; Oyanagui  1989 ; Nakano and Takeuchi 
 1997 ; Taniguchi and Endo  2000 ; Zelko et al. 
 2002 ; Martínez-Álvarez et al.  2005 ; Lesser 
 2006 ; Lushchak  2011 ). Hence, increased SOD 
expression may neutralize the harmful effects of 
superoxides in tissues. The changes in the 
expression of antioxidative enzymes, such as 
SOD, in fi sh have been observed with regard to 
stress (Poly  1997 ; Pörtner  2002 ; Martínez-
Álvarez et al.  2005 ; Valavanidis et al.  2006 ; 
Craig et al.  2007 ; Lushchak  2011 ). 

 Heat exposure and enhanced oxygen con-
sumption are considered to promote ROS genera-
tion in the tissue. The resulting ROS attack 
almost all cell components (Asada  1988 ; Nakano 
and Takeuchi  1997 ; Beckman and Ames  1998 ; 
Droge  2002 ; Lesser  2006 ; Valavanidis et al. 
 2006 ; Lushchak  2011 ). ROS production in cell, 

  Fig. 4    ( a  and  b ) Effect of thermal stress on expression 
levels of  ghr  ( a ) and  igf1  ( b ) mRNA in the liver from coho 
salmon  O. kisutch . The expressions of target gene were 
normalized by  arp  expressions. Data represent 

means ± SEM ( n  = 4). Statistical relationships between 
groups are indicated by  letters  where signifi cant differ-
ences were detected ( p  < 0.05)       
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especially in mitochondria where spin-off of 
superoxides during mitochondria transfer of elec-
trons to oxygen occurs, was increased in exer-
cised mammalian muscle, heat-stressed bivalve 
gills, heat-shocked chicken muscles, and cultured 
cells as compared with non-stressed control (Ji 
 1995 ; Pörtner  2002 ; Heise et al.  2003 ; Martínez- 
Álvarez et al.  2005 ; Mujahid et al.  2005 ; Lesser 
 2006 ; Valavanidis et al.  2006 ; Shin et al.  2008 ). 
Inductions of hepatic HSP and GSH in stressed 
coho salmon have been observed in this study 
(Nakano et al.  2014 ). Thus, the present results 
regarding the plasma levels of cortisol and glu-
cose and the expression patterns of redox state- 
related biomarkers, such as LPO, GSH, SOD, 
and HSP, in response to heat shock suggest that 
heat shock induces oxidative stress in fi sh. The 
resulting oxidative stress may enhance oxidation 
in the body and result in damage to tissues 
(Nakano and Takeuchi  1997 ; Nakano et al. 
 1999a ; Martínez-Álvarez et al.  2005 ; Lesser 
 2006 ; Valavanidis et al.  2006 ; Nakano  2007 , 
 2011 ; Lushchak  2011 ). Under oxidative stress 
conditions, the levels of antioxidative agents, 
such as GSH, SOD, and HSP, may increase due 
to their de novo synthesis. 

 The pituitary is the major organ of the 
GH-IGF-1 axis in fi sh (Kobayashi et al.  2002 ; 
Takei and Loretz  2006 ). In the present study, ghr 
gene expression in the pituitary increased in 
response to heat stress. In contrast, pituitary ghr 
gene expression signifi cantly decreased in 
response to moderate acute physiological stress 
induced by handling (Nakano et al.  2013 ). This 
may involve interactions between glucocorti-
coids, such as cortisol and factors of the 
GH-IGF-1 axis, and be related to the differences 
observed between heat shock-induced oxidative 
stress and mild physiological stress derived from 
handling. The effects of stress on growth-related 
gene expression in fi sh may be affected differ-
ently by the strength of stress. 

 Hepatic igf1 expression gradually decreased 
after heat shock treatment, whereas ghr expres-
sion levels increased after heat shock in this 
study. Thus, ghr and igf1 genes responded differ-
ently to heat stress. Furthermore, pituitary gh 
mRNA expression did not change in response to 

oxidative stress. These observations suggest that 
igf1 gene expression may not be directly regu-
lated by circulating GH levels alone. 

 A decrease in plasma IGF-1 level at 2–24 h 
post-stress has often been observed in many fi sh 
species (Beckman  2011 ). Our results for the 
changes in hepatic igf1 gene expression levels in 
stressed fi sh are in agreement with those 
reported for fi sh that were administered exoge-
nous cortisol and under confi nement stress 
(Kajimura et al.  2003 ; Dyer et al.  2004 ; Saera-
Vila et al.  2009 ). However, our results for 
hepatic ghr and igf1 gene expression patterns in 
fi sh under oxidative stress appear to be different 
from those in coho salmon under mild physio-
logical stress caused by handling (Nakano et al. 
 2013 ). These observations suggest that the hor-
monal regulation of hepatic both ghr and igf1 
gene expression can vary depending on the 
types of hormones and stress.  

5     Conclusions 
and Perspectives 

 Oxidative stress could affect the expression of 
growth-related genes accompanying the chang-
ing in circulating glucocorticoids, such as corti-
sol, and alterations in signal transduction. 
Intercellular signaling is known to be affected by 
ROS (Schoeniger et al.  1994 ; Ji  1995 ; Franco 
et al.  1999 ; Arrigo  1999 ; Allen and Tresini  2000 ; 
Droge  2002 ; Lesser  2006 ; Valavanidis et al. 
 2006 ; Shin et al.  2008 ; Nakano  2011 ; Lushchak 
 2011 ). An antioxidative supplement that could 
dramatically reduce oxidative stress-induced 
damage in fi sh has been observed (Nakano et al. 
 1999a ,  b ,  2004 ; Bell et al.  2000 ; Martínez- 
Álvarez et al.  2005 ; Nakano  2007 ,  2011 ). 
Accordingly, further studies are required on the 
possible benefi cial effects of antioxidative 
 nutraceutical supplements on growth-related 
factors in oxidative stressed fi sh. 

 Marine ecosystems could provide various 
products and services, including vital food 
resources for us (Holmlund and Hammer  1999 ; 
Worm et al.  2006 ). The ability of the ocean is 
thought to maintain water quality and regulate 
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perturbations and other essential ecosystem 
services (Worm et al.  2006 ). Marine ecosystems 
can be infl uenced by exploitation, pollution, 
biodiversity loss, and habitat destruction or 
indirectly through global climate change and 
related perturbations (Worm et al.  2005 ,  2006 ; 
Berque and Matsuda  2013 ). In the northeastern 
(Tohoku) Pacifi c coastal area, Sanriku Coast, 
where fi shing and farming are known to be 
essential to the industries, the Great East Japan 
Earthquake caused the perturbations in 2011 
(Urushihara  2013 ; Hara  2014 ). The impact of 
the earthquake and massive tsunami on the 
Sanriku area and the subsequent processes of 
transition over time are yet to be determined. 
Facilitation of reconstruction of the coastal 
environment and fi sheries at the Sanriku Coast 
has been required. Therefore, especially in a 
disaster-stricken area such as the Sanriku Coast, 
it is thought to be important to research on per-
turbations, recovery, and resilience processes in 
marine ecosystems and the management of 
socio-ecological system in fi shing and aquacul-
ture to take sustainable delivery of environmen-
tal benefi ts linked to human well- being 
(Hadjimichael et al.  2013 ). Furthermore, a study 
on the effect of stress in marine organisms is 
emerging as a worldwide common theme in 
relation to the perturbations and resilience on 
marine ecosystems (Pörtner  2002 ; Lesser  2006 ; 
Valavanidis et al.  2006 ; Hofmann and Todgham 
 2010 ; Nakano  2011 ; Nakano et al.  2013 ,  2014 ). 
Consequently, the results of this study on stress 
response in fi sh can provide information that is 
useful for improving fi sh fi tness and production 
of fi shing and aquaculture. To determine the 
relationships between oxidative stress, growth- 
related factors, antioxidant defenses, and the 
growth of fi sh, additional investigations are cur-
rently underway.     
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1          Introduction 

 The English Channel is an economically and eco-
logically strategic area of North-West Europe. It 
represents a signifi cant economic zone where a 

number of human activities take place and 
 compete for space or resources: tourism and 
 leisure, international ports and freight and exploi-
tation of living and nonliving resources. 

 The English Channel maritime domain con-
centrates around 20 % of the worldwide maritime 
traffi c, making it one of the most intensively used 
sea routes in the world, with 14 million passen-
gers and 2.5 million crafts in 2008. The English 
Channel is rich in marine aggregates (sand and 
gravel) which are increasingly needed by British 
and French building industries. The English 
Channel is also rich in terms of biodiversity and 
commercial fi shery resources. A number of com-
mercial marine species can be found here, as well 
as many spawning, nursery and feeding areas, 
plus migration routes for fi sh, birds and marine 
mammals. The English Channel is the place 
where parts of the Atlantic and North Sea water 
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masses intermingle. The physical confi guration 
(e.g. bathymetry, coastline) of the English 
Channel contributes to specifi c hydrological 
structures (fronts, gyres, etc.) that control advec-
tion and the dispersal of marine organisms or 
pollutants. 

 The exploitation of natural resources (living 
resources such as exploited marine species but 
also mineral resources such as marine aggre-
gates) generates substantial added value at 
national and European levels. As a result, there 
has been an increasing societal and public 
demand from the governance (European Union, 
national governments and regional councils), 
industries (e.g. fi shing and marine aggregate 
sectors of activity) and nongovernmental organ-
isations to provide a sound and integrated sci-
entifi c support to ecosystem-based management 
in the English Channel. Of particular interest to 
the various stakeholders is the exploration of 
the English Channel ecosystem responses to 
global change. 

 An ecosystem-based approach to marine 
resources management requires the synthesis of 
existing scientifi c knowledge and its integration 
to new research. Such an approach is expected to 
improve the scientifi c basis to advice-giving and 
management. Key processes such as the interac-
tions between species, between management 
strategies and exploited species, between envi-
ronmental damage and the rest of the ecosystem 
and interactions between confl icting human 
activities cannot be understood by investigating 
each ecosystem component in isolation, but 
rather by exploring all aspects of the marine eco-
system, including the various sectors of activity, 
in an integrated fashion. 

 This objective requires a coordination of 
efforts and expertise by both scientists and 
stakeholders through international and multi-
disciplinary projects to address the challenges 
of the Marine Strategy Framework Directive 
and of its national implementations. Such a 
trans-régional approach also consists of har-
monising information, regulations and habits in 
terms of ecosystem management in the English 
Channel. 

 The English Channel ecosystem has been 
 investigated by several research teams. Some 
European projects have fostered a multidisciplinary 
approach targeted at marine living resources by 
integrating works carried out in the past 30 years 
including novel approaches to the spatial modelling 
of ecosystems. In this context, several scientifi c 
studies have engaged in the English Channel and 
the Southern North Sea to investigate:
•    The assessment of key fi sh species  
•   The characterisation of their habitats  
•   The development of predictive modelling 

tools to evaluate the impact of human activi-
ties on the ecosystem  

•   The contribution of the ecological niche in 
structuring commercial fi sh communities  

•   The distribution and characteristics of spawn-
ing areas  

•   The biogeographic identifi cation of sole, red 
mullet and sea bass  

•   The dynamics and strategies of fi shing fl eets  
•   The dynamics and consequences of 

 Phaeocystis  blooms  
•   The modelling of rivers inputs from the Seine, 

the Somme and the Escaut  
•   The trophic capacities and resilience of the 

ecosystem following planned or unplanned 
human perturbations   

The objective of the ecosystem approach is there-
fore to understand more globally, at the scale of 
the Eastern Channel basin, the characteristics and 
the functioning of habitats and of the living 
resources they are home to. It will then become 
possible to apply an ecosystem approach to the 
management of marine resources in a broad sense 
(living, but also mineral and energetic resources) 
and to mitigate the pressure exerted by the differ-
ent human uses and their adaptation to the eco-
system production capacities. 

 In this context, a multidisciplinary scientifi c 
initiative called the Channel programme was 
 initiated in 2007, with the aim of increasing the 
knowledge on, and of better managing, this 
marine cross-border area. We present in this 
study the main objectives and provide insights 
into research projects that have contributed to 
these objectives since then.  
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2     Objectives of the Channel 
Programme 

 The main objectives of the Channel programme 
are the following:
•    To collectively develop research capacity to 

achieve a multidisciplinary understanding of 
the functioning of marine and coastal ecosys-
tems subject to strong human pressure  

•   To promote the sustainable management of 
the different parts of the English Channel by 
developing decision-taking tools with the aim 
of adapting human use intensity to the with-
standing capacity of ecosystems  

•   To provide indicators to decision-makers with 
the aim of (1) characterising the status of eco-
systems, (2) measuring the pressure exerted 
by diverse human activities on these ecosys-
tems and (3) evaluating the effi ciency of man-
agement measures    
 To achieve these objectives, the Channel pro-

gramme has been structured into four main 
research axes:
•    Describing ecological factors structuring the 

distribution of fi shery resources: habitats (abi-
otic and biotic factors), biotopes, assemblages, 
life history of main species and environment  

•   Understanding the functioning of the food 
web: description, interactions between pri-
mary (including toxic phytoplanktonic spe-
cies) and secondary production and fi shes, 
functioning and sensitivity to perturbations  

•   Quantifying the impact of human pressure on 
habitat and food web: fi sheries, marine aggre-
gates extraction, offshore wind farms and 
pollutions  

•   Defi ning new management strategies for sus-
tainable resource exploitation respectful of 
marine environment and biodiversity     

3     Research and Governance 
Projects 

 The launching of the Channel programme in 
2007 has fostered the development of several 
EU-funded projects with a central research or 

governance component. These complementary 
and interlinked projects (Table  1 ) have involved 
several hundreds of research scientists and sev-
eral dozens of research organisms (e.g. govern-
mental institutes, universities) in the EU and even 
abroad (e.g. collaboration between IFREMER 1  in 
France and DFO 2  in Canada).

   We present below the background and objec-
tives of a selection of these projects. 

3.1     EMDI+ and CAMIS Projects 

 EMDI+ and CAMIS are two successive EU 
INTERREG-funded governance projects that 
have been coordinated by the Region Haute- 
Normandie in France. 

 The EMDI+ (Espace Manche Development 
Initiative) project – INTERREG IIIB North-West 
Europe – strongly contributed to the development 
of the political cooperation between France and 
the UK across the English Channel (‘Channel 
Arc Manche’ cooperation) between 2004 and 
2008. The main objectives of the EMDI project 
were to work out a strategic vision, to test new 
cooperation avenues and to develop greater 
knowledge of the Channel area and the issues at 
stake, in particular through the creation of a 
cross-Channel atlas. This project brought some 
convincing arguments for the recognition of the 
Channel Arc Manche as a coherent cooperation 
area in Europe. It has also highlighted the oppor-
tunity for the Channel area to position itself as a 
demonstration maritime basin of the integrated 
maritime policy championed by the European 
Commission. More details on this project may be 
found on   http://www.emdi.certic.unicaen.fr/en/
news.html    . 

 The more recent CAMIS (Channel Arc 
Manche Integrated Strategy) project (  https://
camis.arcmanche.eu/home/    ) has confi rmed this 
position, with the objectives of (1) developing a 
framework for maritime governance, (2) provid-
ing expertise for Channel Arc Manche and 

1   Institut Français de Recherche pour l’Exploration de la 
Mer. 
2   Department of Fisheries and Oceans. 
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decision- makers in the English Channel area and 
(3) stimulating cooperation that addresses strate-
gic issues at stake. To meet these objectives, the 
project integrated the contribution of other proj-
ects which developed scientifi c knowledge, in 
particular the CHARM project (see below), or 
sector- based strategies for the English Channel 
area, e.g. ports and transport and maritime safety.  

3.2     CRESH Project 

 The CRESH project (Cephalopod Recruitment 
from English Channel Habitats) addresses the 
Priority 4 of the INTERREG IVA programme 
which concerns the sustainable environmental 
development of the common space. 3  Cephalopods 
are short-living species; their abundance depends 
on the annual recruitment (juveniles entering the 
exploited stage), and they are directly concerned 
by this topic. The project gathers eight French- 
British partners from universities, research insti-
tutes and fi shermen’s organisations. This brief 
introduction underlines complementary skills 

3   http://www.unicaen.fr/ufr/ibfa/cresh/?lang=en 

gathered to better understand these animals and 
the part that they play in the English Channel 
ecosystem.  

3.3     CHARM1, CHARM2 
and CHARM3 Projects 

 CHARM1 and CHARM2 have been two succes-
sive French-British cooperation projects, co- 
funded under the UE INTERREG programme, 
through the Haute-Normandie Region and the 
UK Government Offi ce for the South-East. Each 
of these projects developed an atlas as a ‘toolbox’ 
to support decision-making and spatial planning 
in relation to the sustainable management of the 
English Channel marine resources. The fi rst 
phase (2003–2005) covered the Dover Strait and 
the second one (2006–2008) covered the whole 
Eastern English Channel. These projects have 
also been a good opportunity to gather and har-
monise French and UK ecological and environ-
mental data. The Channel Habitat Atlas for 
marine Resource Management produced during 
CHARM2 can be downloaded on   http://archimer.
ifremer.fr/doc/2009/rapport-7377.pdf     

   Table 1    Contribution of the 11 projects building in the Channel programme to the understanding of ecosystem  elements 
and of the human pressures impacting them (1–7, 9, 11: EU-funded CHARM1, CHARM2, CHARM3, CRESH, CAMIS, 
VECTORS, DYMAPHY, MEMO, SOCIOEC; 8, 10: French National Research Agency (ANR) funded COMANCHE, 
EMIBIOS)       
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 The CHARM3 project is the logical follow-up 
to CHARM1 (2003–2005, 1.1 M€, 5 partners) 
and CHARM2 (2006–2008, 2.1 M€, 6 partners). 
Firmly grounded on results obtained in the previ-
ous phases, the overarching objective of 
CHARM3 was to conduct multidisciplinary stud-
ies through an ecosystem-based approach, where 
human beings are considered as an integral part 
of the ecosystem. Compared to CHARM1 and 
CHARM2, the CHARM3 has been extended to 
the entire English Channel and the southern part 
of the North Sea, and new research areas (eco-
nomics, climate change) have been investigated. 
CHARM3 combined a wide range of expertise 
fi elds, including marine sciences (oceanography, 
marine biology, fi shery science), economics, leg-
islation, geography (e.g. cartography, spatial 
analysis, geographical information systems), sta-
tistical and conceptual modelling (habitat and 
trophic network models), marine conservation 
planning and information technologies (e.g. web 
technologies, programming). Many of these 
skills are interdisciplinary by nature, an essential 
aspect for any integrated approach. Seventeen 
French and British partners have been involved in 
the project and pursued three main groups of 
actions: (1) collection and standardisation of 
information, (2) integration of information and 
(3) development of tools to disseminate 
information.  

3.4     VECTORS Project 

 The ongoing EU FP7-funded VECTORS project 
(Vectors of Change in Oceans and Seas Marine 
Life, Impact on Economic Sectors) (2011–2015) 
acquired considerable knowledge on the effects 
of past, present and future vectors of change on 
the marine environment. Pressures could be 
direct (e.g. maritime freight as invasive species 
vector, climate change and ocean acidifi cation, 
intensive living and mineral resources exploita-
tion) or indirect (e.g. energy-producing devices, 
demographic pressure on the coasts, tourism, rec-
reational activities). The VECTORS project is 
particularly investigating how vectors change 
and their interactions result in changes in three 

specifi c processes: blooms of non-endemic and 
nonindigenous species, spreading of endemic 
species and changes of commercial species dis-
tribution and productivity. More details on the 
VECTORS project, including scientifi c produc-
tion, may be found on   http://www.marine- 
vectors.eu/      

3.5     COMANCHE Project 

 King scallop ( Pecten maximus ) is an important 
species in the English Channel, notably as it 
constitutes the fi rst species in landings (15–
20,000 t per year) for the French fi shing fl eet 
(700 fi shing vessels) based in this maritime 
area. Due to its economic importance, several 
scientifi c studies have been conducted on this 
species, but mainly at local scales. Moreover, 
despite the basic knowledge acquired through 
these studies, several points of the scallop 
dynamics remain poorly understood. 
Additionally, episodic perturbations (e.g. intro-
duction of competitor, development of toxic 
algal blooms) have affected the king scallop 
populations in unpredictable ways, making it 
even more diffi cult to apprehend the dynamics 
of the populations and their interactions with the 
rest of the ecosystem. In this context, the ongo-
ing COMANCHE (COquilles Saint-Jacques de 
la MANCHE) project (2012–2015), co-funded 
by the French National Research Agency   , aims 
at improving our knowledge on the relationship 
between king scallop and its ecosystem, in an 
integrated fashion, and over the whole English 
Channel. The characteristics and the structure of 
the exploited populations of king scallop have 
been investigated, with the objective of deter-
mining the position of this species within the 
English Channel ecosystem and of quantifying 
the impacts associated to its exploitation. These 
objectives are being pursued    through a multidis-
ciplinary approach, involving physicists, biolo-
gists and economists, but also regional 
stakeholders (e.g. fi sheries regional commit-
tees). More details on the COMANCHE project 
may be found on   http://wwz.ifremer.fr/defi man-
che/Projets/En-cours/COMANCHE    .   
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4     Partnership 

 The projects conducted within the Channel pro-
gramme involved a wide and multidisciplinary 
partnership, which is presented in the table below.

 Project partners  Financial partners 

 CHARM 3   Leader : Ifremer, Boulogne-sur-Mer  INTERREGIVA 
 1. Ifremer – Brest, Dinard, Port-en-Bessin 

      

 2. Université des Sciences et Technologies de Lille Lab. D’Océanologie et 
Géosciences Wimereux 
 3. Université de Caen Basse-Normandie Lab. Biologie et Biotechnologies 
Marine – Caen 
 4. Agrocampus Rennes Pôle halieutique – Rennes 
 5. Université de Haute Bretagne (Rennes 2) Lab. Rennes – Espaces et 
Sociétés – Rennes 
 6. SAS Alkante – Rennes 
 7. Université de Bretagne Occidentale UMR AMURE – Centre de Droit et 
d'Economie de la Mer – Brest 
 8. University of Greenwich – Medway 
 9. University of Kent DICE – Canterbury 
 10. CEFAS – Lowestoft 
 11. Plymouth Marine Lab – Plymouth 
 12. SAHFOS CPR team – Plymouth 
 13. Marine Biological Association – Plymouth 
 14. University of Plymouth Marine Institute – Plymouth 
 15. Marinelife Ltd – Bridport 
 16. University of Exeter Centre for Ecology & Conservation –Cornwall campus 
 17. University of Portsmouth CEMARE – Portsmouth 

      
 CRESH   Leader : Université de Caen Basse – Normandie 

      

 1. The Marine Biological Association of the UK 
 2. Devon Sea Fisheries Committee 
 3. Royal Holloway University of London 
 4. Centre for Environment, Fisheries & Aquaculture Science 
 5. Ifremer Boulogne/mer & Port-en-Bessin – Centre Manche Mer du Nord 
 6. Comité Régional des Pêches Maritimes de Basse – Normandie 
 7. University of Plymouth 

(continued)

5        Conclusion 

 The Channel programme feeds in long-term sus-
tainable management of the marine resources in 
the English Channel through the development of 
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ecosystem and conservation planning models. 
Model scenarios and outputs contribute to 
regional environmental planning and support the 
management of the living resources and assess-
ments of potential impact of human pressures. 
The outputs of the many projects building in 
the Channel programme enhance our understand-
ing of the English Channel marine ecosystem 
and, in doing so, improve management perfor-
mances. The multidisciplinary character of the 
Channel programme is then particularly relevant 
in the context of the MSFD which, through a 
holistic approach of the seas and oceans, seeks to 
achieve a good ecological status for the marine 
environment by 2021. 

 The Channel programme has been successful 
bringing together scientists and stakeholders. It 
has demonstrated, through biannual conferences, 
during which scientists presented and discussed 
their results with managers, the value-added of 
grouping research teams of different backgrounds 
and fi elds of expertise (e.g. ecologists, sociolo-
gists, economists). It has further evidenced to 
decision-makers that managing a common mari-
time domain requires an ecosystem approach 
integrating all the human activities impacting the 
marine environment. 

 More details on the Channel programme may 
be found on the URL:   http://wwz.ifremer.fr/
defi manche        .           

 CAMIS-
EMDI + 

  Leader : Région Haute – Normandie 

      

 1. Régions Bretagne 
 2. Région Nord – Pas-de-Calais 
 3. Région Picardie 
 4. Région Basse – Normandie 
 5. West Sussex County Council 
 6. Cornwall County Council 
 7. Kent County Council 
 8. Southampton City County Council 
 9. Devon County Council 
 10. Conseil Général Côtes d’Armor 
 11. Hampshire 
 12. Université de Caen 
 13. Marine South East 
 14. SEEDA 
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    Abstract  

  Considerable research has been conducted in the past 15 years around the 
Eastern English Channel ecosystem. Data collected since the 1970s on the 
biotic and abiotic compartments have been collated and mapped out in the 
mid-2000. This spatially explicit information formed a sound basis to 
improve knowledge on, and model, the functioning and dynamics of key 
ecosystem compartments, with a focus on fl atfi sh species and fi sheries and 
their interactions with other sectors of activity (aggregate extractions, 
maritime traffi c). The more recent ongoing works are dedicated to the 
integration of those processes into several complementary end-to-end 
ecosystem models.  
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      From Data to End-to-End Models: 
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the Dynamics of Exploited Marine 
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1          Introduction 

 The English Channel concentrates a rich ecosys-
tem along with intense and diverse human activi-
ties. At the same time, the Channel is a relatively 
well-circumscribed geographical area, “a world 
within Europe”, which makes it an appropriate 
site for investigating the complex interactions 

between intensive and diverse human activities 
and this ecosystem. 

 The English Channel is fi rst a productive eco-
system coupling high and diversifi ed pelagic and 
benthic productivity. It is home to many commer-
cial species, encompassing their spawning and 
nursery areas and migratory routes. 
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 The English Channel has also, for a long time, 
supported the activities of many users (e.g. 
fi shing, maritime transport, aggregate extraction, 
discharges, wind parks, aquaculture, tourism), in 
a context of climate change. It is also considered 
one of the most intensively used sea areas in the 
world. Of these human pressures, fi shing activity, 
maritime transport and aggregate extractions are 
probably on the top of the French and UK 
Governments’ agenda for that area. Thus, there 
were in 2007 about 1,500 French fi shing vessels 
registered in English Channel harbours, employ-
ing 4,300 fi shers and generating a gross revenue 
of 1.4 million €. Maritime transport is also a 
major economic activity in the English Channel. 
Coming from around the planet and leaving in 
the direction of Asia, Africa and America, nearly 
500 ships of over 300 t enter and leave the English 
Channel every day, making it 1 craft every 3 min. 
Perpendicular to this traffi c, 90–120 daily rotations 
are operated by ferries between the continent 
and the British Isles, transporting 17 million pas-
sengers per annum. Marine aggregate extraction 
sites have for many decades been exploited along 
the UK coasts of the English Channel and more 
recently along the French coasts. In 2007, 5.5 Mt 
of marine aggregates were extracted from several 
tens of km 2  in UK southern coastal waters and 1 
Mt from less than 10 km 2  along French coasts. 
Recently, this activity moved further offshore to 
areas trawled and dredged by French fi shermen. 
Several 100 km 2  are presently prospected by 
French companies both in the Eastern and Central 
English Channel. All these activities have, in iso-
lation or in combination, long been recognised to 
be major vectors of change for the ecosystem 
structure and functioning and also for related 
economic maritime sectors. 

 These multiple and diverse interactions 
between human activities and the pressure they 
exert on the marine ecosystem necessitate to 
manage the Eastern English Channel in an inte-
grated and cross-sectorial fashion, consistent with 
the EU Marine Strategy Framework Directive 
(MSFD) and marine spatial planning (MSP). 

 This study presents, in a summarised fashion, 
the evolution of the research conducted in the 
past 15 years around the Eastern English Channel 
ecosystem, starting from data collation all the 
way through end-to-end ecosystem modelling, 
with a focus on fl atfi sh species and fi sheries and 
their interactions with other sectors of activity 
(aggregate extractions, maritime traffi c).  

2     From Data Collection 
to Mapping Information 
Layers and Spatial 
and Ecological Analyses 

 A considerable amount of information has been 
collected in the Eastern English Channel (EEC) 
over the period 2004–2010, mainly during three 
successive EU Interreg-funded projects: 
CHARM1 (2003–2005) covering the Dover 
Strait, CHARM2 (2006–2008) the whole EEC 
and CHARM3 (2009–2012) both the eastern and 
the western parts of the English Channel. An atlas 
including a variety of information layers related 
to the EEC physical environment (e.g. tempera-
ture, salinity, bed shear stress), fi sh and benthos 
habitats, trophic network and fi sheries was in par-
ticular produced in the course of CHARM2 
(Carpentier et al.  2009 ). The maps produced in the 
atlas were based on a collation of research surveys 
and commercial fi sheries information. The raw 
information was interpolated and processed 
through a variety of statistical methods, including 
kriging, GLMs (generalised linear models), 
GAMs (generalised additive models) and quantile 
regressions, used for habitat suitability modelling 
and mapping. In addition, information on the life 
traits and diet of a large panel of commercial fi sh 
species was processed (geomorphometrics, stom-
ach contents and stable isotope analyses) to char-
acterise the EEC trophic network in a quantitative 
fashion. All these information processed during a 
10-year period form a comprehensive and sound 
basis to calibrate  models covering part and/or the 
totality of ecosystem components.  
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3     From Spatial Analyses 
to Modelling Ecosystem 
Compartments 

3.1     The Common Sole ( Solea 
solea ) Population and Fishery, 
from Ecology Along the Life 
Cycle to Population Dynamics 

 Common sole is an abundant species in the 
Eastern Channel and sustains important fi sheries 
(4,000–5,000 t per year). The common sole has a 
complex life cycle (Rochette et al.  2013 ); after 
the eggs have hatched, the larvae spend several 
weeks drifting in open water. Survivors go on to 
metamorphosis into benthic fi sh. Juveniles of 
common sole spend the fi rst 2 years of their life 
in coastal nurseries before migrating to deeper 
areas, where they reproduce. To investigate the 
drivers of common sole abundance in the Eastern 
Channel, an integrated approach was developed, 
coupling different models describing the differ-
ent life stages, to estimate the different sources of 
mortality throughout the whole life cycle. 

3.1.1     Young Stages (Larval Stages 
and Nursery Habitat 
Dependence) 

 An individual-based model (IBM) coupled to a 
hydrodynamic model was used to simulate com-
mon sole larval supply from spawning areas to 
coastal and estuarine nursery grounds at the pop-
ulation scale on a 3-decade time series. 
Hydroclimate is the main driver of abundance 
patterns during early stages of the life cycle. As 
mortality (~1/1,000 survival) is particularly high 
at these stages (eggs and larvae), hydroclimate 
drives the year class strength of juvenile abun-
dance, without viewable relation with the spawn-
ing biomass (Rochette et al.  2012 ).  

3.1.2     Integrated Life Cycle Model 
Accounting for Various 
Pressures 

 Essential fi sh habitat suitability (EFHS) models 
and geographic information system were com-

bined to describe nursery habitats for sole, using 
parameters known to infl uence juvenile fl atfi sh 
spatial distribution (i.e. bathymetry, sediment, 
estuarine infl uence and wave exposure). Juveniles 
strongly depend on shallow soft-bottom sheltered 
coastal and estuarine nursery grounds and host a 
large proportion of total juvenile common sole, 
suggesting that these restricted habitats should be 
considered as essential habitats for sole (Rochette 
et al.  2010 ). 

 A hierarchical Bayesian framework was 
developed for modelling the life cycle of 
marine exploited fi sh with a spatial perspec-
tive. The approach combined within an inte-
grated framework: (1) outputs of the model for 
larval drift and survival that provided yearly 
estimates of the dispersion and mortality of 
eggs and larvae, from spawning grounds to 
settlement in coastal nurseries (Rochette et al. 
 2012 ); (2) a habitat suitability model based on 
juvenile trawl surveys coupled with a geo-
graphic information system, to estimate juve-
nile densities and surface areas of suitable 
juvenile habitat in each nursery sector 
(Rochette et al.  2010 ) and (3) a statistical 
catch-at- age model for the estimation of the 
numbers at age and the fi shing mortality on 
subadults and adults. Successive modelling 
approaches allowed to demonstrate that juve-
nile mortality on nursery grounds is high 
(~1/100 survival) and strongly limits the popu-
lation size (Rochette et al.  2013 ), fi shing pres-
sure is a main source of mortality at subadult 
and adult stages (Rochette et al.  2013 ) and spa-
tial segregation at the successive life stages 
(i.e. eggs/larvae, juveniles, adults) along the 
life cycle limits the connectivity between dif-
ferent subparts of the population. Perspectives 
include further development of the modelling 
framework on the common sole and applica-
tions to other fi sh species to disentangle the 
effects of multiple interacting stress factors 
(e.g. estuarine and coastal nursery habitat deg-
radation, fi shing pressure) on population 
renewal and to develop risk analysis in the con-
text of marine spatial planning for sustainable 
management of fi sh resources.   
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3.2     Exploited Ecosystems 

3.2.1     Benthic Effects of Aggregate 
Extractions 

 The effects of sediment dredging on benthic 
groups consumed by sole and plaice in the 
Eastern English Channel have been assessed. 
Benthic species were grouped according to their 
diet or mobility, and analyses were performed at 
the group level. First, a BACI (before-after con-
trol impact) analysis was conducted to determine 
whether dredging impacted benthos abundance. 
This approach allowed determining relationships 
between dredging intensity and decreases in ben-
thic abundance and quantifying the recovery rate 
of the studied benthic groups. At the group level, 
it was shown that impacts of dredging are maxi-
mal from 6 to 12 months after dredging, these 
impacts being either positive (opportunistic 
groups) or negative. Concerning mobility, 
impacts of dredging were maximal on burrowers. 
On the contrary, mobile species seemed to be less 
impacted. Carnivorous species were amongst the 
most impacted trophic groups. Detritivores 
seemed to be positively impacted by dredging, at 
least for a few months after dredging. It was not 
possible to link increases or decreases in abun-
dance after dredging to a recovery time, increases 
in abundance being linked to strong year effects.  

3.2.2     Spatial Interactions Involving 
Fishing Fleets and Other 
Sectors of Activity 

 Discrete choice models building in a random util-
ity function (RUMs) were developed to deter-
mine how fi shing effort is allocated spatially and 
temporally by a selection of French, English and 
Dutch fl eets fi shing in the Eastern English 
Channel. Results showed that fi shers tended gen-
erally to adhere to past annual fi shing practices 
and to the areas where they experienced high rev-
enues and also that French dredgers strongly 
interacted spatially with English vessels. 
Furthermore, results indicated that maritime traf-
fi c, aggregate activity and restricted areas nega-
tively impact the choice of many of the fl eets 
under investigation. Other spatially explicit sta-
tistical analyses have been conducted to evaluate, 

separately, the impacts of aggregate extraction 
and maritime traffi c. The effects of both aggre-
gate extraction intensity and the proximity to 
dredging sites on the distribution of fi shing effort 
were investigated, for a broad selection of French 
and English demersal fl eets operating in the 
Eastern Channel (Marchal et al.  2014 ). The most 
striking result is that neither dredging intensity 
nor the proximity to the extraction site had a 
major deterring effect on fi shing activities. To the 
contrary, the fi shing effort of dredgers and potters 
could be larger on aggregate sites than in their 
close neighbourhood, whilst the fi shing effort of 
netters has increased substantially in the impacted 
area. The attraction of fi shing fl eets is likely due 
to a local and temporary concentration of target 
species. However, knowledge on the vulnerabil-
ity and life-history characteristics of these spe-
cies to aggregate extractions suggests that 
overextending the licensed areas would be detri-
mental to them and to their related fi sheries in the 
longer term. Maritime traffi c seems to be a per-
turbation for the fi shing activities. However, in 
the case of the red mullet fi shery, vessels do not 
avoid traffi c lanes when they expect high fi sh 
densities. They then may take the risk of fi shing 
inside the traffi c lanes or in areas of high marine 
traffi c densities. An effort has then been made to 
validate the outcomes of fl eet dynamics models 
by administering a survey to French fi shers oper-
ating in the Eastern English Channel. Although 
French fi shers generally did not feel constrained 
in the amount of space they had available for fi sh-
ing, some mentioned shipping lanes, aggregate 
extractions and competition with other fi shers as 
constraining factors.    

4     From Modelling Ecosystem 
Compartments to Holistic 
Ecosystem Modelling 

 Three modelling approach patterns have been 
pursued concurrently to model the impact of 
human activities on the Eastern Channel at the 
scale of the ecosystem, using the models ISIS- 
Fish, OSMOSE and ATLANTIS. An ISIS-Fish 
model was developed, including two fl atfi sh 
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 populations (sole and plaice) and three benthic 
groups (Gasche et al.  2013 ). Fish populations 
interact with the fi shing activity in the modelled 
area. Several fl eets are modelled with an impact 
on both fi sh and benthos, and aggregate extrac-
tions are also built in with an impact on benthos 
only. No positive effects of MPAs on fi sh popula-
tions could be evidenced, either at the scale of the 
Eastern English Channel or at smaller scales 
gathering several bays on the French and English 
coasts. On the contrary, effects of MPAs are very 
important on benthic taxa. OSMOSE and 
ATLANTIS present a further degree of complex-
ity compared to ISIS-Fish, by building in trophic 
interactions occurring between different ecosys-
tem components. Both models are currently 
being calibrated in relation to the Eastern Channel 
ecosystem. The OSMOSE model is being applied 
to evaluate the effects of MPAs on fi sh popula-
tions. The ATLANTIS model will be applied to 
evaluate the effects of various area-based restric-
tions (including MPAs but also spatial interac-
tions with maritime traffi c) on all ecosystem 
compartments including fl eet dynamics and 
economics.  

5     Conclusions 
and Perspectives 

 Both the information on and the understanding of 
the Eastern English Channel marine ecosystem 
have been advanced substantially in the past 15 
years through systematic mapping and subsequent 
modelling of key ecosystem compartments and 
related human pressures. These information 

and process knowledge are currently being 
 integrated into comprehensive end-to-end eco-
system models. The next stages will be dedi-
cated to the evaluation of ecosystem-based 
management strategies, building on the different 
modelling approaches once fully developed and 
calibrated, and last to the transfer of simulation 
outcomes to help stakeholders and support deci-
sion making in the Eastern English Channel.     
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1  Introduction

The Eastern English Channel is an important 
ecological area that is experiencing growing 
human pressure, mainly exerted by the border-
ing countries, France and the United Kingdom, 
and is subjected to a wide range of uses such as 
fishing, sediment extraction, and transport 
(Desprez 2000; Martin et al. 2010; Rochet et al. 
2008). Spatial regulations, including marine pro-
tected areas (MPAs), are now increasingly intro-
duced to legislate these perturbations (Leathwick 
et al. 2008; Sala 2002; Spalding et al. 2008; 
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Wood et al. 2008). MPAs, to be successfully 
implemented, need to combine conservation 
objectives and socioeconomic features, such as 
fisheries (Gaines et al. 2010). Within this con-
text, France and the United Kingdom are under 
obligations to create a consistent marine pro-
tected area (MPA) network that complies with 
several conventions, especially the Convention 
on Biological Diversity (review in Metcalfe et al. 
2013) and the Bird and Habitat European 
Directives, while ensuring a viable future for the 
wide range of uses within this area.

In the past decade, systematic conservation 
planning tools have been increasingly and suc-
cessfully used to develop spatial conservation 
plans – involving MPAs – which meet quantita-
tive targets (e.g., a given protected percentage of 
each species distribution or habitat area) while 
minimizing enforcement and socioeconomic 
costs (Ban et al. 2011; Delavenne et al. 2012; 
Leslie 2005; Syakur et al. 2012). This approach 
thus provides a framework that is deemed suit-
able to design consistent MPA networks that are 
cost effective and minimize social costs, hence 
increasing their likelihood of effective imple-
mentation (Smith et al. 2009). However, system-
atic conservation planning applied to fisheries 
accounts neither for (1) changes in fleet dynam-
ics induced by new conservation constraints and 
their associated feedbacks on conservation costs 
nor (2) their influence on fish population dynam-
ics and distributions, which may in turn alter the 
achievement of conservation targets. Such a static 
approach may therefore lead to short- or medium- 
term misestimates in forecasted costs and target 
achievements.

Mixed fisheries simulation models are increas-
ingly used to predict changes in fleet and fish 
population dynamics under various fisheries 
management scenarios (e.g., Batsleer et al. 2013; 
Lehuta et al. 2010), but lack, in most of the 
cases, the methodology to translate the results 
into advices to support spatial conservation 
measures.

In this context, coupling systematic conserva-
tion planning tools with mixed fisheries models 
(or other types of simulation models, in accor-
dance with the type of issue tackled) seems a 

promising approach to test scenarios and build 
advice for the management of highly dynamic 
and complex systems such as coastal areas under 
intense human use.

2  Proposed Approach

2.1  Overview of Selected Tools

2.1.1  Systematic Conservation 
Planning

Several tools exist that are dedicated to system-
atic conservation planning (e.g., Marxan, 
Zonation) and can help to design MPAs. Most of 
them however rely on a binary and often unreal-
istic full protection strategy, therefore missing 
the complexity of management strategies which 
can be deployed through multiple types of 
MPAs. A recent tool, Marxan with Zones (MwZ) 
(Watts et al. 2009), allows this limitation to be 
overcome in an optimal way by extending the 
Marxan methodology (based on the minimum 
set principle aiming to achieve a given quantita-
tive representation level of species and habitats 
at minimal cost) to multiple zone types. It pro-
vides the possibility of considering multiple, 
possibly concurrent, resource uses which are 
managed in different ways, while taking into 
account a variety of costs. It has been shown to 
be able to provide management scenarios that – 
compared to a standard Marxan analysis – 
ensure more equitable impacts among different 
uses while lowering the overall economic and 
social impact and still meeting conservation tar-
gets, thus increasing the likelihood of effective 
implementation (Klein et al. 2009). However, 
unlike Marxan, feedback on MwZ effectiveness 
remains scarce.

Marxan with Zones uses a simulated  annealing 
algorithm to work as an optimization tool which 
meets complex constraints such as combinations 
of overall percent and/or absolute values of each 
feature (often species or habitats) to be protected 
in each type of “zone” (with varying protection 
levels corresponding to which human use is 
maintained). The objective function it minimizes 
has the form:

Y. Reecht et al.
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PUs Z PUs

Connectivity costs

Cost BLM Boundary Cost∑ ∑∑+ ×
� ������ �������

+ ×∑
Ft

FPF FeaturePenalty,
 

(1)

where Cost represents the sum of various costs 
associated with the selection of a “planning unit” 
(PU, the smaller spatial unit). These costs can be 
of any kind found to be relevant to each case 
study, for instance, surface area, enforcement, or 
socioeconomic costs (Smith et al. 2009). 
Additionally to these inherent costs, connectiv-
ity costs – of which the boundary length modi-
fier (BLM) controls the overall contribution to 
the objective function value – allow control of 
the level of aggregation/fragmentation of con-
servation zones or increase the co-selection of 
connected PUs (Klein et al. 2009). The “connec-
tivity” between conservation zones is also con-
trolled in this term by zone boundary costs, 
which are formally multipliers of PU boundary 
costs between each combination of adjacent 
zones.1 The last term of Eq. (1) refers to penal-
ties for failing to achieve targets, summed over 
features (Ft; or species), and is controlled 
through feature penalty factors (FPF); the higher 
the FPF, the more likely the fulfillment of the 
target (Watts et al. 2009).

MwZ has been selected for this study owing to 
its ability to both reproduce complex manage-
ment scenarios and include use-specific costs in a 
flexible way, which more accurately reflect mixed 
fisheries properties than other existing tools.

2.1.2  Mixed Fisheries 
Simulation Model

ISIS-Fish has been chosen because it is a model-
ing tool suitable for investigating the conse-
quences of alternative policies on the dynamics 
of fish resources and fisheries (Mahévas and 
Pelletier 2004). This spatially explicit model 
allows quantitative policy screening for fisheries 
with mixed species harvests (Mahévas and 
Pelletier 2004; Pelletier et al. 2009). It may be 

1 Note that a PU can pertain to only one conservation zone 
at a time.

used to investigate the effects of combined man-
agement scenarios including a variety of policies: 
total allowable catch (TAC), licenses, gear 
restrictions, and effort controls but also alterna-
tive ones such as the introduction of marine pro-
tected areas (Lehuta et al. 2010; Kraus et al. 
2008; Drouineau et al. 2006) or individual quotas 
(Marchal et al. 2011). Fisher’s response to man-
agement may be accounted for by means of deci-
sion rules based on population and exploitation 
parameters or explicit dynamics model with 
endogenous (e.g., fixed fish prices and variable 
costs that can be explicitly modeled) or exoge-
nous variables (not affected by the model). This 
fisheries model is based on three submodels: (1) 
a fishing activity dynamics model, (2) a fish pop-
ulation dynamics model, and (3) a management 
dynamics model.

Each submodel is spatially and seasonally 
explicit, with a monthly time step to account for 
seasonal dynamics. The three submodels inter-
act only if they overlap in space and time. The 
modeled area is represented by a grid, the reso-
lution of which, in latitude and longitude, is 
chosen with respect to the dynamics being 
described and the available knowledge of the 
studied fishery. Within this region, zones (i.e., 
sets of grid cells) are defined independently and 
delimit the spatial scope for each population, 
each fishing activity, and each management 
measure. Finally, bioeconomic outputs can be 
simulated and their properties (including uncer-
tainties) statistically analyzed to produce indi-
cators of the relevance of management strategies 
(Lehuta et al. 2013).

2.2  Model Scopes 
and Implementations

Here we present the first highlights of an ongoing 
study which aims to couple a systematic conser-
vation planning software package with a mixed 
fisheries model to evaluate the relevancy for fish-
eries management of the MPA network being 
implemented in the Eastern English Channel 
(Fig. 1) and, where relevant, provide advice for 
management strategies.

Toward a Dynamical Approach for Systematic Conservation Planning of Eastern English Channel Fisheries
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This study therefore focuses on ecosystem 
and socioeconomic features which are linked to 
fishing activities, restricted to professional fish-
ing owing to data availability.

2.2.1 Marxan with Zones
Features to protect are:
• Abundance distributions (mean over 1990–

2012) of two of the main targeted species 
(those accounted in the fleet dynamics model), 
common sole (Solea solea, Fig. 2a) and plaice 
(Pleuronectes platessa, Fig. 2b) assessed from 
the Channel Ground Fish Surveys (CGFS) 
data.

• Eighteen benthic habitats, on which towed 
gears can have a negative impact. Data used 
are those from Delavenne et al. (2012).

• Thirteen pelagic habitats, which contain com-
munities that can be affected by most pelagic 
gears. The typology used is the one defined by 
Delavenne et al. (2013).
Among feature types, only exploited species 

distributions are planned to be dynamically 
linked to the simulation model, habitats being 
handled as a static part of the system.

As for costs, hours fished by type of gear and 
zone, estimated from data collected by vessel 
monitoring system (Lee et al. 2010), are used as 

proxies of value losses when a protection unit is 
selected for a type of zone which bans or limits 
some uses (Fig. 2c, d). As a first approach, costs 
will not be processed in a dynamic way because 
the selection of a PU would eliminate its cost on 
the next step (no or less fishing).

The spatial grid was defined so that each MPA 
was divided into as many subareas of unique 
administrative status and that remaining available 
areas were separated according to the same grid 
as the ISIS-Fish model (1/32nd of ICES statisti-
cal rectangle, Fig. 2) and further divided accord-
ing to the 12 nautical miles zone.

A scenario was tested with only two kinds of 
protection zones – no ground-towed gears and 
no-take (all activities prohibited) – and where the 
12 nautical miles zone was considered already 
contributing to conservation (limited access to 
vessels >24 m). Already planned MPAs were 
constrained to always apply one of the two pro-
tection levels. Zone contributions to conservation 
(Table 1) and cost multipliers (Table 2, formally 
corresponding to a proportion of effort reduction 
within protected zones) were set arbitrarily but 
should ideally be derived from quantitative study 
of the impact of each use on different features. 
Here, all benthic habitats were treated homoge-
neously with the removal of ground-towed gear 
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Fig. 1 MPAs (actual or planned) in the ICES VIId zone. 
PNM natural marine park (France); RNN national natural 
reserve (Fr.); APPB prefectural biotope protection (Fr.); 
MCZ marine conservation zone (UK); SSSI site of special 

scientific interest (UK); OSPAR OSPAR convention zone; 
RAMSAR RAMSAR convention zone; SAC special area of 
conservation (Natura 2000, habitat convention); SPA spe-
cial protected area (Natura 2000, bird convention)
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fully protecting them (no impact of other gears), 
while this measure is supposed to have no impact 
on pelagic habitats and yield a 50 % protection to 
target species (which can be also caught with 
other gears such as tremels). The exclusion of 
large vessels (mostly trawlers) from the 12 nauti-
cal miles zone is not expected to supply more 
than a 10 % protection to features impacted by 
ground-towed gears, since there are few such 
large vessels operating in the study area.

The results of this drastic scenario (few choices 
for management strategies, all of which prohib-
ited ground-towed gears) are reported in Fig. 3.

2.2.2  Fisheries Dynamics Modelling
The ISIS-Fish model used is an improved  
version of the one developed by Gasche et al. 
(2013), characterizing population and exploita-
tion dynamics of sole and plaice, with:
• A finer spatial resolution of 0.125° (latitude and 

longitude) that allows for a more realistic depic-
tion of biological and exploitation processes

a b

c d

Fig. 2 Mean abundances (N, decile scale) by PU of Solea 
solea (a) and Pleuronectes platessa (b) estimated from the 
CGFS data and aggregated efforts by PU (hours fished, 

decile scale) from French (2008) and English (2007) VMS 
data for ground-towed gears (c) and all other types of 
gears (d) PUs with lacking data are hatched

Table 1 Conservation zone contributions to the protec-
tion of various types of features

Features

Zones

Unprotected
12 nm 
zone

No ground 
towed No-take

Benthic 
habitats

0.0 0.1 1.0 1.0

Pelagic 
habitats

0.0 0.0 0.0 1.0

Target 
species

0.0 0.1 0.5 1.0

These are proportions of feature potentially protected 
under different types of restriction of fishing access

Table 2 Cost multipliers by zone and gear type

Gears

Zones

Unprotected
12 nm 
zone

No ground 
towed No-take

Towed 0.0 0.1 1.0 1.0
Others 0.0 0.0 0.0 1.0

These are the proportions of effort reduction applied to 
each gear type under different types of restriction of fish-
ing access

Toward a Dynamical Approach for Systematic Conservation Planning of Eastern English Channel Fisheries
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• Better account of population distributions 
across life stages – with several feeding 
grounds (three), nurseries (six), and repro-
duction (three) zones for each species (i.e., 
12 zones for both plaice and sole) – accord-
ing to Rochette et al. (2012) and Carpentier 
et al. (2009)

• Fishing activities updated according to Lehuta 
et al. (2015)
The model was tested over 12 years under two 

different scenarios: (1) one with only total allow-
able catches (TAC) as management measure 
(forced by 2008–2011 actual TACs, then dynami-
cally set by a harvest control rule that aims at 

reaching FMSY in five years following ICES 
advices) and (2) another with additional spatial 
conservation measures (Fig. 4) consistent with 
MwZ outputs (Fig. 3). No effort reallocation 
across métiers (defined by one target species on 
one zone with one gear) is assumed.

Results show very little differences between sce-
narios with TACs and TACs + MPAs for abundances 
(Fig. 5 left) and landings (Fig. 5 right) of both plaice 
and sole during the transition period toward man-
agement at FMSY (years three to seven). However, 
differences in landings become more substantial 
afterward (when the TAC is less constraining), 
although no clear difference appears in trends.

Unprotected (available)
Zones

a b

c

100%

80%

60%

40%

20%

0%

12nm zone (available)
No ground−towed gear
No−take zone
Already planned

Fig. 3 Marxan with Zones results on 100 runs: best solution (a) and selection frequencies of “no ground-towed gear” 
(b) and “no-take” (c) conservation zones. Available cells are those not selected for any purpose

Fig. 4 ISIS-Fish grid and 
management zones defined 
in the model. These are an 
attempt to broadly 
reproduce MwZ outputs 
(Fig. 3)
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2.3  Explicit Model Coupling 
in Practice

Marxan with Zones is a command-line software 
which works with text input files, all listed in a 
main input file and with fairly simple and docu-
mented structures (Watts et al. 2008). It is there-
fore easily controlled through any platform which 
allows running commands and is able to handle 
data and text files (e.g., we have easily controlled 
all the MwZ analysis sequence, from data for-
matting to output representation, with R; http://
cran.r-project.org). Principal Marxan input files 
which would be subject to dynamical updates are:
• The planning unit file and more particularly 

the costs given to each planning unit (PU)
• The features (here exploited species) versus 

PU file which gives amount of each feature 
within each PU
Files such as those containing boundary 

lengths/connectivities between protection units 
or “zone boundary costs” pertain to the original 
design and are unlikely to be modified by itera-
tive runs (except for sensitivity analysis).

As for ISIS-Fish, control from a third-party 
tool seems more difficult since most parameters 
are stored in embedded databases, with internal 
referencing of objects, as spatial units or popula-
tions, for instance. Therefore, even though ISIS- 
Fish simulations themselves can be run from 
command-line calls, the management zones of 
the model cannot be directly controlled through 
text files. However, ISIS-Fish is an open-source 
modeling platform, with an active development 
team, hence highly extendable.

For instance, concerning the translation from 
MwZ outputs to ISIS-Fish management strate-
gies, the ISIS extensive scripting (Java script) 
abilities will be used to:
 1. Load formatted MwZ outputs (preferably pre-

processed by R scripts for easy handling)
 2. Define as many management zones as differ-

ent effort reductions by gear, calculated from 
MwZ outputs (pre-simulation script)

 3. Apply for each cell an effort reduction by 
métier from its overlap with management 
zones for the gear used at each time step
The second point raises the issue of transfer-

ring costs, features, and optimized spatial man-
agement measures between two possibly different 
spatial scales. Indeed, there is no requirement for 
the spatial grid in MwZ to be regular, as it is the 
case for the one in ISIS-Fish. In fact, it is even 
convenient to keep existing – intricately shaped – 
MPAs as separated PUs (e.g., Fig. 3) for MwZ 
analyses. Therefore, even under simple homoge-
neity assumption regarding amounts within grid 
cells, the transfer of data from a grid to another 
requires extensive calculations, among which 
assessment of cell surface overlaps between the 
two model spatial grid layers (which only needs 
to be calculated once) and pro rata reallocation 
rates from one grid to the other. This is easily 
done with R scripts which can notably calculate 
an accurate effort reduction in ISIS spatial unit 
(cell) by gear, from a given MwZ solution, since 
gear limitations are given for each kind of conser-
vation zone.

As for the automation of the coupling, two 
options emerge:

Fig. 5 ISIS-Fish model outputs of monthly abundances (left) and yearly landings (right) compared between TAC only 
(black solid lines) and TAC + MPAs (gray dashed lines) scenarios

Toward a Dynamical Approach for Systematic Conservation Planning of Eastern English Channel Fisheries
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 1. In order to iteratively run both of the tools and 
operate the data format conversion between 
them, a first step will be to use an external 
third-party tool. As suggested above, R is a 
good candidate because of its extended data- 
handling abilities and its capacity to interact 
with other software packages through so- 
called system calls.

 2. It is nevertheless considered to further develop 
a module within ISIS-Fish to control MwZ 
directly from within simulation iterations, 
hence getting quick cost assessments and zon-
ing optimizations to enhance the dynamic 
properties of the whole system. The existing 
ability of ISIS to connect to R could in par-
ticular be used to run scripts controlling the 
whole MwZ loop, from data preparation to 
processing of output to provide management 
zones that can be handled by ISIS. This way, 
costs and feature amounts could be updated 
from ISIS-Fish to MwZ, and as a feedback, 
zoning in ISIS-Fish could be updated accord-
ing to MwZ outputs.

2.4  Types of Scenarios 
to Be Tested

Coupling these two tools would open the oppor-
tunity to test a wide range of scenarios regarding 
the dynamics of spatial conservation plans. The 
following propositions are far from exhaustive 
but focus on types of analyses already planned in 
the context of this study.

A first and fairly obvious type of analysis 
would consist of testing what the dynamics of 
the main fleets and fish populations would be 
under different conservation scenarios and how 
they would influence target achievement (no 
feedback, only the evaluation of species abun-
dance proportions within protected areas after 
the simulated period) and then testing for the 
robustness of the MPA network through the sta-
bility in  species representation. This would only 
require a one-way coupling from MwZ to ISIS-
Fish that does not really require explicit and auto-
mated translation of a common management 
zone  output to management scenarios within  

ISIS-Fish. Achievement of targets would be eas-
ily assessed from ISIS-Fish outputs in terms of 
species abundance distributions. More realistic 
economic costs, although completely indepen-
dent at this stage from those used in MwZ, could 
also be assessed by comparison of simulated 
landings at the beginning and the end of the sim-
ulation period.

From the previous analysis, it may be possi-
ble to test whether any proposed MPA network 
with a particular set of conservation measures is 
suitable to ensure medium- to long-term viabil-
ity of fleets and of the fish populations they har-
vest. At present, in the Eastern English Channel, 
enforcement measures are still to be defined in 
most proposed MPAs, and it may be very rele-
vant to use MwZ on its own to provide near 
optimal management scenarios within the 
already planned MPA network. The addition of 
the ISIS-Fish simulations would enable the 
evaluation of the management strategy under 
which the fishing fleets will remain viable. For 
that purpose, the methodology proposed by 
Lehuta et al. (2013), based on bioeconomic 
indicators and their uncertainty to evaluate man-
agement strategies, could be used.

Other types of analyses would require a more 
intricate and fully dynamic coupling of the two 
tools than the preceding ones. It is, for instance, 
planned to test the effect of the chronological 
sequence of enforcement and how it could be 
optimized. Indeed, it would involve running 
ISIS-Fish over a given interval of time (e.g., one 
year), then testing which would be the best 
enforcement addition to the network using MwZ 
and running ISIS-Fish again from where it 
stopped, etc. Such an approach would have to be 
tested over various time lags.

All these types of analysis would benefit by 
also testing whether different near-optimal solu-
tions, which differ noticeably in terms of selected 
sets of PU-zone pairs but not in terms of cost, 
would lead to different dynamics and viabilities 
of fleets and harvested populations. Such analy-
ses would have to account for confidence in data. 
From a more general point of view, a sensitivity 
analysis on optimization and model parameters 
would be necessary.
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3  Perspectives and Future 
Challenges

Challenges raised by this coupling approach per-
tain to (1) finding a relevant design and level of 
detail regarding processes embodied in each 
model, (2) getting a proper parameterization of 
both models, and (3) keeping an overall consis-
tency, instead of technical issues regarding the 
coupling itself.

First of all, the methodology promoted here 
will be extended to a more representative set of 
the Eastern English Channel fisheries. For that 
purpose, the MwZ number of features will be 
extended to include seven target species, in 
order to be coupled with the ISIS-Fish model 
developed by Lehuta et al. (2015) and which 
includes five additional target species: cod 
Gadus morhua, whiting Merlangius merlangus, 
European sea bass Dicentrarchus labrax, squids 
Loligo spp., and scallop Pecten maximus. 
Another possible improvement of the ISIS-Fish 
model can be to add benthic and/or pelagic hab-
itats to provide a dynamic description of habitat 
state impacted by human activities (including 
sediment extraction) like in Gasche et al. (in 
preparation).

Additional features such as bird or seal colo-
nies, highly sensitive habitats, or endangered spe-
cies known locations may also be added to 
increase the spatial constraint on the MwZ solu-
tions and to better represent the local biodiversity 
and not only the exploited species.

The definition of management scenarios that 
are likely to be implemented is also of high 
importance. This raises the need for the identifi-
cation of more realistic management measure 
regarding either the administrative status of zones 
(e.g., is it desirable to ban ground-towed gears 
from large zones designated under the bird direc-
tive only?) or the local characteristics of an MPA 
itself (e.g., in the case of particularly discrete 
natural bivalve beds where dredging cannot be 
banned without deep economic impacts). In that 
context, a consultation of managers is underway 
to move toward more realistic constraints on 
MwZ inputs.

Contributions of different zone types to the 
preservation of various features will also have to 
be characterized in a more explicit way, based on 
observed and quantified gear impacts, proposed 
effort reduction (by gear within the zone), and 
overall effort partition among gears.

This approach could also be improved by 
moving fishing activities from costs to features 
that also have to be protected (e.g., with a 90 % 
target on value landed by each type of activity 
that is no more than 10 % loss). This would 
ensure a better equitability of the conservation 
effort among métiers by applying a high penalty 
to scenarios inducing a larger loss than the one 
set by target for at least one type of activity.

These combined improvements should 
enhance our capacity to provide valuable diag-
nostics and advice regarding the effectiveness 
of MPA networks for the management of mixed 
fisheries.
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Abstract

In the Eastern Channel, a diversity of fleets targets a large variety of 
 species with various gears. The complexity of the fishery makes it difficult 
to develop and predict the effects of the new management measures pro-
moted by the new Common Fisheries Policy, in particular harvest control
rules and landing obligation. The evaluation of the impact of these new 
measures on fishing activities and resources requires a model which can 
capture the main features of the fishery. Here, we conduct an analysis of 
the Eastern Channel demersal fishery to collect information and identify 
the important aspects that need to be included in the model. The analysis 
shows the importance of six main species restricted to the Eastern Channel 
in the French demersal fleet’s revenues: scallops, sole, plaice, red mullet, 
squid, and cuttlefish. Landings are very mixed which does not allow the 
identification of a main target species at the fishing trip level. We also 
noticed a strong spatial structuration of effort in space, mainly due to the 
characteristics of the boats and the distribution of fish. Effort is also struc-
tured in time because of the seasonality of species and of management 
constraints. The spatially and seasonally explicit model ISIS-Fish is con-
sequently chosen to integrate this information and to allow simulating the 
evolution of the fishery under a new management regime. The spatial reso-
lution and the definition of the fleets are selected in accordance with the 
results of the descriptive analysis. Métiers are described and catchability 
parameters are assessed. Spatially explicit population dynamics models 
are developed for each of the six species. Finally, a fishing behavior model 
is proposed to allow predictive simulations to account for changes in 
 species distribution, management, and economic conditions.
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1  Introduction

The Common Fisheries Policy has been
reformed in January 2014, resulting in new
management measures. These new measures 
aim at overcoming the shortcomings of the pre-
vious management regime especially regarding 
the issues related to MSY (maximum sustain-
able yield), mixed fisheries, spatial dynamics, 
discarding behavior, and data-limited species. 
Creative tools are central to the management 
strategy evaluation (MSE) process. These 
include new spatially explicit harvest control 
rules and bio-economic models, which can 
account for fish population dynamics and fish-
ing reaction to a variety of management scenar-
ios. In this study, innovative harvest control 
rules (HCR) have been proposed to adapt catch 
quotas (TAC) to the value taken by a range of 
indicators traditionally used in EU fisheries 
management plans but also alternative status/
pressure indicators that do not require analytical 
stock assessments (Butterworth et al. 2010; 
Apostolaki and Hillary 2009).

In the Eastern English Channel (EEC) (ICES 
Division VIId), a diversity of fleets targets a large 
variety of species with various gears. The spatial 
and temporal dynamics of these fleets depend 
both on fish population dynamics and constraints 
applied on fishermen (management, economics, 
etc.). The development of new HCRs is compli-
cated by the mixed nature of the fisheries with 
risks of increasing discards and effort transfers 
from one species to another. To allow the evalua-
tion of new HCRs on fish communities and fleets 
accounting for these risks, we developed a spa-
tially explicit model, using the ISIS-Fish soft-
ware. The framework embodies a spatialized 
operational model which simulates the dynamics 
of the mixed fisheries in the Eastern Channel 
including the spatial dynamics of the main spe-
cies targeted (sole, plaice, scallops, red mullet, 
etc.) and the dynamics of the fleets driven by a 
fishing behavior model. We present the spatio-
temporal analyses of the fishery dynamics that 
resulted in the modeling choices and parameter-
ization of ISIS-Fish.

2  Analysis of the Fishery

In order to assess the impact of new management 
measures on the EEC fisheries, the spatio-temporal 
structure and dynamics of both fleets and fish 
populations have to be understood and described.

2.1  Structure of the Fleets 
and the Fishing Activity

We based our analysis of fishing activity on the 
segmentation created by the French Fishery 
Information System (SIH), which groups French 
vessels based on the main, or two main, gears 
used during the year (hereafter denominated IFR- 
fleet). The two most valuable species landed by 
French fleets in the EEC are common sole (Solea 
solea) and scallops (Pecten maximus). The major-
ity of sole landings comes from netters and, to a 
more limited extent, from bottom or mixed trawl-
ers. Scallops are mainly landed by dredgers. We 
focused on these four IFR-fleets, consisting of a 
total of 448 boats in average over 2008–2010,
and pooled the others into an inexplicit fleet 
“OTHER.” The rest of the value landed by these 
four fleets is mainly made on cephalopods, sea 
bass, whiting, red mullet, cod, and plaice (Fig. 1).

The cartography of fishing effort by fleet 
segment revealed that effort allocation depends 
largely on home region (north of France and 
Normandy) and vessel length class (<10 m, 
10–12 m, 12–18 m, 18–24 m, 24–40 m, and
>40 m). IFR-fleets were consequently further 
segmented according to length class and har-
bor (Fig. 2).

Some fleet segments contain less than three 
vessels which prevent access to economic data at 
the fleet scale. Possible grouping of fleet seg-
ments of approximate same size and displaying 
the same activity were investigated through a 
hierarchical ascendant classification on fishing 
time per métier (gear x statistical rectangle) 
within each fleet (IFR-fleets and harbor). The 
small segments that could not be grouped with 
others were not explicitly described and pooled 
with the “OTHER” fleet bringing the number of 
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fleets considered to 17, hereafter referred to as 
“strategies” (Table 1).

2.2  Definition of Métiers 
and Strategies

The strategy of a fleet, that is, its activity along 
the year, is described by the set of métiers it prac-
ticed. Métiers are defined as the combination of a 
fishing gear, a fishing area, and when applicable a 
set of target species. The analysis of catch com-
positions did not allow the identification of target 
species a posteriori. It was therefore assumed that 
the choice of gear and area of practice reflects the 
choice of target species. However, depending on 

species distribution and availability, the relative 
amount of species targeted is not necessarily 
reflected in the catch composition. Within VIId, 
effort per gear per fleet is computed to identify 
the main gears used, and the others are pooled 
together in a métier OTH-VIId. For the purpose 
of the study, all the effort spent outside area VIId 
is considered a unique métier (OTH-OTH).

2.3  Identification of Fish 
Populations of Interest

Sole is the main species in value landed by French 
fleets in the Channel. It is managed by a TAC and 
a minimum landing size (MLS) of 24 cm. Plaice

Fig. 1 Diagram flow of species importance in the reve-
nues of the French fleets operating in the Channel. Arrow 
width is proportional to the proportion of the species in 

the revenues of the fleet. bss sea bass, ple plaice, sce scal-
lops, sol sole, sqz squid, whg whiting, mur red mullet, ctc 
cuttlefish, oth other species, norm Normandy

Fig. 2 Annual map of effort distribution for three differ-
ent fleets when they operate métiers using bottom trawls 
(OTB). The figure shows how effort allocation in space 

depends on home harbor (left and middle, Normandy; 
right, north) and vessel length (left: <12 m; middle and 
right: 18–40 m) in relation with their range of operation

A Spatial Model of the Mixed Demersal Fisheries in the Eastern Channel
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is one of the main bycatches of sole, and its 
catches also are regulated by a TAC and an MLS 
of 27 cm. Scallops represent a highly valuable
species for dredgers who fish it from November 
to April in five specific areas and then switch to 
bottom trawls. The fishery is extremely con-
trolled through individual weekly maximum 
landings, MLS (110 mm), and a fishing closure 
during the spawning season. Red mullet is a rela-
tively short-lived species, which is currently not 
subject to management. Red mullet has, however, 
become an important species for trawlers due to 
its high value, and new management measures 
are likely to be enforced in the next years. 
Cephalopods represent a large part of trawlers 
revenues. Squids and cuttlefish are fished sequen-
tially; the main fishing season is October/
November in the whole area and then June in 
coastal areas. Because cephalopods and red mul-
let are not subject to management, French trawl-
ers have increasingly targeted these species when 
increased TAC constraints have severely capped 
the catches of cod and whiting. Among the other 
important species landed by French fleet, cod, 
whiting, and sea bass are widely distributed, and 
most of their life cycle and fisheries take place 
outside VIId. They were hence pooled together 
with the species of lesser economic importance, 

into species group “OTHER,” which was not 
explicitly taken into account in the analysis.

3  Parameterization of the ISIS- 
Fish Model for the Eastern 
English Channel

ISIS-Fish is a modeling tool suitable for investi-
gating the consequences of alternative policies 
on the dynamics of resources and fisheries 
(Pelletier et al 2009). This spatially explicit 
model is based on three sub-models: (1) a fishing 
activity dynamics model, (2) a population
dynamics model, and (3) a management dynam-
ics model. The three sub-models interact only if 
they overlap in space and time. In ISIS-Fish, fish-
ing mortality is calculated from the distribution 
of fishing time over fish population areas, time, 
métiers, and fleets. The objective of the parame-
terization is thus to describe as accurately as pos-
sible the structuration of effort in space and time 
and over métiers and to predict its evolution 
under various environmental and management 
scenarios. Simulation times for the model 
increase with the complexity of the activity, thus 
making trade-offs necessary between accuracy 
and level of description.

Table 1 Strategies described in the model, with indication of the main gear, home harbor, vessel length class, average 
number of boats participating over the period 2008–2010, estimated technical efficiency, and availability of VMS data

IFR-fleet Harbor Vessel size
Average number  
of boats (2008–2010) Technical efficiency VMS

Bottom trawlers Normandy <12 m 16 0.081 No
Bottom trawlers Normandy 18–40 m 17 0.013 Yes
Bottom trawlers North 18–40 m 15 0.024 Yes
Mixed trawlers Normandy 18–40 m 7 0.02 Yes
Mixed trawlers North 18–24 m 11 0.021 Yes
Mixed trawlers North 24–40 m 8 0.024 Yes
Dredgers–trawlers Normandy <10 m 9 0.054 No
Dredgers–trawlers Normandy 10–12 m 50 0.056 No
Dredgers–trawlers Normandy 12–18 m 103 0.041 Yes
Dredgers–trawlers Normandy 18–24 m 5 0.04 Yes
Dredgers–trawlers North 10–12 14 0.109 Yes
Dredgers–trawlers North 12–18 m 9 0.034 Yes
Netters Normandy <10 m 22 0.009 No
Netters Normandy 10–12 m 12 0.012 No
Netters North <10 m 7 0.009 No
Netters North 10–12 m 51 0.04 No
Netters North 12–18 m 12 0.027 Yes

S. Lehuta et al.
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3.1  Spatial Resolution and Zones

To allow the description of spatial dynamics for a 
variety of species, population zones in ISIS-Fish 
are based on the habitat structure identified by 
Girardin (unpublished data) which consisted of 
35 polygons. The polygons have been adjusted to 
match the regular spatial grid used in ISIS-Fish, 
the resolution of which is 0.25×0.25 degrees
cells, resulting in 30 ISIS-polygons (Fig. 3).

Inside ICES Division VIId, two strategies were 
adopted to define “métier” and zones. For fleets 
monitored by VMS (vessels larger than 12 m), one
“métier” per gear and ISIS-polygon is created to 
match closely species distribution. For the fleets 
of smaller vessels, logbooks helped identifying 
the main ICES-rectangles of practice for each 
“métier,” and one “métier” per main rectangle is 
created (e.g., OTB-27E9, Fig. 2). ICES-rectangles 
with low effort for a given gear are pooled together 
in a unique métier (e.g., OTB-VIId).

3.2  Standardization of Effort

ISIS-Fish decomposes catchability into multipli-
cative effects related to fish accessibility and 

selectivity, gear efficiency, ability to specifically 
target a species, and technical efficiency. 
Technical efficiency is linked to vessel character-
istics, mainly vessel length; it is therefore 
assumed unique within a strategy. We further 
assume that spatial differences in catch composi-
tion observed between métiers practiced with the 
same gear result from the heterogeneity in spe-
cies distribution rather than from differences in 
fishing practices between areas. Selectivity 
curves are extracted from literature (Madsen 
et al. 1999) or derived from observer data, for 
each gear. Accessibility is assumed age depen-
dent and calibrated on annual catch at age. 
Generalized linear models are used to assess 
these effects using logbook data transformed 
from catch in weight into catch in numbers. The 
model estimates a species-dependent effect of 
gear and an effect of the strategy as a proxy for 
technical efficiency. We use catch in numbers 
because ISIS-Fish applies the Baranov equation 
to abundance rather than biomass. Given the high 
frequency of occurrence of zeros in the dataset, 
individual trips were aggregated at the monthly 
scale, and a negative binomial distribution is used 
(log link). Results are presented in Tables 1 
and 2:

Cmonth year sp, gear, strategy gear species strategy offs, ~ :( ) + + eet Effort( )

Fig. 3 Main habitats in the Eastern Channel as identified by Girardin (unpublished data) and corresponding ISIS- 
polygons (black boxes)
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3.3  Fishing and Fleet Behavior

The strategy of a fleet is the pattern of effort alloca-
tion over métiers along the year. Initially, the 
model is set by computing the average effort per 
fleet, gear, and month based on logbooks for the 
period 2008–2010 and then further allocated spa-
tially (either by ISIS-polygons or ICES- rectangles). 
The strategy is supposed to change in response to 
species availability, economic, and management 
constraints. Therefore, a gravity model is used to 
predict the changes in effort allocation over métiers 
within a strategy. Following Marchal et al. (2011), 
the proportion P of effort allocated to a métier is a 
linear combination of proxies for opportunism and 
traditional behavior and computed as follows:
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with Ls m t, , −1, landings of species s by métier m in 
kg the previous month; Ps,t, price of species s at 
time t; Effortm t, −12, fishing effort allocated to 
métier m the previous year; Cm t, −1 , fuel costs for 
métier m; distm, distance from harbor to the fish-

ing ground of métier m; A, a function of boat 
horsepower; and Pft fuel price.

Unlike the model proposed by Marchal et al. 
(2011), the expected economic return when 
choosing métier m is expressed as the expected 
gross revenue divided by yield in the previous 
month minus a proxy for fuel price associated 
with the métier. The model thus assumes that 
fishermen try to limit landed quantities if they do 
not provide a significant rise in revenues. It is 
supposed to reflect their behavior in the case of 
the implementation of landing obligation. Fuel 
costs associated to traveling to fishing grounds 
are also taken into account to represent the incen-
tive of fishing close to port in a context of increas-
ing fuel price. Finally, it was chosen to use the 
previous month as a proxy for expected future 
conditions, instead of the previous year in 
Marchal et al. (2011) to represent the knowledge 
fishermen have of fish availability and current 
economic conditions.

3.4  Modeling Population 
Dynamics

The dynamics of sole, plaice, red mullet, scallops 
(4 populations), squid, and cuttlefish are described 
using age-structured models to match information 
available in surveys (scallops, red mullet, cepha-
lopods) (Carpentier et al. 2009) and that derived 
from ICES stock assessments (sole, plaice) (ICES 
2012). At each time step, fish can grow according 
to any chosen growth equation, recruit, migrate, 
and die from other causes than fishing or be 
caught (Table 3). The distribution of species in 

Table 2 Estimates of the parameters of effort standardization (gear to species)

Cuttlefish Red mullet Plaice Scallops Sole Squid

Dredge 29.7 4.3 55.5 15230.6 60.2 32.5
Gillnet 61.5 403.3 110.0 0.0 716.8 2.0
Trammel net 254.9 24.3 670.4 1.2 2898.8 0.0
Bottom trawl 590.8 346.2 279.8 340.4 133.4 1365.9
Beam trawl 190.8 8.0 613.3 1130.4 991.0 0.0

S. Lehuta et al.
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ISIS-polygons is derived from scientific surveys 
(UK Bottom Trawl Survey for sole, Cefas; France 
Channel Ground Fish Survey for plaice and red 
mullet, IFREMER; France COMOR (Coquille 
Manche Orientale) survey for scallops, 
IFREMER). It is assumed that fish distribution is 
homogeneous within ISIS-polygons and that local 
depletion occurs between migration episodes.

A price equation is estimated for each popula-
tion based on sales slip, assuming a month effect 
and a negative relationship with landings at the 
monthly scale. The shape of the relationship (lin-
ear or log–log) is chosen according to the value
of the coefficient of determination of the model.

4  Conclusions 
and Perspectives

The modeling exercise allows the integration of 
information from different sources (logbooks, 
VMS, and survey data, literature) on fish popula-
tions and fleets in the Eastern English Channel at 
a fine spatial and temporal scale. The model as 
set describes spatial and temporal heterogeneities 
in population and effort distribution and allows 
the prediction of their likely evolution under the 
influence of fishing, economic, and management 
pressures. Management scenarios, alternative to 
current management, will be investigated, includ-
ing management plans building in harvest control 
rules, and discard limitations. Management 
objectives focus on sole with its common bycatch 
species plaice and on red mullet as an example of 
a data-limited species. Particular attention will be
paid to the impacts of single-species manage-
ment measures on the dynamics of all species.
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    Abstract  

  Estuaries and coastal zones refl ect confl icting processes due to their 
positions at the interface between terrestrial and marine environments. 
The estuary of the Seine is an example of such a continuum and is affected 
by numerous human activities. Although degradation started in the middle 
of nineteenth century, the Seine estuary remains an important area for 
biodiversity as well for the food web involving fi sh and birds. The estuary 
area has been affected by intense historic anthropogenic pressures and, 
more recently, by new human activities, including harbour extension, 
aggregate extraction and the development of offshore wind farms. 
Nowadays, harbour projects continue to highlight the existing ecological 
compartments and are still studied independently. French and European 
regulations, including reforms of the harbour status, should ensure a better 
integration of natural heritage protection into the integrated coastal zone 
management process. However, there is a paradox between the declaration 
of the French state, which encourages a global management plan for the 
Seine Estuary, and sectoral territorial approaches adopted by the manag-
ers. This paper presents an analysis of the current contrasted situation in 
the administration of territories, which favours sectoral management 
rather than a unique ecosystem-based management process.  

        J.-C.   Dauvin      (*) 
  Normandie Université, UNICAEN, Laboratoire 
Morphodynamique Continentale et Côtière , 
 UMR CNRS 6143 M2C ,   24 rue des Tilleuls , 
 F-14000   Caen ,  France   
 e-mail: jean-claude.dauvin@unicaen.fr  

      The Estuary-Bay of Seine 
Continuum: The Need 
for an Ecosystem-Based 
Management 

           Jean-Claude     Dauvin    

1          Introduction 

 The Seine estuary represents a territory associated 
with dense activities, but which remains an area 
of exceptional natural heritage, corresponding to 
a space of numerous confl icts crystallising 
many different interests: industrial and harbour 
activities, fi shing, aggregate extraction, tourism 
and agriculture. Multiple actors are concerned: 
the French state, the regions of Lower and Upper 
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Normandy, the departments of Calvados, Eure 
and Seine-Maritime, the ‘Conservatoire des 
Espaces Littoraux et des Rivages Lacustres’, 
‘Grand Port Maritime du Havre’ and ‘Grand Port 
Maritime de Rouen’, municipalities and associa-
tions of local authorities or urban areas such as 
Le Havre and Rouen (to develop their touristic 
and urban capacity), as well as associations of 
ecologists, farmers, manufacturers, hunters, fi sh-
ermen, etc. The various users are in a situation of 
competition, each trying to promote/defend par-
ticular regulations and appropriate the estuarine 
territory (Lozachmeur and Dauvin  2008 ). First of 
all, the actors do not share a common perception 
of the estuarine territory, and the accumulation of 
regional, national and European laws, as well as 
directives and territory management approaches, 
does not favour the promotion of an overall vision 
of the estuary. As a result, estuarine organisation 
is currently understood in terms of sector-based 
management. The present study aims to analyse 
the contrast between this accumulation of sectoral 
management approaches and a unique ecosystem- 
based management process.  

2     Main Characteristics 
of the Seine Estuary 

2.1     General Features 

 The Seine estuary was formed at the end of the 
Tertiary, on a rocky substratum of Mesozoic age; 
it extends from the Poses weir, 160 km upstream 
of Le Havre, at the upstream limit of tidal pene-
tration into the estuary, to the eastern part of the 
Bay of Seine (Fig.  1 ). The estuary can be divided 
into three main sections: the fl uvial (or upstream) 
estuary, the middle estuary and the marine (or 
downstream) estuary. The freshwater discharge 
of the river is relatively small (400 m 3 .s −1 ), with 
fl ood stage > 2,200 m 3 .s −1  (autumn/winter) and 
low fl ow stage < 100 m 3 .s −1  (at the end of the 
summer). The Seine estuary is situated on the 
coast of the eastern basin of the English Channel, 
and its hydrodynamics is strongly infl uenced by 
the tide. The tidal range can reach 7 m during 
spring tides in the downstream part of the estuary, 
where a maximum turbidity zone acts as a 

  Fig. 1    Location of the Seine estuary and main sites mentioned in the text.  TBS  transverse border of the sea,  LSI  limit 
of saltwater intrusion.  T1 ,  T2  and  T2  waterbodies defi ned for the implementation of the Water Framework Directive       
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physicochemical regulator for numerous natural 
chemical species as well as pollutants, notably 
metals. But, due to the tide, there is no anoxic zone 
in the downstream estuary (Guézennec et al.  1999 ).  

 The Seine valley is of major economic impor-
tance for France, notably due to the presence of 
two maritime harbours, Rouen and Le Havre. 
The Seine estuary lies at the discharge point of a 
catchment’s area covering 78,000 km 2 . This area 
is inhabited by 16 million people (>25 % of the 
French population, with Paris the French capital 
and two major cities, Rouen and Le Havre) and 
accounts for 50 % of the river traffi c in France, 
40 % of the country’s economic activity and 
30 % of the agricultural activities. 

 Anthropogenic infl uences in the Seine estuary 
began during the early mid nineteenth century 
and continue up to the present day (Guézennec 
et al.  1999 ; Dauvin  2006 ,  2009 ; Fisson  2014 ). 
The estuary’s ecosystems became more fragile as 
a result of cumulative human activities, mainly 
due to harbour and industrial development 
(dredging and disposal of sediment dredged from 
the harbours, embankment works and construc-
tion of dykes and creation of industrial develop-
ment areas). These activities have led to the 
extreme compartmentalisation of the units, a 
reduction of the intertidal zone (loss of more than 
100 km 2  between 1850 and the present day), the 
downstream migration of the maximal turbidity 
zone and the increase of muddy deposits in the 
subtidal areas of the Bay of Seine (Guézennec 
et al.  1999 ). At the same time, the physicochemi-
cal conditions of the estuarine environment have 
continually deteriorated over more than a century. 
By the 1980s, the estuary had become highly 
contaminated: levels of metal pollutants (e.g. 
Cd, Hg), hydrocarbons (PAHs) and polychlori-
nated biphenyls (PCBs) were among the highest 
recorded worldwide. Moreover, insuffi cient or 
inadequate water treatment facilities created an 
oxygen defi cit downstream of Paris and Rouen 
(Abarnou et al.  2000 ; Fisson  2014 ). In the marine 
estuary, abnormal biological functioning led to 
the collapse of the fi sheries sector, particularly in 
the case of the brown shrimp Crangon (declining 

from 1,000 t in 1970s to < 100 t since the begin-
ning of the 1990s), while, in the fl uvial estuary, 
professional fi shing ceased entirely in the 1970s 
due to the almost total disappearance of migratory 
fi sh species (Dauvin  2002 ). Nevertheless, we can 
nowadays observe a signifi cant decrease in metal 
contamination, an improvement in oxygenation 
and a reduction of the phosphorus and ammonia 
fl uxes (Fisson  2014 ). Despite this, some chemical 
contaminants persist such as PAHs, PCBs and 
pesticides, while new questions are arising on 
emerging contaminants such as phthalates and 
medicinal residues (Fisson  2014 ).  

2.2     Multiple Perceptions 
of the Seine Estuary 

 Because estuaries have no true specifi c legal 
 status, there are multiple perceptions of the 
 continuum between the estuary and the Bay of 
Seine. Hence, the Seine estuary is characterised 
in many different ways (Desroy et al.  2004 ; 
Dauvin and Ruellet  2009 ): for geographers and 
physicists, the estuary extends from Poses to the 
sea, while biologists distinguish several zones 
according to the salinity (ranging from the fresh-
water zone to oligo-, meso-, poly- and fi nally 
euhaline zones   ); three transitional water bodies 
are defi ned by the Seine-Normandy Water 
Agency for the implementation of the Water 
Framework Directive; the Territorial Directive 
Plan for the French government takes into 
account a wide area including a large part of 
Lower Normandy and the Seine valley. This area 
covers a very extensive territory including the 
Paris region and a large part of historical 
Normandy from Dieppe in the east to Cherbourg 
in the west. In the communes bordering the Seine 
estuary, the association of elected offi cials only 
considers the lower part of the estuary. On the 
other hand, the Upper Normandy Regional 
Council (Rouen), like the geographers and the 
French government, considers that the estuary 
extends up to Poses. Estuary managers are inter-
ested in the part of the estuary that borders their 
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locality, while, fi nally, legislators defi ne the estu-
ary as the waters between the transverse border 
of the sea (TBS) [separation of the maritime pub-
lic domain (MPD) and the  fl uvial public domain 
(FPD)] and the limit of saltwater intrusion (LSI) 
[boundary between the maritime and freshwater 
fi sheries] (Desroy et al.  2004 ).  

2.3     Accumulation of Protective 
Measures 

 Nonetheless, despite the diverse negative envi-
ronmental impacts, the Seine estuary is still a 
highly favourable habitat for the juveniles of 
numerous fi sh species, and the ornithological 
richness is one of the main positive characteris-
tics of its natural heritage (Dauvin  2002 ). The 
richness of this natural heritage can be judged 
from the overabundance of regulatory measures 
and inventories that have been developed over the 
years. But this ‘overprotection’ is more apparent 
than real. In fact, out of a total of nine statuses 
accorded for protection and knowledge of the 
environment, only three appear essential: the 
national natural reserves, the regional nature 
park ‘ Boucles de la Seine Normande ’, and the 
territorial acquisitions of the coastline and lake-
shore conservancy (Conservatoire des Espaces 
Littoraux et des Rivages Lacustres, CELRL). 
These statuses correspond to more or less 
extended zones with their own management and 
governance (Alard  2002 ). Due to this organisa-
tion, there are six main scientifi c committees 
with different limits of competence: the scientifi c 
committee of the ‘Groupement d’Intérêt Public 
Seine Aval’ (GIP-SA), the scientifi c committee of 
the National Natural Reserve of the Seine 
Estuary, the scientifi c committee of the regional 
natural park, the scientifi c committee of the natu-
ral heritage of the Lower Normandy region and 
Upper Normandy region and the scientifi c com-
mittee of the Seine estuary (Lozachmeur and 
Dauvin  2008 ). No institutional links exist 
between these committees.   

3     The Port 2000 Project 
and the Emergence 
of a Global Plan of the Seine 
Estuary Management 

3.1     Port 2000 

 On 5 December 1998, the French Government 
decided to take into consideration the Le Havre 
harbour expansion project called ‘Port 2000’. 
The decree stated that, since the development of 
Le Havre harbour would create jobs, the project 
was important for the French economy as a whole 
and for the economy of the lower Seine valley in 
particular. Nonetheless, the French state recog-
nised the importance of the balance between the 
economic development objectives connected 
with Port 2000 and the environmental objectives 
connected with the protection of the natural heri-
tage (Hamm et al.  2001 ). The Port 2000 exten-
sion (2000–2005) and its compensatory actions 
not only contributed to morpho-sedimentary 
modifi cations of the estuary but also changed the 
perception of the actors as regards the vulnerabil-
ity of the Seine estuary and the need to promote a 
global plan for its management (Hamm et al. 
 2001 ; Revue Travaux  2006 ). 

 The construction of Port 2000 was marked by 
the importance of the public debate (the fi rst of 
its type in France), which can be considered as 
giving an opportunity to introduce a global envi-
ronmental discussion on the whole estuary from the 
Poses weir to the sea. This project also led to the 
setting up of the council of the Estuary, whose aim 
was to develop a basis for an improved vision of the 
sustainable development of this estuarine territory 
(Lozachmeur and Dauvin  2008 ). The monitoring 
committee provided a venue for this debate. 

 The Seine estuary nature reserve was initially 
created on 31 December 1997 covering a terri-
tory of 3,800 ha. However, at the request of the 
European Commission, this was extended by the 
Decree No 2004-1187 of 9 November 2004 to an 
overall surface area of 8,528 ha. 
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 The main milestones of the Port 2000 project 
were, September 1995, start of the project; end of 
1997, public hearing; winter 1999, creation of an 
expert committee; July 2001, start of works on 
Port 2000; February 2002, start of rehabilitation 
works; July 2005, end of the dyke works; and 
April 2006, fi rst container ship arrives in Port 2000.  

3.2     The Years 2000: An Optimistic 
Decade for an Ecosystem- 
Based Management 

 At the beginning of the 2000s, there was an effective 
governance of the Seine estuary (Lozachmeur and 
Dauvin  2008 ). The Estuary Council (about 10 
members), chaired by the prefect of the Upper 
Normandy region, has the decisional power to 
implement a global management plan for the 
estuary. The monitoring committee (over 100 
members, including associations of ecologists) 
provides an arena for debate. The Estuary Council 
has a scientifi c and technical committee to provide 
scientifi c and technical expertise. The operational 
part of the Seine-Aval programme was reinforced 
in 2003 by the creation of the GIP-SA, which 
coordinates the Seine-Aval programme, transfers 
the scientifi c results to decision makers and poli-
cymakers, develops research applications, helps 
in the use of models and communicates the scien-
tifi c results and their applications to a wide public 
(Dauvin  2009 ). The GIP-SA began in 1995 and 
was fi rst renewed in 2007 and then again in 2012 
until 2020. (  http://seine-aval.crihan.fr    ). 

 In 2004, the Estuary Council asked the Seine- 
Normandy Water Agency to coordinate a forecast 
study on the perspectives for restoring the envi-
ronmental functions of the Seine estuary by 2025, 
taking into account all the Seine Estuary actors. 
The analysis concerned the socioeconomic and 
environmental systems of the Seine estuary by 
considering two main points of convergence 
(Dauvin  2006 ):
•    A shared awareness of the geographic dimen-

sion of the estuary, based on the understanding 
that the upstream/downstream and north/south 
relationships impose forms of solidarity that 
should be discussed and acted upon.  

•   A recognition of the interdependence of the 
local stakeholders, given the infl uence of 
external factors that play a role in the long- term 
status of estuarine functions. These factors 
depend not only on the stakeholders in the 
Seine catchments area (notably regarding the 
quality of waters entering the system) but 
also the national, European and international 
context (Dauvin  2006 ).    
 Four scenarios correspond to four key strate-

gic questions: (1) what would be the consequence 
for environmental functions if present trends 
continue, (2) can environmental functions be 
restored to their 1980 level and under what 
conditions, (3) what conditions will lead to a 
catastrophic scenario, and what would be its 
consequences and (4) what are the limits of local 
resolve and local means? The following scenar-
ios were analysed by (Dauvin  2006 ):
•    The dynamic trend scenario, taking into 

account both the socioeconomic and political 
context as well as the behaviour and interac-
tions of the local stakeholders.  

•   The voluntarist restoration scenario, requiring 
the successful completion of a major ecological 
engineering project.  

•   The economic crisis scenario, in which a 
major economic crisis hits the region affecting 
the activities of the Rouen Port Authority, 
clearly demonstrating the negative conse-
quences on environmental and socioeconomic 
functions, and (4   ) the local initiative scenario, 
which involves working together to create a 
global collective project for the estuary and 
bringing together all the resources necessary 
for its successful execution. This is the only 
scenario that has any hope of restoring envi-
ronmental functions.    
 In the second stage of the process, the study 

needed to be continued to determine the mone-
tary cost of scenarios 2 and 4. But this exercise 
remained confi dential and lacked any real fi nan-
cial propositions from the stakeholders to act in 
favour of a global management of the estuary. 

 The GIP-SA and the city of Le Havre 
responded to the 2005 call for projects related to 
integrated coastal zone management launched by 
the French state. The objectives were to develop 
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a knowledge-management and decision-making 
tool that would federate the different data pro-
viders and develop a global management plan, 
focusing on estuarine habitat restoration 
(Lozachmeur and Dauvin  2008 ). An analysis of 
the mode of governance was carried out to 
develop a tool for data centralisation and 
decision- making support. 1  

 The Grenelle forum on the Seine estuary 
(2008–2009), organised by the association of 
elected offi cials from the communes on both 
sides of the downstream part of the estuary, gave 
rise to a wide debate among all the actors of the 
territory. This forum was a local manifestation of 
the national Grenelle approach concerning 
French policy on the environment, which allowed 
us to identify the specifi cities of the territory and 
the issues at stake. The Grenelle forum on the 
Seine estuary organised more than 15 workshops 
to share knowledge and discuss the future of the 
estuary and gave additional food for thought 
on the future challenges and governance of the 
territory. 2  

 So, by the end of the year 2000, there was an 
accumulation of projects and studies that took 
stock of the high level of scientifi c knowledge on 
the Seine estuary and its degradation, as well as 
the multiplication of regulations on a complex 
transitional territory between landscape and 
seascape, involving mainly the natural heritage, 
users, stakeholders, policymakers, etc. All of the 
actors agreed with the need to establish a shared 
global management of the estuary.   

4     The 2010s: A Time 
of Disappointment 

 After a decade of optimistic and integrative 
shared approaches towards an ecosystem-based 
management, the end of the years 2000 and the 
early 2010 saw a period of disillusionment and 
self-interest on the part of managers of natural 
heritage zones. This was probably due to external 
factors such as the international economic crisis 

1   http://www.aurh.fr/ ;  http://seine-aval.crihan.fr 
2   http://www.aurh.fr/animation/le-grenelle-de-l-estuaire/ 

of 2008 and the reduction of harbour activities 
but also the emergence of new French regula-
tions, new sectoral management plans and a new 
vision of the French state for the Seine valley ter-
ritory, as well as the appearance of new actors in 
the eastern part of the Bay of Seine in relation to 
the disposal of dredged sediment, the implemen-
tation of offshore wind farms and new aggregate 
extraction areas. 

 The Law No 2008-660 of 4 July 2008 con-
cerning harbour reform gave increased responsi-
bilities on environmental space management to 
the harbours at Le Havre and Rouen (each of 
which became a ‘grand port maritime’). The arti-
cle L. 101-3.-I. stipulated that, within their terri-
tory limit, harbours should integrate sustainable 
development in the management and conserva-
tion of the marine public domain and the natural 
areas of which they are owners or which are allo-
cated to harbours. 

 Following the Law of 4 July 2008, the scien-
tifi c committee of the Seine estuary was created 
in the place of the scientifi c and technical com-
mittee; its role is to have an overview on all ques-
tions concerning the natural heritage and 
management of the estuary. Both the Le Havre 
and Rouen harbour authorities manage their own 
territories, especially their natural heritage. Both 
harbours (Le Havre and Rouen) are responsible 
for drafting their own natural heritage manage-
ment plan and setting up separate scientifi c and 
technical committees. Every 5 years, both har-
bours submit a strategic project (for 2009–2013, 
and then 2014–2019) with an environmental sec-
tion, presented in two separate documents, called 
the ‘Plan de Gestion des Espaces naturels, PGEN’ 
for the Rouen harbour and ‘Schéma de 
Développement du Port et de la nature, SDPN’ 
for the Le Havre harbour. Figure  2  illustrates the 
complexity of drawing up the SDPN for Le Havre 
Harbour in compliance with all the French and 
European regulations. Nevertheless, the three 
main harbours of the Seine valley (Paris, Rouen 
and Le Havre) have created a single economic 
entity known as HAROPA to ensure a better 
international competition with other major north-
ern European harbours. But, so far, HAROPA has 
not developed an integrated vision of a single 
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management plan for the three harbour territories 
(Le Havre, Rouen, Paris).  

 The publication of Decree No 0095 of 23 
April 2013 makes provision for the creation of an 
inter-ministerial delegation for the development 
of the Seine valley, placed under the authority of 
the Prime Minister. The piloting of the gover-
nance of the Seine valley (a large territory extend-
ing from Cherbourg in the west to Dieppe in the 
east and including the Paris region in the upstream 
part of the Seine catchments) is placed clearly 
under the French state and the three Regions 
(Ile-de- France, Upper and Lower Normandy) 
with an executive committee. The prefect of Upper 
Normandy was designated as the coordinator for 
a duration of 5 years. This committee drew up a 
strategic plan for the management and the eco-
nomic development of the Seine valley, without 
any particular attribution of its environmental 
management. Hence, this recent decree defi nes a 

new perimeter for the Seine valley, as well as a 
further new actor in the context of a plethora of 
participants in the management of the Seine estu-
ary. There is no information given about the links 
with the other existing administrative, scientifi c 
or technical structures such as the scientifi c com-
mittee of the Seine estuary. 

 Recently, new development projects have 
involved the search for an alternative area for the 
disposal of sediment dredged from Rouen 
harbour outside the Seine estuary in the eastern 
part of the Bay of Seine (Marmin et al.  2014 ), the 
implementation of offshore wind farms off 
Courseulles-sur-Mer in the central part of the Bay 
of Seine and a new prospecting area for aggregate 
extraction to the north of the Le Havre harbour 
navigation channel. Each of these activities has 
produced independent impact studies, and sepa-
rate scientifi c and technical committees and 
working groups have been created. Supplementary 
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working groups on natural heritage have also been 
created to support the management plan of the 
Natura 2000 sites, especially along the Augeron 
shore in the eastern part of the Bay of Seine. 

 Moreover, over the last 5 years, each maritime 
state of the European Union has been required to 
implement the Marine Strategy Framework 
Directive with a view to achieving a good quality 
status for the marine environment. This new 
European directive had also generated many 
working groups and scientifi c committees. At the 
same time, the action plan for the Atlantic Ocean 
aims to revitalise the marine and maritime econo-
mies in the Atlantic region. The aim is to show 
how the Atlantic member states of the EU, their 
regions and the European Commission can all 
contribute to creating sustainable development in 
the coastal regions and promote the ‘blue econ-
omy’, while protecting the environment and the 
ecological equilibrium between economy and 
protection of the natural heritage of the Atlantic 
Ocean. 

 Hope for the future! Article 67 of the French 
Law on biodiversity presented in the Council of 
Ministers on 26 March 2014 authorises the 
government to take provisional measures that 
will allow the carrying out of experimentation on 
the management of protected natural areas where 
there is an accumulation of protective measures, 
as in the case of the Seine estuary. There is a lack 
of clarity as well as a failure in the pooling 
resources and synergy in the management of 
these protected territories, while diverse pro-
tected natural spaces may overlap with each other 
on the same territory. An experiment is planned 
that aims to simplify the management of these 
protected natural spaces, in cases where they 
overlap on the same territory. Running for a dura-
tion of 4 years, the experimentation would allow 
the testing of three levels of simplifi cation in the 
management of these overlapping protected 
natural spaces: (1) drafting of a unique summary 
document giving the main guidelines, (2) federation 
of the different advisory bodies for the spaces 
concerned to form a single scientifi c and techni-
cal consultative authority, and (3) designation of a 
single administrator for all the spaces concerned. 
There is no doubt that this new legislative 

arrangement should be understood by the actors 
of the Seine estuary as representing a benchmark 
example at French national level. 

 Some concluding remarks: the Port 2000 
project gave an occasion for all the users and 
actors of the estuary-bay of Seine continuum to 
focus on the need to have a shared vision for the 
future, aimed at developing an integrated tool for 
the global management of this precious estuarine 
territory: there is a need for dialogue, communi-
cation, mutual training between partners and pro-
motion of a new type of governance. From 2010 
onwards, a new era began with the persistence of 
sector-based management approaches and a 
dramatic increase in the number of workgroups 
and scientifi c and technical committees which 
take local sectors into account in the management 
of a multitude of protective measures. It is clear 
that there is an improved consideration of the 
natural heritage in the management of the Seine 
estuary territory, but a lack of expertise at a global 
scale taking into account this complex estuary-
bay continuum affected by anthropogenic pres-
sures. At present, it is evident that numerous 
diffi culties remain with the governance of the 
estuary due to the emergence of new laws, 
decrees and directives at European and French 
national levels. We can note the absence of a 
global estuary management plan in spite of 
repeated commitments by the French state (as 
recently expressed in a letter from the Upper 
Normandy prefect to the scientifi c committee of 
the Seine estuary on 5 May 2014). 

 However, for the future, it will be necessary to 
envisage an innovative capacity for the gover-
nance and to have a real leader involved in the 
development of the Seine estuary and bay. We also 
need to establish an ecosystem-based manage-
ment for this complex territory considered on a 
global scale and not sector by sector, while taking 
into account the cumulative degradation of the 
Seine estuary over more than century by multiple 
human activities.     
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1          Introduction 

 Anthropogenic pressures on the marine 
 ecosystem are, to date, mostly limited to coastal 
zones. Landfi ll, urban effl uent, overfi shing, oil 
spills, etc. have most effect on coastal areas. 
Global climate change is expected to affect all of 
the Earth’s ecosystems, but the greatest threats 
are predicted for coastal ecosystems such as coral 
reefs and Arctic seashores (IPCC report  2007 ). 

 Since the deep submergence vehicle (DSV) 
Alvin discovered the fi rst hydrothermal vent on 
the Galapagos Rift in 1977    (Weiss et al.  1977 ), 
hydrothermal vents have been reported in many 
deep-sea areas. The biological community 
around the hydrothermal vent is remarkable, 
because the ecosystem functions independent of 
solar energy and has a unique ecological struc-
ture based on chemosynthetic bacteria. 

 In recent years, anthropogenic impacts have 
extended to deep-sea areas. In the hydrothermal 
area, hydrothermal deposits are formed by sul-
phides and heavy-metal components settled out 
from hydrothermal plumes, which are expected 
to provide viable ore resources for gold, silver, 
copper, lead, zinc and other heavy metals. 

 There is an urgent need for environmental 
impact assessment of deep-sea mining projects 
and for technical improvements to enable the 
necessary monitoring of deep-sea ecosystems 
(Fig.     1 ).   

        M.   Sasano      (*) •    Y.   Nakajima      •    J.   Yamamoto      
  National Maritime Research Institute , 
  Mitaka ,  Tokyo ,  Japan   
 e-mail: sasano@nmri.go.jp; nakajima@nmri.go.jp; 
yamamoto-j@nmri.go.jp   

    Y.   Furushima      
  Japan Agency for Marine-Earth Science and 
Technology ,   Yokosuka ,  Kanagawa ,  Japan   
 e-mail: furus@jamstec.go.jp  

      Use of Bio-fl uorescent 
Characteristics for Ecosystem 
Monitoring on Hydrothermal 
Deposits 

           Masahiko     Sasano     ,     Yasuharu     Nakajima     , 
    Joji     Yamamoto     , and     Yasuo     Furushima    

    Abstract  

  A new technology is necessary for effective monitoring of deep-sea hydro-
thermal ecosystems towards the environmental impact assessment of 
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2     Mining of Hydrothermal 
Deposits 

2.1     Japanese Seafl oor Mining 
Project 

 In contrast to offshore oil fi elds, the resources 
from hydrothermal deposits are solid and heavier 
than seawater. In this case, the major technical 
challenge is not only drilling but also rifting. To 
date, a range of technical challenges has pre-
vented the commercialization of deep-sea min-
ing, but it has recently become regarded as viable, 
along with the development of deep-sea explora-
tion and drilling techniques. 

 Within the Japanese exclusive economic zone 
(EEZ), identifi ed hydrothermal deposits are dis-
tributed between depths of 500–2,000 m, which is 
a relatively shallower zone for hydrothermal 
deposits and therefore advantageous for mining. 
In Japan, research into the understanding of 
hydrothermal vents and hydrothermal deposits is 
mainly conducted by Japan Agency for Marine- 
Earth Science and Technology (JAMSTEC). They 
operate the “Artifi cial Hydrothermal Vents” proj-
ect in the Iheya North fi eld in Okinawa Trough 
(Takai et al.  2013 ). The technical development of 
marine mining is mainly conducted by Japan Oil, 
Gas and Metals National Corporation (JOGMEC). 
They operate test mining of the hydrothermal 

deposits at Izena Hole in Okinawa Trough in 
2012. The Japanese government proposes to begin 
commercialised mining within the next 10 years 
or so (The fi nal report of the fi rst term in develop-
ment program of hydrothermal deposits  2013 ).  

2.2     Ecosystem Investigation, 
Model Building and Impact 
Assessment 

 Prior to the discovery of hydrothermal vents, the 
deep-sea fl oor was thought to have negligible 
bio-productivity. Naturally, there are no phyto-
plankton (the marine primary producer) in such 
dark areas. However, deep-sea hydrothermal 
vents host another type of marine primary pro-
ducer (chemosynthetic bacteria) that utilises sul-
phides and other chemical components. Rich 
ecosystems develop around hydrothermal vents 
including shrimps, crabs, etc. based on chemo-
synthetic bacteria. 

 As a procedure for mining these areas, it is fi rst 
necessary to conduct detailed ecological investiga-
tion from a position of natural science; second, to 
build ecosystem models to estimate the impact of 
a proposed mining project from a position of envi-
ronmental conservation; and third, to obtain social 
consensus on the deep-sea mining project based 
on the environmental impact assessment. Figure  2  

  Fig. 1    Conceptual 
diagram of hydrothermal 
vent, deposit and deep-sea 
ecosystem       
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shows a diagram of the ecosystem model in the 
deep-sea hydrothermal fi eld.  

 These procedures follow those adopted for 
terrestrial mining, but there is presently much 
less scientifi c knowledge of deep-sea areas and 
detailed marine investigation is much more diffi -
cult than on land. 

 Meanwhile, the topic of the sustainable use of 
hydrothermal resources has been discussed with 
regard to black ore culturing (JAMSTEC Press 
Release  2012 ) and hydrothermal power generation 
(JAMSTEC Press Release  2013 ), but has rarely 
been discussed in terms of the sustainable use of 
deep-sea ecosystems for uses such as fi sheries.   

3     Bio-fl uorescence of Marine 
Organisms 

3.1     Biological Roles, Fluorescent 
Materials 

 Sunlight does not reach the deep-sea fl oor, and 
many deep-sea organisms use self-generated bio-
luminescence or detect that generated by other 
organisms. In general, deep-sea organisms use 
light to intimidate, dazzle, manoeuvre, etc. 

 The basic compounds required for lumines-
cence are called luciferins; these are catalysed by 

luciferase, resulting in luminescence. Some lucif-
erins show fl uorescent properties in response to 
UV excitation. Additionally, it is known that 
some anaerobic bacteria and cnidarians show 
fl uorescence under UV excitation, but the detailed 
purposes are unclear.  

3.2     Use of Bio-fl uorescence 
Monitoring 

 Besides the identifi cation of fl uorescent sub-
stance, clarifi cation of fl uorescent mechanisms 
and ecological understanding of deep-sea bio- 
fl uorescence, bio-fl uorescence is considered to 
have important applications for monitoring deep- 
sea ecosystem. In ordinal deep-sea investigation, 
video recording of the seafl oor is conducted 
using white light. However, it is not essential to 
use pseudo-sunlight for deep-sea fl oor monitor-
ing: deep-sea organisms, particularly macroben-
thos, tend to have little pigmentation and it is 
therefore diffi cult to identify species according to 
their colours. 

 In this study, fl uorescence is used instead of 
elastic scattering of light illumination for 
 deep- sea fl oor monitoring near hydrothermal 
vents. It is expected to be an effective method for 
monitoring deep-sea ecosystems by identifying 
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and distinguishing between fl uorescent com-
pounds and thereby increasing the contrast 
between target organisms.   

4     Fluorescent Observation 

4.1     Laboratory Test Using 
a UV-LED Light 

 A UV-LED illumination and camera system have 
been developed for taking fl uorescent photo-
graphs of deep-sea organisms. The wavelength of 
the illumination light is 375 nm with a half-width 
of 10 nm, and the photographs were obtained 
using an ordinary compact digital camera. Deep- 
sea organisms kept in an aquarium were used as 
targets. The geometric arrangement of the system 
is shown in Fig.  3 , and the distance between the 
target and camera was a few tens of centimetres. 
Fluorescence photographs are shown in Figs.  4  
and  5  with ordinary photographs for comparison.    

 Figure  4  shows a pair of photographs of a 
hydrothermal vent shrimp ( Alvinocaris longiros-
tris ). The red fl uorescence from the inner parts is 
confi rmable on the UV-illuminated photograph. 
Figure  5  shows a pair of photographs of a 
Yunohana crab ( Gandalfus yunohana) ; the green 
fl uorescence from the bristle of the body surface 
is confi rmable on the UV-illuminated photo-
graph. In both fi gures, the fl uorescence photo-
graphs show better image contrast of the target 

organism, making them easier to identify. 
Additionally, the fl uorescence colour is charac-
teristic of each target, making it easier to differ-
entiate species by colour even at low image 
resolution.  

4.2     Laboratory Test Using 
a Violet Laser  

 A system consisting of a video camera with vio-
let laser illumination has been developed for tak-
ing continuous fl uorescent images of deep-sea 
organisms over greater distances. The wave-
length of the laser beam is 405 nm, the illumina-
tion power is about 0.5 W, the spread angle is 
about 15°, and an ordinary compact digital video 
camera was used for recording. Deep-sea organ-
isms kept in an aquarium were used as targets. 
The geometric arrangement of the system is 
shown in Fig.  6 , and the distance between the tar-
get and video camera was several metres. Figure  7  
shows images from the fl uorescence video cap-
tured for three types of deep-sea organisms.   

 The left panel of Fig.  7  shows a hydrothermal 
vent galatheid crab ( Shinkaia crosnieri ), confi rm-
ing green fl uorescence on its bristle. The centre 
panel of Fig.  7  shows  a Bathynomus giganteus , 
with green fl uorescence on its joints and edges of 
the shell. The right panel of Fig.  7  shows a cat 
shark ( Cephaloscyllium umbratile) , with yellow- 
green fl uorescence on its surface. 

  Fig. 3    Layout of UV-LED 
light, camera and target in 
laboratory test       
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  Fig. 4    Ordinary photograph ( left ) and fl uorescence photograph ( right ) of a hydrothermal vent shrimp ( Alvinocaris 
longirostris )       

  Fig. 5    Ordinary photograph ( left ) and fl uorescence photograph ( right ) of a Yunohana crab ( Gandalfus yunohana )       

  Fig. 6    Layout of violet laser, video camera and target in laboratory test       
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 The results demonstrate that light at a wave-
length of 405 nm provides suitable excitation to 
obtain species-distinct bio-fl uorescence images.  

4.3     Field Test Using 
a UV-LED Light  

 A UV-LED light system has been developed for 
in situ recording of bio-fl uorescence in deep-sea 
hydrothermal fi elds. The wavelength of the LED 
emission is 385 nm with half-width of 10 nm, the 
illumination power is about 15 W, the spread 
angle is about 30°, and the video camera aboard 
the ROV ‘Hyper Dolphin’ (JAMSTEC Web page 
 2013 ) was used for recording. Deep-sea observa-
tions were obtained in Iheya North fi eld, Okinawa 
Trough, at a depth of 990 m. The difference in 
colour by species is less clear than in the aquar-
ium due to light attenuation by seawater between 

targets and video camera. However, it is still pos-
sible to differentiate the fl uorescence colours of 
hydrothermal vent galatheid crabs, hydrothermal 
vent shrimps and deep-sea mussels 
( Bathymodiolus platifrons ) as in the right panel 
of Fig.  8 .    

5     Conclusions 
and Perspectives 

 The proposed mining of hydrothermal deposits 
necessitates environmental impact assessment of 
deep-sea ecosystems, and there is an urgent need 
for technological development to assist such 
detailed investigation. Current methods of moni-
toring hydrothermal ecosystems are operation-
ally intensive. We therefore suggest a new 
monitoring method using the bio-fl uorescent 
characteristics of deep-sea macrobenthos. 

  Fig. 8    ROV ‘Hyper Dolphin’ ( left ), deep-sea UV-LED light ( centre ) and a UV-excited fl uorescent image of hydrother-
mal vent galatheid crabs, hydrothermal vent shrimps and deep-sea mussels at Iheya North fi eld, Okinawa Trough, Japan       

  Fig. 7    Fluorescent video images of hydrothermal vent galatheid crab ( left ), giant isopod ( centre ) and cat shark ( right )       
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 In the laboratory tests, fl uorescent images of 
some deep-sea species were obtained using a 
UV-LED light with the wavelength of 375 nm 
and a violet laser with the wavelength of 405 nm. 
In the fi eld trial, the fl uorescent images of a bio-
logical community on hydrothermal vents were 
obtained using a UV-LED light mounted on the 
ROV, and three species were distinguished on 
the fl uorescent image. These results implied that 
the bio-fl uorescent characteristics could be 
applied to in situ observation for deep-sea 
organisms. 

 In the near future, Raman spectroscopy will be 
applied to deep-sea benthos, hydrothermal 
plumes and ore investigation as a new in situ 
observation method in addition to UV-excited 
fl uorescent image investigation.     
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1          Introduction 

 The DPSIR framework (Fig.  1 ) is the backbone 
of many indicator approaches (FAO  1999 ). It is 
based on categorizing indicators into (D) driving 
forces creating pressures (P) that act on ecosys-
tem states (S) to create impacts (I) which in turn 
lead to management responses (R). The choice of 
suitable indicators requires careful consideration 
of the context in which they are to be used, as 

well as how they can be interpreted together to 
inform management decisions.  

 Here, we present examples of recent method-
ological developments and case studies we have 
carried out in the area of indicator selection and 
validation for fi sheries and wider marine ecosys-
tem–based management.  

2     Developing Food Web 
Indicators 

 There is an increasing interest in analysing the 
state of fi sh communities as sets of functional 
groups (FG). FGs are groups of species that play 
a similar role in the food web and whose dynam-
ics can be considered consistent. FGs have proved 
useful for investigating the infl uence of fi shing 

    Abstract  

  Indicators are essential tools for policy making, public communication 
and the provision of scientifi c advice. In fi sheries science, indicators have 
been increasingly used to advising on fi sh and shellfi sh stock manage-
ment, especially since the precautionary approach to fi sheries manage-
ment was developed. They are now becoming a cornerstone of the wider 
ecosystem approach to the management of all human activities. In this 
section, we provide some recent examples of methods we developed for 
creating and selecting pressure indicators and ecological indicators 
derived from different types of information (scientifi c survey data, 
commercial fi sheries data) for a range of ecosystems, covering pelagic, 
demersal and deep-water systems.  

        V.   Trenkel      (*) •    A.   Brind’Amour    •    P.   Lorance   
   S.   Mahévas    •    M.-J.   Rochet    
 Ifremer ,   rue de l’Ile d’Yeu ,  BP 21105  ,
  F-44311   Nantes Cedex 03 ,  France   
 e-mail: verena.trenkel@ifremer.fr  

    S.   Lehuta   
  Ifremer, unité Ecologie et Modèles pour l’halieutique , 
  rue de l’ile d’Yeu  ,   F-44311   Nantes 03 ,  France    

      Indicators for Ecosystem-Based 
Management: Methods 
and Applications 

           Verena     Trenkel     ,     Anik     Brind’Amour    ,     Sigrid     Lehuta    , 
    Pascal     Lorance    ,     Stéphanie     Mahévas    , 
and     Marie-Joëlle     Rochet   

mailto:verena.trenkel@ifremer.fr


216

pressure (Essington et al.  2006 ; Rochet et al. 
 2010 ,  2013b ), climate change (Ainsworth et al. 
 2011 ; Travers-Trolet et al.  2014 ) and other envi-
ronmental perturbations (Lokrantz et al.  2010 ). 

 Functional groups are often defi ned in an ad 
hoc manner, based on the literature or local diet 
data or data from other areas. A priori groups of 
species are frequently used in ecosystem models, 
e.g. taxonomic groups such as mollusc, 
Clupeidae, etc. Some models also include diet- 
based groups of species (large piscivores, Banaru 
et al.  2013 ). In recent years, there has been 
renewed interest in grouping species using local 
and species-specifi c morphological measure-
ments (Bremner et al.  2003 ; Dumay et al.  2004 ); 
this ecomorphological approach is founded on 
the relationship between morphology and func-
tion (e.g. Reecht et al.  2013 ). 

 Recent studies identifying and mapping eco-
system diversity and anthropogenic pressures in 
Mediterranean Sea have underlined signifi cant 
geographical patterns (Coll et al.  2010 ,  2012 ; 
Granger et al.  2015 ). This suggests that species 
composition of the Mediterranean marine com-
munities varies among geographic areas. 

 In this example, we characterized the tempo-
ral changes of three contrasted Mediterranean 
areas using a posteriori functional groups of spe-
cies defi ned by species-specifi c morphological 
traits. The three areas vary in terms of total sur-
face, degree of enclosure, nutrient inputs and/or 
fi shing efforts (e.g. Caddy et al.  1995 ; Coll 
et al.  2012 ). The Gulf of Lions is a highly pro-
ductive area with a wide shelf in the western 
Mediterranean basin. Its productivity is notably 

due to high run-offs by the Rhône river and local 
hydrographic features. It supports numerous fi sh-
eries and ranges among the most fi shed areas of 
the Mediterranean Sea together with the Aegean 
Sea (Coll et al.  2012 ). The Aegean Sea is a semi- 
enclosed area with a north to south decreasing 
gradient of productivity, highly correlated with 
nutrient enrichment patterns. The Ionian Sea is 
more open and less productive than the other two. 
According to Coll et al. ( 2012 ), trawling and 
dredging disturbances are less important than in 
the two other areas. 

 The biological data (fi sh and invertebrate bio-
mass) were collected during annual bottom trawl 
surveys conducted in May to July from 1994 to 
2012 for the Gulf of Lions, 1995–2012 for the 
Ionian Sea and 1996–2008 for the Aegean Sea. 
Ten morphological traits (8 continuous and 2 cat-
egorical) were measured in the fi eld and on 
photographs. 

 Cluster analysis of morphological traits iden-
tifi ed ten FGs (Fig.  2 ). It fi rst discriminated 
between benthic and pelagic species, and within 
each group, it distinguished species by their diet 
(e.g. strictly invertebrate and mixed piscivores 
and invertebrate feeders). For instance, FG5 
grouped small pelagic species such as sardines 
and anchovies which feed mainly on zooplankton 
and inhabit the water column, while FG2 was 
characterized by fl atfi sh which feed mostly on 
macroinvertebrates and live in or on soft substra-
tum. This classifi cation was partly correlated 
with trophic (5 %) and habitat guilds (19 %) as 
defi ned in the literature. These low percentages 
confi rm that the traits are not solely related to one 
of the two functions and that similar species in 
terms of morphology may be grouped together 
although having some differences in their diet 
(Albouy et al.  2011 ).  

 Temporal changes of functional group bio-
mass in each area were assessed by computing 
the difference in biomass between the beginning 
(3 fi rst years) and the end (fi nal 3 years) of the 
time series. The three Mediterranean areas dis-
played differences in their FG time trends, with 
the Ionian Sea contrasting highly with the two 
other areas. Almost all FGs from the Ionian Sea 
increased over time by up to 378 %. Concurrently, 
nearly all the pelagic FGs of the three areas 

  Fig. 1    DPSIR indicator framework for ecosystem-based 
management       
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(i.e. FG12, FG5, FG1, FG10) showed a signifi -
cant increase in time, with the cephalopods 
increasing by over 120 %. Simultaneously, ben-
thic and particularly demersal FG decreased in 
the Gulf of Lions and Aegean Sea but showed 
opposite trends in the Ionian Sea. 

 It is generally accepted that moderate enrich-
ment leads to an increase in ecosystem produc-
tion (Caddy et al.  1995 ), while over-enrichment 
may reduce benthic and demersal production by 
oxygen depletion and other undesirable effects 
(Seitz et al.  2009 ). The three study areas show 
differences in production (Coll et al.  2010 ) and to 
a lesser extent fi shing efforts (Coll et al.  2012 ) 
which might explain some of the observed 
patterns.  

3     Selecting Pelagic Ecosystem 
Indicators 

 Pelagic ecosystems set distinct requirements for 
indicators, since the constituent species can exhibit 
substantial, environmentally infl uenced, fl uctua-
tions in abundance and wide-ranging mobility. 
Small pelagic fi sh communities consist of few 
species. In contrast to many demersal mixed-
species fi sheries, pelagic fi shing generally targets 
single species, so direct fi shing impacts affect sin-
gle stocks, though indirect effects may cause food 
web perturbations (   Rochet et al.  2013a ,  b ). 

 In this example, we identifi ed high level 
ecological, economic and social objectives for 
European exploited pelagic ecosystems in a 
stakeholder consultation process and proposed 
operational management objectives and suitable 
indicators based on the literature on pressures and 
impacts (Trenkel et al.  in press ) (see Fig.  3  for an 
example). We found that given the strong but spe-
cies-specifi c links of pelagic species with the envi-
ronment and the large geographic scale of their life 
cycles, pelagic indicators are needed at the level of 
stocks, independent of area, while community indi-
cators may be set for certain (sub-)areas.   

4     Evaluating Spatial 
Population Indicators 

 The distribution area of many populations is pos-
itively related to abundance such that, at large 
population size, more habitat space is occupied 
and abundance-occupancy relationships form 
well-known macroecological patterns (e.g. Frisk 
et al.  2011 ). Various theories exit to explain 
abundance- occupancy relationships including 
density-dependent habitat selection (ideal free 
distribution theory), local vital rates (birth and 
death) and range position (Gaston et al.  2000 ). In 
the absence of abundance information, indicators 
of spatial distribution have been proposed as a 
direct measure of population status (EC  2010 ). 
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  Fig. 2    Classifi cation of 75 species into ten functional groups obtained by hierarchical cluster analysis of the average 
values of ten morphological traits       
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 In this example, we evaluated the reliability of 
commercial fi shing data for deriving occupancy 
indicators that could serve as proxies for stock 
abundance using a simulation approach (Trenkel 
et al.  2013 ). For this, four questions were investi-
gated: (1) Occupancy changes with stock biomass, 
but is this change strong enough to make occu-
pancy a sensitive indicator of population biomass? 
(2) Fishing boats follow fi sh, but when does such 
activity alter the positive macroecological rela-
tionship between occupancy and abundance? (3) 
When does the activity of pursuing fi sh adversely 
affect occupancy estimates derived from catch and 
effort data? (4) How does uncertainty in fi shing 
effort data affect occupancy estimates? 

 The spatial simulations mimicked the dynam-
ics of four deep-water fi sh species. The results 
showed that biomass-occupancy relationships 
can be weak and fi shers following fi sh can mod-
ify the spatial distribution of target species, even 
reversing the sign of the biomass-occupancy rela-
tionship in certain cases. They can also affect the 
reliability of occupancy indicators, which can 
also be impaired by error in effort data. Using 
commercial catch and effort data and abundance 
indices for deep-sea fi sh populations to the west 
of the British Isles, it was found that only for 
roundnose grenadier might occupancy provide 
insights into biomass changes. Thus, care should 
be taken when using occupancy for evaluating 
range changes in cases where fi shing might have 
modifi ed spatial distributions, when uncertain 
commercial data are used or when the abundance- 
occupancy relationship is too fl at, i.e. when occu-
pancy changes little with abundance.  

5     Investigating the Link 
Between Fishing Pressure 
and Fishing Impact 
Indicators 

 There is increasing awareness that for developing 
an ecosystem approach to fi sheries management 
it might be required to broaden our perspective 
on fi sheries selectivity from the gear and haul 
level to the fi shery and exploited community 
scale (Garcia et al.  2012 ). Indeed, recent model-
ling results suggest that selectively targeting 
restricted ranges of species or sizes may be more 
harmful to marine communities than a more 
“balanced” exploitation apportioning extraction 
across the food web. This example sought empir-
ical evidence supporting these modelling results 
by means of a comparative study across commu-
nities exploited in different ways. 

 A comparative analysis of fi shing pressure 
versus fi shing impact metrics across a range of 
temperate, exploited shelf communities was 
undertaken to investigate empirically the link 
between fi sheries selectivity and the biodiversity 
in exploited communities (Rochet et al.  2013a ,  b ). 
In this analysis, individuals were “ecological 
units” – distinct communities with defi ned fi sh-
ing patterns. The temporal units were periods of 
time with a consistent fi shing pressure, with a 
time lag between fi shing pressure and impact. 
The question studied was whether there was evi-
dence of a link between metrics of fi shing pres-
sure, including selectivity metrics, and metrics of 
fi shing impacts. Time series of fi shing pressure 

Pelagic ecological objective: Maintain pelagic food supply for higher trophic 
levels
Scientific knowledge: Few top predators and piscivorous fishes have strong pelagic 
prey dependance
Operational objectives: Maintain herring and sprat in the Baltic Sea as prey for cod;   
Maintain total forage fish biomass in North Sea
State & impact indicators: Prey biomass in critical area or a proxy predator condi-
tion/growth/productivity
Reference level: x tonnes of prey biomass
Pressure management: TAC, effort control, escapement rules

  Fig. 3    Example for linking higher-level ecological pelagic management objectives to operational objectives and indica-
tors using scientifi c knowledge       

 

V. Trenkel et al.



219

and impact metrics (FPMs and FIMs) were 
calculated from 13 temperate shelf sea communi-
ties from the Western and Eastern North Atlantic 
and the Mediterranean. Catch statistics were used 
to calculate FPM. Bottom trawl survey data were 
used to estimate FIMs. Time series of FPMs were 
examined to identify ~10-year time periods with 
consistent levels, or at least consistent trends, in 
fi shing pressure. FPMs were averaged over these 
periods; FIMs were averaged across the subse-
quent 10-year period, allowing for a 10-year lag 
between pressure and impact. The relationship 
between pressure and impact metrics was exam-
ined by a canonical correlation analysis with 27 
data points (number of ecological units × number 
of time periods). Although stark contrast was 
found between FPMs across places and/or time 
periods, only a weak link (22 % of total variance) 
was found between fi shing selectivity and the 
community biodiversity 10 years later: commu-
nities from which a more diverse catch was taken 
had higher biodiversity, while communities from 
which more predators were extracted had a higher 
total biomass. Although we examined fi shing 
impacts with a reasonable time lag after fi shing 
pressure metrics, there is still a suspicion that 
these results mostly reveal that fi sheries extract 
from a community what is available – if there are 
more species in a community, then more species 
may have some value and be targeted and caught.  

6     Evaluating Management 
Performance Indicators 

 In this example, we used a simulation approach 
to study the properties of fi sheries indicators in 
view of selecting robust and relevant indicators 
for the evaluation of the performance of manage-
ment measures. A simulation approach allows 
disentangling the effects of several factors and 
identifying the sensitivity to a particular pressure 
(Lehuta et al.  2013b ). Our methodology has two 
steps: step 1, review and select metrics for evalu-
ating the long-term performance of management 
measures using management strategy evaluation, 
and step 2, simulate management strategies 
using selected management performance metrics 

to assess their capacity of reaching objectives 
and their robustness to uncertainties. To carry 
out the second step, we used the ISIS-Fish model 
(Pelletier et al.  2009 ), a list of management strat-
egies to be assessed with explicit management 
objectives and a list of uncertainties and a simu-
lation design to run effi ciently the operating 
model (Mahévas and Iooss  2013 ; Mahévas and 
Lehuta  2013 ), to compute the selected perfor-
mance metrics and fi nally to assess their proper-
ties. Sensitivity analysis was used to derive 
sensitivity indices of model outputs to model 
inputs based on variance decomposition. 

 The approach was applied to the pelagic fi sh-
ery in the Bay of Biscay. The population model 
included a spatially explicit description of 
anchovy dynamics (Lehuta et al.  2010 ) and 
global surplus production models for four other 
stocks also targeted by the fi shery. The fi shing 
behaviour model provided spatial predictions of 
fi shing time allocation (Vermard et al.  2008 ). 
The overall model was validated for the period 
2000–2004 (Lehuta et al.  2013a ). We then simu-
lated seven management measures as defi ned in 
the long-term management plan proposed for the 
anchovy fi shery and considered six management 
performance metrics: (1) P1, the number of years 
when biomass drops below Blim; (2) P2, the 
number of years of fi shery closure (should not 
excess one in 10 years); (3) P3, the number of 
years with catch of anchovy higher than 7,000 t 
which is the threshold of economical profi tabil-
ity expressed by the sector; (4) P4, the linear 
trend in SSB (should show no degradation to 
guaranty reproductive capacity); (5) P5, the 
interannual variability in landings (which should 
be as low as possible as a proxy of fi shery stabil-
ity, to guaranty continuous supply to the indus-
try); and (6) P6, the interannual variability in the 
proportion of recruits in the population (as low 
as possible). 

 Management scenarios signifi cantly infl u-
enced the fi shery’s dynamics as far as landings 
values and stability, prevention of fi shery closure 
and stock collapse were concerned. These 
indicators thus clearly refl ected the effect of 
management and can be used to monitor manage-
ment performance and adapt regulations (Fig.  4 ). 

Indicators for Ecosystem-Based Management: Methods and Applications



220

In contrast, population growth (P4) and structure 
(P6) were mainly infl uenced by endogenous pro-
cesses (mainly variability in natural mortality 
and migration). The variations observed in the 
corresponding metrics thus refl ected the infl u-
ence of these processes rather than the effect of 
management. They are good indicators of the 
conditions experienced by the population, but no 
conclusion on management performance could 
be drawn from their values. High sensitivity 
indices related to uncertainties are indication of 
a lack of robustness of the metric (Lehuta et al. 
 2013b ). They point out the sources of uncer-
tainty that need to be reduced to allow the use of 
the metric as an indicator. More generally, the 
sensitivity of performance metrics to factors 
other than management measures should warn 
managers about the potential misinterpretation 
of “good values” as good management perfor-
mance and stress the need for completing the 
vision with robust metrics of management 
impact.      
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    Abstract  

  In France four offshore windmill projects are planned before 2017. For the 
three Northeast projects, fi sheries fi elds are likely to be impacted, due to foot 
foundation. The environmental impact studies state that impacts to fi sher-
men will be offset with subsidies from windmill taxes and with specifi c miti-
gation like artifi cial reef or stock enhancement for fi sheries losses mainly for 
scallops ( Pecten sp. ). Losses should be offset, for scallops, by the release of 
juveniles and for fi shes with effective artifi cial reefs (as new functional habi-
tats) with management project developed by fi shermen. We propose to scale 
the size of projects likely to mitigate the losses for scallop fi sheries, in the 
aim to reach an ecological equivalency between the losses and the gains. To 
do so, we propose the use of “Visual Habitat Equivalency Analysis” (Visual_
HEA) assessment method, a software proposed by the EU commission and 
the French Ministry of Environment in the case of ex post damage compen-
sation in application of Environmental Liability Directive 2004/35/EC. This 
tool was developed by the Nova Southeastern University and the CEFE–
University Montpellier 3, for its last versus and French translation, the con-
cept is based on the assessment of ecosystemic services through indicator 
species called “proxy.” A brief presentation of the tool will be proposed 
before to expose preliminary results with a case study for an ex ante impact: 
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1          Introduction 

 How to offset biodiversity destruction due to infra-
structures from growing human activities? The 
rapid and tremendous losses of biodiversity known 
since the last 15 years, especially in marine ecosys-
tem, are the most problematic  scientifi c and social 
challenge for the next generation (Worm et al. 
 2006 ). The contradictory confl ict between    the 
human development from the end of the twentieth 
century to the beginning of the twenty-fi rst century 
called “concrete era” and the necessity to protect 
biodiversity by a world “green garden” model 
seems to be impossible in the long term, if our 
development model, based on growing consump-
tion and market-based theory, is not adapted to our 
limited planet and its resources (MEA  2005 ). 
Nonetheless, for the short term, a new way of think-
ing the land planning with biodiversity conservation 
consideration, especially to offset human footprint, 
could be interesting to explore. Since the early 
1990s, the “no net loss” concept is the US govern-
ment’s overall policy goal regarding wetlands and 
coastal ecosystems (   Sibbing  2008 ). “No net loss” 
was recommended in 1987 at the National Wetlands 
Policy Forum to be adopted in 1989 by President 
George H. W. Bush’s administration. The policy, “a 
compromise between development and conserva-
tion,” was based on the needs to protect aquatic eco-
system by creating 1  and restoring replacement from 
the same ecosystems. The overall objective is to 
strive to maintain a global functional ecosystem bal-
ance by compensatory mitigation in the same quan-
tity as a destroyed ecosystem: the losses equal the 
gains. An additional positive impact could even be 
produced like additional conservation actions 
(called ACA, see Fig.  1 ).  

 Ideally, this is intended to compensate for the 
same ecosystem as those which were lost; however, 
this is ecologically impossible (Moreno-Mateos 

1   Ecological glossary from Society for Ecological Restoration 
International Science & Policy Working Group ( 2004 ). 

et al.  2012 ). A best effort is to attempt to reach a 
social compromise and standard of performance 
with the restoration project (Levrel et al.  2012 ). 
In early 1990, Dunford (et al.  2004 ), on behalf of 
NOAA, developed a service/service method 
called “Habitat Equivalency Analysis (NOAA 
 1995 ).” The method consists of sizing habitat 
losses by scoring the level of  ecosystemic services 
(ES) lost by an authorized (NEPA  1969 ; CWA 
 1972 ) or non-authorized (National Resource 
Damage Assessment protocol, under Oil Pollution 
Act from 1990) operation, including ES gained 
with a compensatory mitigation area. To help and 
facilitate repetitive and fastidious calculations, the 
National Coral Reef Institute created the HEA soft-
ware in 2006 called Visual_HEA (Kohler and 
Dodge  2006 ). In Europe, this approach is based on 
“service to service” assessment and was introduced 
into national law in 2006 with the passage of 
Environmental Liability Law (Bas and Gaubert 
 2010 ). The idea is quite the same as the “no net 
loss” in the USA, by mitigating human impact with 
the offset of the same ecosystem plus the interim 
losses calculated with an additional discount rate 
(see Fig.  2  and Dunford et al.  2004 ).  

 The French government adopted the European 
Directive in 2008 2  (implementing decree in 
2009) 3  and, based on the European program 
REMEDE results (REMEDE  2008 ), recommend 
HEA as a standard method for scoring loss and 
gain (Gaubert and Hubert  2013 ). Our objective, 
in addition to comply with the French Ministry of 
Environment (MEDDE), was to facilitate future 
end users of the service/service approach for 
Environmental Liability Law in France and 
Europe. In this aim, we reform Visual_HEA 4  to 
improve the software as well as adapt Visual_
HEA to the European context. The 2.6 version of 

2   Loi n 2008-757 du 1er août 2008. 
3   Décret n°2009-468 du 23 avril 2009. 
4   The Visual_HEA V2.6 in English is a freeware; website 
at the following location:  https://www.nova.edu/webforms/
ocean/software_request.html?visualhea 

offshore windmill fi ctitious authorized impact. A criticism of the approach 
will be exposed to defi ne what could be the arguments to a “fair” mitigation 
for fi sheries resources, as basis for future negotiation with fi shermen.  
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Visual_HEA 5  adheres to the standard HEA calcu-
lation method with major changes. The use of 
this method under a software facilitates the idea 
to test several different projects, from the view-
point of their impacts. This could be very helpful 
in the case of major infrastructure development, 
such as offshore windmill projects, occupying 
100 square kilometers, in relatively stable and 
specifi c marine ecosystems (both benthic and 

5   The Visual_HEA V2.6_FR in French is a freeware; website 
at the following location:  http://www.developpement- 
durable.gouv.fr/IMG/zip/saveLogiciel_visual_HEA.zip 

pelagic), constituted by fl at soft bottom due to 
foundation design and work requirements.  

2     Materials and Methods 

 After a brief presentation of the method, we will 
explain how the software Visual_HEA V2.6_FR runs. 

2.1     The HEA Method 

 Habitat Equivalency Analysis (HEA) is a method 
used by resource managers to compute the quantity 

  Fig. 1    The mitigation hierarchy adapted from Rio Tinto and Western Australia EPA (BBOP  2009 )       

  Fig. 2    “Service to service” approach and graphical representation of ecosystem service loss and recovery through natu-
ral restoration over time (in Milon and Dodge  2001 )       
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of compensatory restoration of a habitat that is 
required to provide for ecological loss of  services 
of the resource due to an injury event (Pioch 
 2010 ). The HEA method uses a discounting algo-
rithm to value a natural resource asset which is 
equal to all future services of that asset after deg-
radation due to injury, combined with the com-
puted value of any compensatory action. The 
HEA method provides a quantitative and tempo-
ral measure of the loss and gain of ecological ser-
vices of a habitat for a set period of time (Roach 
and Wade  2006 ). The purpose of this paper is to 
provide an overview of the application of this 
method to an actual case study, using an enhanced 
and translated (to the French language) version of 
the Visual_HEA software, which is a useful tool 
to automate the HEA process. For conciseness, 
we direct the reader to studies by Unsworth and 
Bishop ( 1994 ), Mazzotta et al. ( 1994 ), Milon and 
Dodge ( 2001 ), or Dunford et al. ( 2004 ) for com-
plete review and information about the HEA 
procedure.  

2.2     Visual_HEA v2.6_FR Software 

    The Visual_HEA computer program was created 
by NCRI 6  in 2006 to provide a consistent and 
easy way for resource managers to perform the 
standard HEA calculation method, leveraging 
technology to perform the tedious and repetitive 
calculations required. The program was written 
with a robust programming language (Visual 
Basic) and targets the Windows operating system 
platform. Visual_HEA provides a rich graphical 
user interface which accepts user-defi ned param-
eters that are required to perform the HEA. These 
input parameters are based on assumptions of 
loss and gain in relation to pre- and post-injury of 
a resource combined with any compensatory 
action performed to mitigate the injured resource. 
Input parameters are graphically depicted in the 
user interface and calculations are automatically 
performed based on user inputs. Resultant values 
from the analysis are presented graphically, with 
the option to output the analysis results to an ascii 

6   National Coral Reef Institute, Florida, USA 

text fi le or Portable Document Format (PDF) fi le. 
Since its introduction in 2006, Visual_HEA has 
been downloaded 5,000 times and is used  globally 
to value habitat loss due to injury using the stan-
dard HEA calculation method. Kohler and Dodge 
( 2006 ) provide a more in depth discussion on the 
mechanics of the program, required parameter 
inputs, and algorithm calculations. Additional 
information about the software and a download 
link can be obtained by visiting the NCRI 
Visual_HEA. 7   

2.3     Input Parameters 

 The following is a brief review of the input 
parameters required by Visual_HEA to perform 
the HEA calculation method:
•    Relative values of pre-injury services and 

compensatory (at equilibrium) services 
•  These values delineate the perceived value of 

ecological services of the habitat being ana-
lyzed pre and post injury, as well as the value 
of any compensatory action completed to mit-
igate damage to the injured site.  

•   Baseline levels of services 
•  These parameters, expressed as percentages, 

designate level of services that were provided 
by the site before the injury occurred.  

•   Discount rate 
•  This parameter is expressed as a percentage 

rate per time unit. The discount rate functions 
under the presumption that future restored ser-
vices are more highly valued initially and then 
discounted as time lapses over the duration of 
the analysis period. Conversely, the values of 
past services are increased over the analysis 
period subject to the discount rate. Future and 
past ecological service calculations function 
independently and can be computed for differ-
ent temporal durations.  

•   Year of claim 
•  This parameter indicates the year the claim is 

made, which can be actual or arbitrary to pro-
vide a starting point for analysis.  

7   Website at the following location:  http://www.nova.edu/
ocean/visual_hea/ 
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•   Service loss parameters from the injury 
•  This suite of parameters is composed of the 

actual size of the injured area and level and 
duration of habitat loss from the point in time 
of injury until recovery if applicable.  

•   Service gain parameters from the compensa-
tory action (restoration) 

•  These parameters consist of the level and 
duration of services gained due to compensa-
tory action for the period analyzed.    
 Given these parameters as inputs, the Visual_

HEA software applies the standard HEA method 
and displays the results of analysis within a 
detailed viewer, showing different data and their 
representation (visually).  

2.4     Improvements to Visual_HEA 

 The French version of Visual_HEA developed in 
collaboration with Nova Southeastern University 
(Matt Johnston and Dick Dodge) and the labora-
tory CEFE–University Montpellier 3 (Fanny 
Berger and Sylvain Pioch) retains the same over-
all parameter inputs, interface structure, and 
 processing algorithms as version 2.5, with added 
enhancements that allow the software to adhere 
to established French government guidelines. 
While producing this new version, several soft-
ware bugs were also identifi ed and addressed. All 
enhancements and fi xed bugs, made to the soft-
ware, were also applied to the English language 
version of the software and both designated as 
version 2.6 (French and English versions, 
respectively).   

3     Applications and Results 
for Experimental Case Study: 
Impact Mitigation 
for Fictitious Case 
of Offshore Windmill Project 

 To test this new version of Visual_HEA 2.6_FR, 
here exposed is an experimental case study for an 
offshore windmill project located in tempered 
sea area (ground dominated by scallops and 
sandy bottom habitat). 

3.1     Sizing a Compensatory 
Mitigation: Fictitious Offshore 
Windmill Project 

 For this case study in application of HEA soft-
ware, we propose to size the compensatory miti-
gation of an offshore windmill project. The main 
impacted socioeconomical sector will be the fi sh-
eries of scallops. The main impacted ecosystem 
will be the sandy bottom habitat, represented by 
a dominant species: the scallops ( Pecten sp. ). 

3.1.1     Material 
 The project will be held in a temperate coastal 
water area. The renewable energy infrastructure 
is constituted by 100 windmill foundations, dis-
tributed within an area around 77 km 2 . At the feet 
of each offshore windmill, a concrete block is 
installed on the sea ground as anchorage, with an 
acreage of 10 × 10 m for 100 m 2 . The total surface 
destroyed is 100 (foundation) × 100 m 2  (each sur-
faces destroyed) for 10000 m 2 , or 1 ha. 

 The destruction is total (100 % of ecosystem 
services and ecological functions lost), without 
any future access from the benthic fauna and 
fl ora for a soft bottom: the sand is replaced by an 
artifi cial hard bottom surface (the concrete of the 
foundation). After the previous impact, the level 
of services is considered to be 0 % (all the marine 
habitat and species are destroyed under the 
foundation). 

 The proxy species, 8  keystone ecological spe-
cies, for this kind of sandy bottom habitat, is the 
scallop ( Pecten sp. ). It also mainly insures ser-
vices of provisioning (fi sheries) and regulating 
with water fi ltration and purifi cation for a healthy 
ecosystem (fi shing, fl ora and fauna life, etc.). 
This species needs good hydromorphologic and 
water quality and that is a strong economic asset. 
There are also several studies and data about this 
species, especially from halieutics studies. 

 The metric used to assess the chosen proxy is 
the number of scallops by m 2 . The average level 
of scallops per square meter is around 0.67/m 2  in 

8   Proxy species: other species are dependent with them. 
They represent a good ecological indicator. 
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this area exploited by fi shermen and managed for 
a sustainable production. 

 According to Fifas ( 2004 ) the fi rst sexual 
maturity for this population of scallops occurs 
after 2 to –3 years, but we estimate that 100 % of 
services could be produced after 10 years (total 
life longevity). The project will, hypothetically, 
need 10 years to produce the full services and off-
set the 100 % of losses occurred in the offshore 
windmill project due to the foundation’s impact. 

 The compensation project is an in-kind (equiv-
alency for habitat/species and ecosystemic area) 
restoration project, located in the same ecological 
area (sandy bottom habitat dominated by scal-
lops). It is an overfi shed area, where the scallops 
are disappeared or relict and the level of services 
produced is 0 %. 

 The fi shermen are agreeing with the project 
and the fi shery management proposed before the 
restoration project begins. The aim is that the 
compensatory sandy bottom area produces a 
level of 100 % of services after 10 years. The res-
toration project is an enhancement, with juvenile 
scallops released. The amount of juveniles and 
the periodicity of release is based on experimen-
tal sea-enhancement project in the same area to 
reach 0.67 scallops/m 2 , with the mortality rate 
(predation, human pressure, disease, etc.). The 
release of juveniles in an overfi shed area (0 % of 
services produced) will restore 30 % of services 
in the fi rst last year (regulating and supporting 
services will be restored), and 10 % from the 2nd 
until the 10th year, before reaching the full ser-
vice rate for the cohort. 9  

 The compensatory ratio for this project is 1:2 
because the restoration by enhancement (releas-
ing juvenile scallops) is ecologically risky, with a 
rate of success positive but strongly dependent of 
complex social aspect (agreement of fi shery 
management), with few failures in recent 
experiences.  

9   Cohort: in statistics and demography, a cohort is a group 
of subjects who have shared a particular event together 
during a particular time span. 

3.1.2     Results (Table  1 ) 
       Using Visual_HEA v2.6, Fig.  3  shows the evolu-
tion of the level of services supplied under the 
foundation over time.  

 In the same, this Fig.  4  shows the evolution of 
the level of services supplied by the compensa-
tory mitigation in-kind project over time, due to 
the ecological restoration (realized in the same 
kind of ecosystem).  

 The results obtained from the HEA with the 
use of Visual_HEA v2.6 are summarized in 
Table  2 .

   Intermediary losses that occurred in the off-
shore windmill project are estimated at 260,000 
discounted services per acreage and per years 
(DSAYs), between the year of the damage and the 
year when the initial state has been recovered. 

 After 25 years, the gains obtained from the 
compensatory measure are estimated at 
226,561,213 DSAYs, i.e., 22,656 DSAYs per 
restored hectare. Hence, at the end of the project 
lifetime, each restored hectare would have sup-
plied a gain of service of 2,265, 6 % in relation to 
the initial level of services provided by the sandy 
bottom habitat before the authorized impact. 

   Table 1    Summary of the data used for the application of 
the HEA to fi ctitious marine renewable energy offshore 
windmill project in tempered coastal area   

 Proxy 
  Number of scallops 
(Pecten sp.)/m   2   

 Year of reference for 
discounting 

  2015  

 Damaged surface area   1 ha  
 Annual discount rate   4 %  
 Level of services supplied 
before the impact 

  100 %  

 Level of services supplied 
after the impact 

  0 %  

 Regeneration pace of the 
sandy bottom in the 
compensatory mitigation area 

  30 % after the 1st year 
and 10 % the 9 years 
following  

 Lifetime of the compensatory 
measure 

  25 years (from 2015 to 
2045)  

 Gains of service obtained 
from the compensatory 
measure 

  100 % additional, within 
10 years, linear function  

 Compensatory ratio   1:2  
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 So, in order to compensate in equivalency, 
with the intermediary losses of services, from the 
total destruction of 1 ha of sandy bottom (Fig.  4 ), 
the restoration project has to be carried out over 
2,295 ha of sandy bottom area by releasing juve-
nile scallops, with a compensatory ratio of 1:2 
due to the risk.   

3.2     Discussion: Limitations 
of These Conceptual 
Approaches to Assess 
a Compensatory Mitigation by 
Equivalency 

 This tool (and all the over ones based on an 
equivalency in “nature”) is based on concepts 
interesting to keep in mind. Actually, they 
enlighten the limits of the compensatory theoreti-
cal fi eld and the “avoid, reduce, mitigate” process 

underlain by the “no net loss” goal, which had to 
overcome, to be applicable, 3 fundamental 
problems:
•    Social aspect,  preference homogeneity of per-

sons : “no net loss” doesn’t mean “nobody 
loss”; actually, to agree with the compensa-
tory mitigation concept, we must assume that 
injured parties will agree a compensatory 
project in a different location, far away from 
their needs.  

•   Ecological aspect,  substitutability of 
resources and services : a worldwide con-
sensus in ecological restoration; assume 
that nobody can restore at 100 % an ecosys-
tem lost (Moreno- Mateos et al.  2012 ). The 
ecological dynamic trajectories, especially 
the interaction between biological and 
biogeochemical or landscape effect, are so 
complex that each ecosystem is ecologically 
unique.  
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  Fig. 3    Evolution    of the level of services on the damaged area over time after the accident. Intermediary losses of ser-
vices appear in  blue  (Snapshot of Visual_HEA v2.6)       
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  Fig. 4    Evolution    of the level of services supplied by the compensatory mitigation in-kind project over time, due to the 
ecological restoration realized. Gains of services appear in  pink  (Snapshot of Visual_HEA v2.6)       
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   Table 2    Results of the    HEA with the data of the previous impact for a fi ctitious authorized offshore windmill project 
(Snapshot of Visual_HEA v2.6)   

  Services losses at the Injury Area  

 Year 

 Intermediary services losses (%)  Intermediary 
services losses 
average (SSA)  Discount factor 

 Discounted Intermediary 
services losses average 
(SSA)  Beginning  End  Average 

 2015  100.00 %  100.00 %  100.00 %  10000.000  1.000  10000.000 

 2016  100.00 %  100.00 %  100.00 %  10000.000  0.962  9615.385 

 2017  100.00 %  100.00 %  100.00 %  10000.000  0.925  9245.562 

 2018  100.00 %  100.00 %  100.00 %  10000.000  0.889  8889.964 

 2019  100.00 %  100.00 %  100.00 %  10000.000  0.855  8548.042 

 2020  100.00 %  100.00*  100.00 %  10000.000  0.822  8219.271 

 2021  100.00 %  100.00 %  100.00 %  10000.000  0.790  7903.145 

 2022  100.00 %  100.00 %  100.00 %  10000.000  0.760  7599.178 

 2023  100.00 %  100.00 %  100.00 %  10000.000  0.731  7306.902 

 2024  100.00 %  100.00 %  100.00 %  10000.000  0.703  7025.867 

 2025  100.00 %  100.00 %  100.00 %  10000.000  0.676  6755.642 

 2026  100.00 %  100.00 %  100.00 %  10000.000  0.650  6495.809 

 2027  100.00 %  100.00 %  100.00 %  10000.000  0.625  6245.970 

 2028  100.00 %  100.00 %  100.00 %  10000.000  0.601  6005.741 

 2029  100.00 %  100.00 %  100.00 %  10000.000  0.577  5774.751 

 2030  100.00 %  100.00 %  100.00 %  10000.000  0.555  5552.645 

 2031  100.00 %  100.00 %  100.00 %  10000.000  0.534  5339.082 

 2032  100.00 %  100.00 %  100.00 %  10000.000  0.513  5133.732 

 2033  100.00 %  100.00 %  100.00 %  10000.000  0.494  4936.281 

 2034  10000 %  100.00 %  100.00 %  10000.000  0.475  4746.424 

 2035  100.00 %  100.00 %  100.00 %  10000.000  0.456  4563.869 

 2036  100.00 %  100.00 %  100.00 %  10000.000  0.439  4388.336 

 2037  100.00 %  100.00 %  100.00 %  10000.000  0.422  4219.554 

 2038  100.00 %  100.00 %  100.00 %  10000.000  0.406  4057.263 

 2039  100.00 %  100.00 %  100.00 %  10000.000  0.390  3901.215 

 2040  100.00 %  100.00 %  100.00 %  10000.000  0.375  3751.168 

 2041  100.00 %  100.00 %  100.00 %  10000.000  0.361  3606.892 

 2042  100.00 %  100.00 %  100.00 %  10000.000  0.347  3468.166 

 2043  100.00 %  100.00 %  100.00 %  10000.000  0.333  3334.775 

 2044  100.00 %  100.00 %  100.00 %  10000.000  0.321  3206.514 

 2045  100.00 %  100.00 %  100.00 %  10000.000  0.308  3083.187 

 Beyond  77079.667 

  Total discounted service unit years lost average (SSAs):       260000.000  

  Services gains at the injury area  

 Year 

 Intermediary services gains (%)  Intermediary 
services gains 
average (SSA)  Discount factor 

 Discounted intermediary 
services gained average 
(SSA)  Beginning  End  Average 

 2016  30.00 %  40.00 %  35.00 %  3500.000  0.962  3365.385 

 2017  40.00  50.00 %  45.00 %  4500.000  0.925  4160.503 

 2018  50.00 %  60.00 %  55.00 %  5500.000  0.889  4889.480 
(continued)
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•   Economical aspect,  consistency and equal 
value of environmental goods over the time : 
this last point assumes that people will con-
sider the value of “ res natura ” without any 
fl uctuation both economic and social over the 
time (the value of gas or oil, for instance, will 
probably change from now to few decades).    
 It’s also important to clearly focus the engi-

neering efforts on the very fi rst phases of the 
“avoid, reduce, mitigate” design of a project. The 

stress must be maintained on these two fi rst 
phases, because the best compensatory mitiga-
tion to offset residual impact is the one that we do 
not need to do. For offshore windmill, the posi-
tion of the project, the technical construction 
choices, the planning, and of course the design of 
the foundations clearly need to be more effective 
to ensure their better integration in coastal eco-
system (see below Fig.  5 , from Lacroix and Pioch 
 2011 ).    

Table 2 (continued)

  Services gains at the injury area  

 Year 

 Intermediary services gains (%)  Intermediary 
services gains 
average (SSA)  Discount factor 

 Discounted intermediary 
services gained average 
(SSA)  Beginning  End  Average 

 2019  60.00 %  70.00 %  65.00 %  6500.000  0.855  5556.227 

 2020  70.00 %  80.00 %  75.00 %  7500.000  0.822  6164.453 

 2021  80.00 %  85.00 %  82.50 %  8250.000  0.790  6520.095 

 2022  85.00 %  90.00 %  87.50 %  8750.000  0.760  6649.281 

 2023  90.00 %  95.00 %  92.50 %  9250.000  0.731  6758.884 

 2024  95.00 %  100.00 %  97.50 %  9750.000  0.703  6850.221 

 2025  100.00 %  100.00 %  100.00 %  10000.000  0.676  6755.642 

 2026  100.00 %  100.00 %  100.00 %  10000.000  0.650  6495.809 

 2027  100.00 %  100.00 %  100.00 %  10000.000  0.625  6245.970 

 2028  100.00 %  100.00 %  100.00 %  10000.000  0.601  6005.741 

 2029  100.00 %  100.00 %  100.00 %  10000.000  0.577  5774.751 

 2030  100.00 %  100.00 %  100.00 %  10000.000  0.555  5552.645 

 2031  100.00 %  100.00 %  100.00 %  10000.000  0.534  5339.082 

 2032  100.00 %  100.00 %  100.00 %  10000.000  0.513  5133.732 

 2033  100.00 %  100.00 %  100.00 %  10000.000  0.494  4936.281 

 2034  100.00 %  100.00 %  100.00 %  10000.000  0.475  4746.424 

 2035  100.00 %  100.00 %  100.00 %  10000.000  0.456  4563.869 

 2036  100.00 %  100.00 %  100.00 %  10000.000  0.439  4388.336 

 2037  100.00 %  100.00 %  100.00 %  10000.000  0.422  4219.554 

 2038  100.00 %  100.00 %  100.00 %  10000.000  0.406  4057.263 

 2039  100.00 %  100.00 %  100.00 %  10000.000  0.390  3901.215 

 2040  100.00 %  100.00 %  100.00 %  10000.000  0.375  3751.168 

 2041  100.00 %  100.00 %  100.00 %  10000.000  0.361  3606.892 

 2042  100.00 %  100.00 %  100.00 %  10000.000  0.347  3468.166 

 2043  100.00 %  100.00 %  100.00 %  10000.000  0.333  3334.775 

 2044  100.00 %  100.00 %  100.00 %  10000.000  0.321  3206.514 

 2045  100.00 %  100.00 %  100.00 %  10000.000  0.308  3083.187 

 Beyond  77079.667 

  Total discounted service unit years gained average (SSAs):    226561.213  

  Discounted services average gained per surface unity (SSAs):    22.656  

  Compensatory mitigation habitat size (sq. m): 2.000 × 260000/22.656       22951.855  
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4     Conclusion 

 Different methods have been developed to 
assess losses and gains related to biodiversity 
offsets. Despite the use of common factors 
 (distinctiveness, condition, surface occupied by 
the species/habitat impacted, risk associated 
with the restoration technique used, time 
 discount rate) to size ecological mitigation 
 projects, very few software have emerged. 

 The use of consistent and robust methods has 
been widespread through this type of  user- friendly 
devices combining accessibility and  transparency. 

The main interest of HEA method is to try to 
provide a rational and reproducible process, 
based on simple and accessible data even for a 
“nonexpert” public. The use of an “integrator” or 
systemic proxy allows, with little fi nancial means 
or techniques, to obtain (prior to the project) 
knowledge about the impact expected, and there-
fore what could be the compensatory mitigation 
surfaces and project to implement for a “fair” 
compensation: no more but also no less (Strange 
et al.  2002 ; Zafonte and Hampton  2007 ). The 
goal is obviously to choose the best alternative 
project, with less impact to the environment. 

  Fig. 5    Eco-designed 
offshore windmill 
foundation for fi sheries 
enhancement and 
renewable energy 
production (in Lacroix and 
Pioch  2011 )       

 

P. Sylvain



233

But HEA couldn’t (1) help to choose the “best” 
 compensatory mitigation option nor to (2) take 
account of the landscape effect (3) or anticipate 
the future use dynamics of the area. 

 Nevertheless, the score given to assess the 
gains or losses of ecosystem services can pro-
mote negotiations on surfaces to compensate in 
nature and not on issues related to fi nancial 
losses, unrelated to the restoration of a natural 
environment or achieving the goal of “no net 
loss.” This fi nancial compensation may be done 
under accompanying measure proposals, but it 
cannot be used as part of compensatory mitiga-
tion by ecological equivalency, as it could be seen 
in several projects. Finally, passing through a 
method aims to assess the surface to restore in 
equivalency the losses of nature, with ecological 
engineering techniques, rather to put a price on 
nature or assess the monetary losses from ecosys-
temic services destruction, avoiding a sense of 
“entitlement to destroy” when the applicant sim-
ply pays to offset the economic impacts of its 
ecosystem destruction, for instance. 

 In offshore windmill projects, for fi shermen, 
we assume that it is more valuable to (1) negoti-
ate in-kind mitigation for sandy bottom with 
scallop enhancement and (2) even additional out 
of kind restoration with artifi cial reef (hard sub-
stratum) dedicated to lobsters or valuable fi shes 
over-targeted by fi sheries or conservation actions 
for their fi shing grounds (BBOP  2009 ). We pro-
pose this hierarchy in compensatory mitigation 
sized with Visual_HEA, rather than monetary 
compensatory income which is diffi cult to 
explain for the next generation of fi shermen as a 
“fair” offset for the destruction of their “working 
tool”: the fi shing ground. 

 Nature has no price, but it has a value!     
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    Abstract  

  Biotic indices, which refl ect the quality of the environment, are widely 
used in the marine realm. The  Posidonia oceanica  seagrass meadow is a 
benthic sublittoral habitat characteristic of the Mediterranean Sea. The 
Ecosystem-Based Quality Index (EBQI) is based upon the overall func-
tioning of the  Posidonia oceanica  ecosystem, from primary producers and 
the litter to top predators. It is compliant with the Marine Strategy 
Framework Directive (MSFD) of the European Union (EU). It provides 
managers with a response that is very different from that of the indices 
only based upon the key species  P. oceanica  and a few affi liate species. 
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While the species-based indices are mainly designed for assessing the 
water quality of a waterbody (e.g. pollution), the EBQI provides a picture 
of the actual status of the ecosystem functioning, including not only pollu-
tion but also the whole range of human impacts, from anchoring to 
overfi shing.  

1          The Issue 

 Biotic indices are extensively used in the marine 
realm (1) to assess the quality of a waterbody; (2) 
to assess processes such as currents, sedimenta-
tion and climate under natural and anthropogenic 
forcing; and (3) to monitor the status of species 
or communities of interest, either emblematic 
species, indicators of ecosystem health or indica-
tors of pollution (e.g. Orfanidis et al.  2001 ,  2003 , 
 2011 ; Pergent-Martini et al.  2005 ). Sometimes, 
species used as biological indicators are key spe-
cies or ecosystem engineers. This is the case of 
the seagrass  Posidonia oceanica  (Linnaeus) 
Delile (Boudouresque et al.  2006 ; Romero et al. 
 2007 ; Gobert et al.  2009 ; Lopez y Royo et al. 
 2010 ,  2011 ; Marbà et al.  2012 ). 

 However, does an indicator based on the 
health of a species, or a few species, give infor-
mation about the health of the entire ecosystem 
to which it belongs? Here, we use a recently pro-
posed ecosystem-based index of the  P. oceanica  
seagrass meadow (EBQI) and compare it with 
species-based indices.  

2     The Conceptual Model 
and the EBQI 

 The seagrass  Posidonia oceanica  is endemic to 
the Mediterranean Sea. It constitutes extensive 
meadows between the mean sea level and down 
to 30–40 m in depth (Molinier and Picard  1952 ; 
Boudouresque and Meinesz  1982 ; Boudouresque 
et al.  2009 ,  2012 ; Pergent et al.  2012 ). 

 We used an updated version (Fig.  1 ; Ruitton 
et al.  2013 ; Personnic et al.  2014 ) of the concep-
tual model of the functioning of the  P. oceanic a 
ecosystem proposed by Boudouresque et al. 
( 2012 ). Interestingly,  P. oceanica  ecosystem 

itself is closely coupled with the pelagic coastal 
ecosystem (Plankton, POM, planktivorous tele-
osts) and more loosely coupled with terrestrial 
ecosystems through seabirds (Morat et al.  2011 ) 
and dead  P. oceanica  leaves (Cardona et al. 
 2007 ).  

 The rationale governing the EBQI (Ecosystem- 
Based Quality Index) is (1) trying to quantify and 
assess some compartments (boxes 1 through 13; 
Fig.  1 ) of the conceptual model by means of a set 
of parameters, (2) determining their relative 
weight and (3) by using a simple algorithm, cal-
culating a rank for the ecosystem status within a 
given area, matching the fi ve classes of the eco-
logical status of the European Union Water 
Framework Directive (WFD) (Water Framework 
Directive  2000 ), from bad to high (Ruitton et al. 
 2013 ; Personnic et al.  2014 ). 

 The status of each functional compartment 
(box) was assessed by means of a semi- 
quantitative scale (4 through 0), from very good 
(4) to very bad (0). Calibration of the scale was 
based upon the available literature (e.g. UNEP-
MAP- RAC/SPA  2011 ). Compartments were 
weighted according to their relative importance 
in the ecosystem functioning, from 5 (highest 
weighting) to 1 (lowest weighting). The grade for 
each compartment was given by its status (0 
through 4), multiplied by its weighting (1 through 
5) and was therefore graded from 0 to 4 and 0 to 
20 (depending upon the weighting of the consid-
ered compartment). The grades of all compart-
ments were added up, which gave the fi nal grade 
of the ecosystem status (EBQI) at a given site. 
For practical purposes, the EBQI was converted 
to a scale from 0 to 10 (Table  1 ). The EBQI was 
applied to 17 localities of the northwestern 
Mediterranean, from the Balearic Islands to the 
French Riviera and Corsica (Table  1 ; Personnic 
et al.  2014 ).
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  Fig. 1    A conceptual model of the functioning of the 
 Posidonia oceanica  seagrass ecosystem. Functional 
compartments ( boxes ): primary producers are in  green ; 
fi lter feeders, suspension feeders, litter, detritus feeders, 
dissolved organic carbon (DOC) and microbial loops 
are in  orange ; predators (including herbivores) are in 
 yellow. POM  particulate organic carbon,  BAFHS  bacteria, 

archaea, fungi and heterotrophic stramenopiles involved 
in the litter degradation. The width of the  arrows  
roughly represents the volume of the carbon fl ow. The  
P. oceanica  ecosystem properly speaking is included 
within the  red rectangle . Figures ( 1  through  13 , in  red ) 
correspond to the compartments ( boxes ) taken into 
account by the EBQI       

     Table 1    Status of conservation of the  P. oceanica  ecosystem (EBQI) in Balearic Islands (BI), Spanish Catalonia (SC), 
French Catalonia (FC), Provence and French Riviera (PFR) and Corsica (C)       

  For each compartment (see Fig.  1 ): the weighting (1 through 5) and the status mark (0 through 4) at the 17 studied locali-
ties. EBQI ranges from 0 to 10.  SRDI  Specifi c Relative Diversity index of fi sh. Ecological status classes: high (deep 
blue), good (light blue), moderate (green), poor (orange) and bad (red)  
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   The fi ve ecological status classes of the EBQI are 
(Personnic et al.  2014 ): bad (EBQI < 3.5), poor 
(3.5 ≥ EBQI < 4.5), moderate (4.5 ≥ EBQI < 6), 
good (6.0 ≥ EBQI < 7.5) and high (EBQI ≥ 7.5) 
(Table  1 ).  

3     A Strongly Contrasting 
Response Compared 
with that of Species-Based 
Indices 

 A number of species-based biotic indices 
(Ecological Quality Ratios, EQRs), based upon 
 P. oceanica  alone, or upon  P. oceanica  and leaf 
epibiota, have been proposed, e.g. PREI, POMI 
and PiBo (Romero et al.  2007 ; Gobert et al.  2009 ; 
Lopez y Royo et al.  2010 ). There is no signifi cant 
correlation between these indices and the EBQI 
(Personnic et al.  2014 ). It is worth noting that the 
former indices were not designed to assess the 

ecosystem health, but other parameters such as 
the water quality of a waterbody. The contrasting 
ranks of Porquerolles Island (northern coast) 
from EBQI (poor) to EQR (high, fi rst ranking, 
Table  2 ), together with those of Valincu Gulf and 
the Gulf of Giens, may be due to impacts other 
than the water quality, e.g. artisanal and recre-
ational overfi shing and anchoring of pleasure 
boats.

   The ecosystem response can therefore be quite 
different from the simple key species one. This is 
far from unexpected. Species-based indices only 
take into account the seagrass or sometimes the 
seagrass and its leaf epibionts. In nonpolluted 
areas, the seagrass can look healthy (e.g. coverage, 
shoot density, leaf length), while most of the 
functional compartments of the ecosystem 
(e.g. top predator fi sh) have collapsed (Fig.  2 ). 
This may, of course, look like a purely theo-
retical view, since the collapse of a compartment 
(e.g. top predator fi sh) should affect all other 

   Table 2    Comparison of EBQI (from Personnic et al.  2014 ) with Ecological Quality Ratios (EQRs) based mainly upon 
 P. oceanica  (the organism itself) and aimed at establishing the ecological status of the seawater body   

 Locality (region)  EBQI  EQR  Type of EQR  Reference 

 Port-Cros Island, southern coast (PFR)  9.3  0.802  PREI a   Gobert et al. ( 2009 ) 
 Medes Islands (SC)  7.9  0.752  POMI b   Romero et al. ( 2007 ) 
 Scandola, Elbu Bay (C)  5.7  0.802  BiPo c   Lopez y Royo et al. ( 2010 ) 
 Tossa de Mar (SC)  5.6  0.682  POMI  Romero et al. ( 2007 ) 
 Valincu Gulf (C)  5.4  0.386  PREI  Gobert et al. ( 2009 ) 

 0.729  BiPo  Lopez y Royo et al. ( 2010 ) 
 Prado Bay, Marseilles (PFR)  5.3  0.636  PREI  Gobert et al. ( 2009 ) 
 Plateau des chèvres, Marseilles (PFR)  5.0  0.477  PREI  Gobert et al. ( 2009 ) 
 Saint Cyr Bay (PFR)  4.9  0.682  PREI  Gobert et al. ( 2009 ) 
 Villefranche-sur-Mer Bay (PFR)  4.8  0.280  PREI  Gobert et al. ( 2009 ) 
 Gulf of Giens (PFR)  4.3  0.708  PREI  Gobert et al. ( 2009 ) 
 Porquerolles Island, northern coast (PFR)  4.3  0.819  PREI  Gobert et al. ( 2009 ) 
 Niolon (Côte Bleue) (PFR)  3.9  0.465  PREI  Gobert et al. ( 2009 ) 
 Sitges (SC)  2.3  0.238  POMI  Romero et al. ( 2007 ) 

  EBQI ranges from 0 (lowest ecological status) to 10 (highest ecological status). PREI, POMI and BiPo indices are based 
upon distinct but similar metrics and range from 0 (lowest ecological status) to 1 (highest ecological status) 
  BI  Balearic Islands,  SC  Spanish Catalonia,  FC  French Catalonia,  PFR  Provence and French Riviera,  C  Corsica 
  a The metrics of PREI are shoot density, shoot leaf surface area, ratio between epibiota biomass and leaf biomass, depth 
of the lower limit and type of this limit (Gobert et al.  2009 ) 
  b The metrics of POMI are shoot density, meadow cover, percentage of plagiotropic rhizomes, shoot leaf surface area, 
percentage of foliar necrosis, P, N and sucrose content in rhizomes,  15 N and  34 S isotopic ratio in rhizomes, N content in 
epiphytes, Cu, Pb and Zn content in rhizomes (Romero et al.  2007 ) 
  c The metrics of BiPo are shoot density, shoot leaf surface area, lower depth limit and lower limit type (Lopez y Royo 
et al.  2010 )  
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compartments, including the seagrass itself via 
cascade effect (Sala et al.  1998 ). However, this is 
not in fact such a theoretical approach, as there is 
no correlation between the EBQI and the species- 
based indices (EQRs).   

4     Conclusion 

 The noncongruence of the EBQI, i.e. the quality 
of the ecosystem functioning, with the empirical 
idea one may have of the  P. oceanica  ecosystem 
at a given site, due to, e.g. the health of the sea-
grass and the clearness of the water (and even the 
beauty of the landscape and the seascape), con-
fi rms the usefulness of the EBQI index, based 
upon the whole ecosystem rather than solely 
upon the seagrass itself, sometimes together 
with some affi liate species. Other anthropogenic 

impacts, e.g. overfi shing, are putatively more 
important than the above-mentioned parameters 
with regard to the structure and functioning of the 
ecosystem. 

 The EBQI that is proposed here for the  P. oce-
anica  ecosystem could constitute a model for 
similar indices designed for other marine ecosys-
tems, such as coralligenous outcrops, underwater 
caves, soft bottoms and sublittoral reefs. Such 
indices would constitute an innovative category 
of biological indices, namely, ecosystem-based 
indices, both in the terrestrial and the marine 
realms. As in the marine environment, the health 
assessment of terrestrial habitats is usually 
based upon a few species or a single functional 
compartment (e.g. primary producers or trees) 
rather than on the whole ecosystem functioning, 
including wolves, bears and eagles, as far as 
Western Europe is concerned.     

  Fig. 2     Left . A supposed pristine  P. oceanica  ecosystem, 
with species belonging to all functional compartments: 
the seagrass in  brown  (rhizomes) and  green  (leaves) and 
leaf epibionts in  red  (primary producers); the sea urchin 
 Paracentrotus lividus  in  purple  (herbivores) and teleosts 

(predators, top predators and planktivores).  Right . A 
 P. oceanica  meadow deprived of most of its functional 
compartments (e.g. via overfi shing), which could be con-
sidered as healthy on the basis of seagrass descriptors, 
such as shoot density and meadow coverage       
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    Abstract  

  Effective integrated coastal management requires an understanding of how 
natural organisms use coastal areas, to protect those species. In this study, 
we used fi sh-mounted data loggers to examine the habitat use of the Japanese 
sea bass ( Lateolabrax japonicus ), a representative fi sh species in Tokyo Bay. 
Footage from the micro-video cameras on the fi sh showed Japanese sea bass 
swimming with other conspecifi cs. The three loggers obtained a time series 
of water temperature, salinity, swimming depth, and three-axis acceleration 
for a total of 60 h. These records indicated that the river, the ship port, and 
the fi shing port were all important habitats for the Japanese sea bass. Based 
on our results, we discuss how such data can be used for conservation poli-
cies for natural organisms in integrated coastal management.  
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1          Introduction 

 To sustainably utilize coastal areas, human 
coastal activities must be harmonized with the 
natural environment (Komatsu et al.  2012 ). 
Integrated coastal management perceives coastal 
areas as natural systems, involves stakeholders in 
a proactive role, provides integrated management 
plans, and promotes the coexistence of humans 
and the natural environment in coastal waters in 
an integrated and planned manner. Effective inte-
grated coastal management requires an under-
standing of how natural organisms use coastal 
areas, to protect those species. 

 Tokyo Bay has historically been a productive 
fi shery. Commercial fi sheries peaked at approxi-
mately 140,000 tons in 1960, but the catch has 
been decreasing since then (Shimizu  1997 ). A 
long-term scientifi c study of fi sh biomass con-
ducted in Tokyo Bay using bottom trawling 
showed an increase in the biomass of Japanese 
sea bass ( Lateolabrax japonicus ) over time (e.g., 
Kodama et al.  2010 ). However, Japanese sea bass 
spend their lives not only in the sea but also in 
brackish waters (Shoji  2002 ). Knowing precisely 
what areas they use would be useful so that these 
areas could be appropriately managed. Because 
fi shing is prohibited in many brackish waters of 
Tokyo Bay, such as around ports and waterways 
where large vessels pass or anchor, habitat use of 
fi sh in these areas cannot be monitored by fi shing. 

 Recently, data loggers and a micro- underwater 
video camera have become small enough to be 
attached to small fi sh to measure acceleration, 
water temperature, depth, and conductivity (e.g., 
Alabsi et al.  2011 ; Komatsu et al.  2011 ; Tanoue 
et al.  2013 ; Kudo et al.  2007 ). The acceleration 
sensor measures the intensity of swimming 
behavior and the number of active burst events by 
fi sh such as feeding (e.g., Tanoue et al.  2012 ). 
Small ultrasonic and VHF transmitters can be 
attached to the fi sh along with the data loggers to 
track fi sh movement and aid in the recovery of 
the data loggers after a time-scheduled release 
from the fi sh. In addition, salinity data obtained 
with a conductivity sensor are useful to detect 
habitat use near river mouths. These technological 

advances make it practical to use data loggers to 
observe fi sh behaviors. 

In this study, we examined habitat use of 
Japanese sea bass, a representative fi sh species in 
Tokyo Bay, by using micro-data loggers with 
sensors for three-axis acceleration, depth, water 
temperature, and conductivity, in addition to 
micro-underwater video cameras and ultrasonic 
and VHF transmitters.  

2     Materials and Methods 

2.1     Study Site 

 The catch of Japanese sea bass in Chiba Prefecture 
(Fig.  1 ) is the greatest in Japan. Between 1958 and 
1997, 85 % of the fi sh that landed from Tokyo Bay 
were in Chiba Prefecture (Shoji  2002 ). Banzu 
Tidal Flat is an area of 1,400 ha at the mouth of the 
Obitsu River, which discharges freshwater into the 
east of Tokyo Bay (Fig.  1 ). This area is near fi shing 
and general ports and is a habitat of young Japanese 
sea bass. The river mouth of the Obitsu River and 
its neighboring areas are a fi shing ground for adult 
Japanese sea bass. For these reasons, we con-
ducted our survey in the waters near the river 
mouth of the Obitsu River (Fig.  1 ).   

2.2     Survey of Habitat Use by 
Japanese Sea Bass by Using 
Data Loggers 

 Field surveys of habitat use by Japanese sea bass 
were conducted in October 2011. Several data 
collection devices were used in two combina-
tions. The fi rst system included a salinity data 
logger (DSL, Little Leonardo Co., Japan), a 
three-axis micro-acceleration data logger with 
depth and water temperature sensors (ORI380- 
D3GT, Little Leonardo Co.), an underwater video 
camera (SSP Co., Japan), an ultrasonic transmit-
ter (V9, Vemco Co., Canada), and a releasing 
device (Little Leonardo Co.) with a fl oat (NiGK 
Co., Japan) connected to a mount. The second 
system included the same salinity and three-axis 
micro-acceleration data loggers, the same releasing 
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device, and a VHF transmitter (mm130, ATS Co., 
Australia) connected to a mount. The fl oats were 
used to adjust the weight of the systems to near 
neutral in seawater to avoid putting extra weight 
on the fi sh. 

 Four Japanese sea bass caught in Tokyo Bay 
between 25 and 27 October 2011 (ID1: total 
length (TL), 60.8 cm; ID2: TL, 52.3 cm; ID3: TL, 
57.5 cm; ID4: TL, 56.4 cm) were kept in a cage at 
the mouth of the Obitsu River for 24 h. They 
were outfi tted with the data collection equipment 
by sewing the mount to their backs with a surgi-
cal needle and biodegradable thread. The fi sh 
were then released about 500 m upstream from 
the river mouth (35°24′57″N, 139°54′26″E). The 
releasing device was set to cut a plastic cable that 
fi xed the system to the mount at a scheduled time, 
which allowed the system to fl oat to the surface. 

 The fi rst system was retrieved by tracking sig-
nals from the ultrasonic transmitter with a 
receiver (VR100, Vemco Co., Canada) on a boat. 
The second system was retrieved about 14 h after 

release by surveying radio signals emitted from 
the system with Yagi antenna receivers (Ham 
Center Sapporo Co., Japan) on a boat and on 
the shore. The fi rst system is referred to as 
the tracking survey and the second as the releas-
ing survey. 

 Three-axis acceleration was recorded at 
32 Hz, and swimming depth, water temperature, 
and salinity were recorded at 1 Hz. Data were 
downloaded from the loggers to a computer and 
analyzed using an Igor Pro (ver. 6.0 J, 
WaveMetrics, Lake Oswego, OR, USA) and Igor 
Filtering Design Laboratory (IFDL: ver. 4, 
WaveMetrics) software. 

 During the tracking survey, we visually 
observed the surrounding land and sea environ-
ments. In the releasing survey, we observed the 
surrounding environment at the time of retrieval. 
We also surveyed the salinity distribution in the 
Obitsu River with a salinity–temperature–depth 
device (ASTD102, JFE Advantech Co., Japan) 
during the tracking and releasing surveys. To do 

  Fig. 1    Map of the studied area in Tokyo Bay       

 

Measurement of Fish Habitat Use by Fish-Mounted Data Loggers for Integrated Coastal…



246

this, we measured vertical salinity profi les at the 
river mouth (6 m in depth), 500 m upstream (4 m 
in depth), and 1 km upstream (3 m in depth). We 
averaged salinity values from the river surface to 
1 m depth (surface layer) and from the river bot-
tom to 1 m above (bottom layer).   

3     Results 

3.1     Salinity Conditions 

 The salinities in the surface and bottom layers 
were respectively 19.1 psu and 30.8 psu at the 
river mouth, 6.5 psu and 28.7 psu 500 m upstream, 
and 1.9 psu and 5.0 psu 1 km upstream of the 
river mouth, showing a clear decrease in salinity 
upstream. The difference in salinity between the 
surface layer and bottom layer was greatest at 
the river mouth and lowest 1 km upstream of the 
river mouth due to freshwater and shallow 
bottom depths upstream. Seawater intruded into 
the bottom layer 500 m upstream of the river 
mouth, but was much lower 1 km upstream.  

3.2     Tracking Survey 

 Sea bass ID1 was released in the lower Obitsu 
River (Fig.  2 ). It moved 200 m downstream of the 
release point and then moved back and forth 
between the release point and 200 m downstream 
(Fig.  2 ). We observed anglers targeting Japanese 
sea bass in the area. Swimming depths of the fi sh 
ranged from 0.3 to 2.0 m (Fig.  3 ). Salinity ranged 
from 10 to 20 psu. Snapshots from the video 
camera mounted on the fi sh showed ID1 swim-
ming with other Japanese sea bass (Fig.  3 ). 
Another snapshot showed that ID1 looked up 
toward the water surface from the middle layer of 
the river where an angler was fi shing from the 
riverbank (Fig.  3 ). The acceleration logger 
recorded four distinct bursts (Fig.  3 ).    

3.3     Release Survey 

 Three Japanese sea bass (ID2, ID3, ID4) for the 
release survey were released near the Kuzuma 
fi shing port in the lower Obitsu River (Fig.  4 ). 

  Fig. 2    Area of the tracking 
survey of ID1 around the 
river mouth of the Obitsu 
River (Tanoue  2014 )       
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  Fig. 3    Time series of swimming depths, water tempera-
tures, salinities, and three-axis accelerations from loggers 
and snapshots from underwater video mounted on the 
Japanese sea bass (ID1). Snapshots 1 and 2 show other 

fi sh swimming together with the video-mounted individual. 
Snapshot 3 shows an angler fi shing from the riverbank. 
 Black arrows  indicate bursts of three-axis acceleration 
(Tanoue  2014 )       

  Fig. 4    Map showing survey area of Japanese sea bass west of Tokyo Bay, Japan. Individuals ID2, ID3, and ID4 were 
released at the  open circles. Closed circles  indicate the retrieval positions of data logger systems released from the fi sh 
(modifi ed from Tanoue  2014 )       
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We retrieved the logger system from ID2 3 km 
upstream of the mouth of the Obitsu River. The 
system from ID3 was retrieved in the fi shing 
port at the mouth of Obitsu River, and ID4 was 
retrieved in the Kisarazu port area, approxi-
mately 10 km southwest of the mouth of the 
Obitsu River (Fig.  4 ). One angler reported that 
he caught ID3 at the mouth of the Obitsu River 
and released it there. The three loggers obtained 
a time series of water temperature, salinity, 
swimming depth, and three-axis acceleration for 
a total of 60 h (Figs.  5 ,  6 , and  7 ). These records 
showed that all three individuals moved among 
sea and brackish waters. In particular, ID2 used 
sea, brackish, and freshwaters. All time series of 
three-axis acceleration showed burst events in 
all salinity and water temperature environ-
ments (Figs.  5 ,  6 , and  7 ). Bursts sometimes 
moved fi sh between greatly different salinity or 
temperature environments. For example, in a 
burst by ID3 on 28 October at 22 h, salinity was 
~10 psu before the burst and ~25 psu after. On 
29 October at 3 h, water temperature was 17 °C 
before the burst and 18.5 °C after the burst 
at ~25 psu.       

4     Discussion 

 We examined habitat use of Japanese sea bass in 
areas of varying salinity around a river mouth 
using newly developed salinity loggers and other 
data loggers. Three-axis acceleration showed 
swimming burst events by the fi sh. Japanese sea 
bass are carnivorous, feeding on small fi sh. Thus, 
bursts likely indicate predation events as sea bass 
ingested small baitfi sh by creating suction as 
reported in akame ( Lates japonicus ) (Tanoue 
et al.  2012 ). Water temperature and salinity data 
were recorded along with burst events, and con-
ditions often changed after the burst, suggesting 
that many feeding events occurred at a haline or 
thermal fronts, where small baitfi sh concentrated. 
This further suggests that Japanese sea bass 
use fresh and brackish waters in river mouths 
and upstream as feeding grounds, in addition to 
seawater habitats. 

 Footage from the micro-video cameras on the 
fi sh showed Japanese sea bass swimming with 
other conspecifi cs. This is the fi rst observation 
of schooling behavior in Japanese sea bass by 

  Fig. 5    Time series of swimming depth, water temperature, salinity, and three-axis acceleration from data loggers 
mounted on Japanese sea bass (ID2) retrieved approximately 3 km upstream of the mouth of the Obitsu River (Tanoue  2014 )       
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fi sh- borne cameras in brackish waters and the sea 
(Fig.  3 ). The camera also fi lmed an angler fi shing 
from the riverbank above the fi sh. The cameras 
allowed observation of the Japanese sea bass in 
the middle layer of the river, more clearly detect-
ing the behavioral ecology of the fi sh than other 
methods. 

 Depth data of all individuals in the release 
surveys showed frequent vertical movements. 
Time series of salinities and water temperatures 
indicated many pulses when they stayed in the 
surface layer with low salinity water. The pulses 
of ID2 were remarkable. It moved 3 km upstream 
of the river mouth, where differences in salinity 

  Fig. 6    Time series of swimming depth, water tempera-
ture, salinity, and three-axis acceleration from data log-
gers mounted on the Japanese sea bass (ID3) released and 

retrieved in the Kuzuma fi shing port near the river mouth 
of the Obitsu River in Tokyo Bay (Tanoue  2014 )       

  Fig. 7    Time series of swimming depth, water temperature, salinity, and three-axis acceleration from data loggers 
mounted on the Japanese sea bass (ID4) released and retrieved in the port area of Kisarazu in Tokyo Bay (Tanoue  2014 )       
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and water temperature between the surface and 
bottom layers are great due to less mixed fresh-
water in the surface layer and intruded seawater 
in the bottom layer. The vertical movements are 
suspected to indicate foraging activity because 
bursts occurred during the vertical movements. 

 These surveys on habitat use by Japanese sea 
bass in Tokyo Bay revealed that these fi sh use riv-
ers, river mouths, and ports, in addition to fi shing 
grounds. Resource management for this species 
has focused only on commercial fi shing zones, 
which overlooks many other important habitats 
for the conservation of this and similar species. 
For a more effective resource management of this 
species, barriers to cooperation among different 
jurisdictions and administrations surrounding the 
habitats of Japanese sea bass must be overcome. 
In particular, the jurisdictions and administra-
tions in coastal waters are complex due to many 
different activities, including fi sheries, aquacul-
ture, ports, waterways, infl uent rivers, and water 
quality. Each of these components has different 
management groups and objectives. Therefore, to 
realize effective management of the habitats of 
some fi sh, objective data are needed on habitat 
use by the fi sh to accommodate the diverse uses 
of coastal waters. Managers widely recognize 
that biodiversity is one of the most important ele-
ments for sustainable development, but they do 
not have the objective data needed to determine 
appropriate habitat protection. These observa-
tions that Japanese sea bass use rivers, ports, and 
the sea may provide a motive to examine 
cooperative management among managers of 
different habitats. For example, these fi sh fre-
quently encounter leisure anglers in river 
mouths, but no regulations currently exist on 
fi shing in these areas. 

 Fishermen and local governments play the pri-
mary role in the management of fi sh in the sea. 
Nevertheless, no management has been instituted 
for this species in rivers, although sport fi shers 
generally respect catch-and-release rules. The 
Kameyama Dam is located in the upper reaches 
of the Obitsu River (Fig.  1 ) and has become a 
popular fi shing spot for black bass ( Micropterus 
salmoides ), an invading species. Black bass were 
intentionally introduced by anglers and have 

caused damage of indigenous river ecosystems in 
Japan (Senou  2005 ). The Japanese Ministry of 
Environment prohibited the import, transport, 
and keeping of the species by the Invasive Alien 
Species Act in 2005 (Ministry of the Environment 
of Japan  2005 ) because the black bass is a carni-
vore that feeds on small fi sh and alters indigenous 
ecosystems (e.g., Brown et al.  2009 ) through 
top–down control like Nile perch (e.g., Barel 
et al.  1985 ). This fi shing spot is located in the 
reservoir separated from the river by Kameyama 
Dam. However, the black bass may move from 
the reservoir to the lower Obitsu River when the 
dam is drained. If they move into the lower reach 
of the river, the black bass could compete with 
the Japanese sea bass for small baitfi sh. Therefore, 
we recommend that Chiba Prefecture institute 
strict supervision of or abolish fi shing of black 
bass in this area to protect indigenous resources. 
To do this, organizing a discussion among stake-
holders in the river catchment (e.g., dam and river 
managers, citizens, and anglers) is necessary to 
discuss to persuade anglers to abandon game 
fi shing of black bass. 
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    Abstract  

  A boat-based coral observation system was developed using lidar (light 
detection and ranging) technique for large-area coral monitoring. The sys-
tem comprises an ultraviolet (UV) pulsed laser and a gated image- 
intensifi ed CCD (ICCD) camera to obtain fl uorescent images of the 
seafl oor. Coral observations were conducted using a glass- bottom boat at 
Taketomi Island, Okinawa, Japan, and the distributions of live corals along 
the boat tracks were obtained.  
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      Coral Observation by the Boat- 
Based Fluorescence Imaging Lidar 
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1          Introduction 

 Reef-building corals (hereafter corals) are at risk 
from global climate change and other threats. In 
particular, the Japanese marine area forms the 
northern limit of global coral distribution, and 
previous studies have confi rmed that corals are 
rapidly decreasing (Okamoto et al.  2000 ) and 
moving northward (Yamano et al.  2011 ).    Such 
changes emphasise the increasing importance of 
monitoring regional coral distribution. Most 
reef- building corals have fl uorescent proteins 
that emit blue-green fl uorescence on UV excita-

tion (Hedley and Mumby  2002 ). Therefore, the 
spatial distributions of live coral can be obtained 
from observations made using fl uorescence 
imaging lidar    (Fig.  1 ).   

2     Lidar Technique 

2.1     Observation Method 

 Lidar is an active remote sensing system that 
emits pulsed laser to a target and receives scat-
tered light from it. The distance  r  from the sys-
tem to the target is expressed via the time 
difference Δ t  between emitting the laser pulse 
and receiving the scattered light,

  
r

c

n
t=

2
Δ

  
 ( 1 ) 

   

Here,  c  is the speed of light in vacuum and  n  is 
the absolute refractive index, which is 1.0003 in 
air and ranges from 1.33 to 1.34 in seawater. 
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Recently, lidar is applied to three-dimensional 
remote measurements of urban buildings and 
investigation of forestry biomass using airborne 
platform. The present study employs lidar for 
observing corals and is expected to help extend 
the range of this technology to various marine 
ecosystem investigations.  

2.2     Bathymetry, Oil Spill 
Detection and Ocean Water 
Quality 

 One of the main applications of lidar for marine 
environmental investigation is airborne scan-
ning system for shallow water bathymetry. The 
water depth can be measured by the difference 
of time arrivals of laser signals scattered from 
the sea surface and the seafl oor. The observable 
depth can extend to 50 m in transparent seawa-
ter. The scanning lidar system can maintain a 
wide observation swath, thereby permitting 
rapid bathymetric measurements in shallow 

water. In Japan, airborne scanning lidar has 
been used to investigate underwater topological 
variations resulting from the earthquake and 
tsunami of 11 March 2011. 

 Airborne lidar has also been used to detect oil 
spills. The system is similar to bathymetry but 
uses a UV pulsed laser for illumination. Since oil 
has greater fl uorescence than seawater, the oil 
spill can be detected by fl uorescence measure-
ment on the sea surface. This observation is par-
ticularly helpful for monitoring oil spills at night 
and for estimating oil spill thickness. 

 Additionally, it is possible to use this system 
to monitor seawater quality. The fl uorescence 
of seawater varies with the concentration of 
coloured dissolved organic matter. The authors 
have observed the ratio of fl uorescence to 
water- Raman signal at the sea surface from 
Sagami Bay to Tokyo Bay via helicopter-based 
fl uorescence lidar (Sasano et al.  2008 ). The 
results (shown in Fig.  2 ) confi rm that the sea-
water shows increasing fl uorescence closer to 
populated areas.    

  Fig. 1    Example of coral observation by video ( left ) and fl uorescence imaging lidar ( right )       

 

M. Sasano et al.



255

3     Coral Observation 
and Viability Check 

 Most reef-building corals have fl uorescent proteins 
that emit blue-green fl uorescence on UV excita-
tion. Therefore, information on live corals can be 
obtained by a fl uorescence imaging lidar survey 
of the seafl oor. However, to obtain fl uorescent 
images of corals, it is necessary to avoid the dis-
tortion effect by sea surface waves, and therefore 
an airborne system is problematic in this respect. 
Therefore, underwater lidar requires a platform 
that facilitates reliable imaging, such as a glass-
bottom boat. 

 The very short exposure time (about 100 ns) 
used in fl uorescence imaging lidar suppresses not 
only background noise caused by sunlight but 
also image blurring caused by the rapid ship 

motion. The spatial distribution of live corals 
along boat tracks can be obtained by setting 
DGPS position data and assessing the seafl oor 
substrate by analysing data from each fl uorescent 
image. Figure  3  shows the observed coral distri-
butions at Taketomi Island, Okinawa, Japan.   

4     Conclusion and Perspectives 

 A fl uorescence imaging lidar system that utilises 
a glass-bottom boat was developed, and the sys-
tem’s potential to observe live coral distribution 
is demonstrated. In future, coral observation at 
various sites in the Japanese ocean area is planned 
to monitor coral reef ecosystems and assess the 
impacts of global climate change such as ocean 
warming and ocean acidifi cation.     
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  Fig. 2    Pseudo-colour map of seawater fl uorescence characteristics  via  helicopter-based fl uorescence lidar at Sagami 
Bay and Tokyo Bay (fl uorescence to water-Raman signal ratio)       
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    Abstract  

  Ocean and coast are considered like the very place of exacerbating global 
changes and their consequences including climate change, bio-invasion, 
wastes, pollutions, piracy, migrations, etc. Responses are applied at the 
local level but should be thought from a global perspective, requiring a 
shared governance underpinned by effi cient coordination between state, 
interstate and supra-state actors as well as cooperation with non-instituted 
actors. The awareness of global issues and related role of coasts and seas 
is still recent and rather blur. It takes shape through mobilising the law, 
science and technology in order to feed new forms of governance in a fl uid 
and much uncertain world. Such is the challenge of the recently instituted 
maritime strategies or ocean policy in both France and Japan, taking place 
in very different context but also showing convergences that could lead to 
fruitful collaboration between the two countries and the regions they 
belong to.  
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Management Approach in Western 
Europe, France, and East 
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1          Introduction 

 France and Japan are two very different countries 
from the geographical, environmental, socio- 
economical and cultural points of view. 

 In Japan, the ‘Bill for the Basic Ocean Law’ 
took effect in July 2007. The contents of this new 
law ‘defi ne the basic principles of Japan on the 
ocean, clarify responsibilities of the national 
government, local governments, business opera-
tors, and citizens, specify the basic items 
concerning measures on the ocean, and stipulate 
the establishment of the Headquarters for 
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Comprehensive Ocean Policy for the purpose of 
promoting these measures in a comprehensive 
and systematic manner, aiming at realizing a new 
ocean-oriented nation’ (Kuribayashi  2008 ). As 
the basis of the Basic Ocean Plan, 12 basic mea-
sures have already been agreed upon. They 
include the promotion of development and con-
servation of the marine environment within the 
EEZ and other areas, securing the safety and 
security of the oceans including maritime trans-
port, promotion of ocean science and technology, 
ocean industries and their international competi-
tiveness, integrated coastal management and 
enhancement of citizen’s understanding of the 
oceans, and conservation of remote islands and 
international cooperation. 

 In France, the recent national move (2009) for 
the management of the coast and ocean has been 
largely infl uenced by the new European Integrated 
Maritime Policy and its Marine Strategy 
Framework Directive. It was initiated within the 
framework of the ‘Grenelle Environment’ and 
then ‘Grenelle of the Sea’ national consultations 
ending up with the publication of a Blue Book 
giving the outlines of the national maritime strat-
egy related to knowledge enhancement, gover-
nance arrangement, maritime activities 
development, education and training and interna-
tional commitments in metropolitan France and 
its overseas territories. 

 A fi rst Basic Act (Loi Grenelle 1) enacted in 
2009 was complemented in 2010 by a second 
more detailed one (Loi Grenelle 2) setting out the 
institutions and governance mechanism for 
implementation of the national maritime strategy. 
The last decree of application of the law, devoted 
to the preparation and enactment of a national 
maritime strategy and its implementation at 
marine ecoregions and subregions, was published 
in February 2012. 

 In these respective national contexts, both 
countries have numerous ongoing local ICM- 
related initiatives taking place in specifi c regional 
and local context. The question is therefore how 
to progressively build up from national to local 
and vice versa an adequate, viable and well- 
supported governance and management process 
that can help each nation to consolidate their 

national framework, hence promoting their 
ocean-state position in their respective maritime 
region and in the international arena.  

2     Converging Concerns 

2.1     From Global and National 
Perspectives 

2.1.1     Setting the National Context 
from a Regional Perspective 

 Since 2007 and 2008, Japan has an Ocean Basic 
Law and a Basic Ocean Plan developing 6 prin-
ciples and 12 measures. It is more recently that 
France, in the framework of the EU integrated 
maritime policy, took the political decision to 
prepare its own maritime strategy through a short 
consultation process immediately followed by 
the preparation and adoption of a Blue Book 
(Anonymous  2009a ,  b ) on seas and oceans’ 
national strategy. 

 Looking at both national maritime policies 
(though a formalised French maritime strategy 
has still to be drafted and enacted), respective 
goals and objectives look somewhat similar 
except the specifi cs of the French overseas terri-
tories, which are quite strategic since their EEZ 
represents around 97 % of the French entire EEZ 
(Hénocque  2010a ,  b ) (Table  1 ).

   Japan Political Shift: From a Reactive to a 
Proactive Stance – The Japanese archipelago 
constitutes part of the Asian continent offshore 
island chain creating a series of marginal seas 
along the Eurasian continent, including the Sea 
of Okhotsk, the Sea of Japan, the Yellow Sea, the 
East and South China Seas and the Philippine 
Sea. In such a position, there are three strategic 
lines of communication that are vital to Japan: 
the one to the Indian Ocean, the Pacifi c Ocean 
and the Eurasian landmass with China becoming 
a major maritime power in the region and soon in 
the world (Kotani  2012 ) (Fig.  1 ).  

 In spite of strong fi shing and maritime industries, 
a long tradition of ocean research and development 
and the entrustment of the world’s 6th largest EEZ 
under UNCLOS, many Japanese scientists and gov-
ernment and administrative  representatives consider 
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that Japan’s  contributions to ocean governance ‘were 
uninspiring until the enactment of the Basic Act on 
Ocean Policy in 2007’ (Terashima  2010 ). 

 This important move cannot be disconnected 
from the concern of ‘stabilizing the security envi-
ronment of the seas in East Asia where China’s 
naval build up and maritime expansion are affect-
ing the regional sea power balance, while inter-
state disputes are being intensifi ed over territorial 
sovereignty of islands, delimitation of 
 jurisdictional waters, and sovereign rights over 
ocean resources’. 

 In the background is the vital US-Japan 
Alliance that, since its 50th anniversary (2010) 
and both countries’ forces joint response to the 
Great East Japan Earthquake on March 11, 2011, 
is considered to be at a turning point in renewing 
a partnership in response to a strategic environ-
ment of increasing complexity. 

 France Tardy Recognition of Its Maritime 
Heritage – As it was recalled in the fi rst presiden-
tial speech ever entirely devoted to ocean policy 
in 2009 (President Sarkozy at the time), France 
has often turned its back on the sea (though not 

   Table 1    National maritime policies of France/Japan   

 France (Blue Book on Ocean Policy)  Japan (Basic Plan on Ocean Policy) 

  Invest into the future    Enhance the knowledge of the sea  
  1. Generate the people’s passion for the sea    1. Promotion of marine surveys  
  2. Improved knowledge for improved management    2. Promotion of marine science and technology R&D  
  3. Maritime education and professional training    3. Enhance citizens’ understanding of the sea and foster 

human resources    4. Protect the coastal and marine environment  
  5. Develop coastal and ocean monitoring  
  Develop a maritime sustainable economy    Harmonise sea development and environmental 

protection  
  1. Natural resources sustainable development    1. Promote development and use of marine resources  
  2. Sustainable fi sheries and aquaculture development    2. Preserve marine and coastal environment  
  3. Innovating and competitive shipbuilding industry   Sound development of maritime industries 

  1. Secure maritime transport  
  4. Rethink maritime transport    2. Promote maritime industries and strengthen 

international competitiveness    5. Develop port international dimension  
  6. Strategy for leisure boats and aquatic sports 
development  
  Promote maritime France in Europe and the world    International partnership with regard to the sea  
  1. France and international governance development    1. Secure international coordination and promote 

international cooperation    2. France and EU integrated maritime policy building up  
  3. Maintain sovereignty and fulfi l responsibilities  
  4. Strengthen France’s intervention capacity for defence 
and security  
  Set up a renewed governance    Comprehensive governance of the sea  
  1. Coastal and ocean governance setting and policy 
instruments development  

  1. Promote development in EEZ and continental shelves  
  2. Comprehensive management of the coastal zones  

  2. Foster the state operative capacity at sea    3. Preserve the islands  
  3. Foster operative effi ciency at international level    Secure safety and security at sea  

  1. Secure safety and security at sea  
  Promote the French overseas territories’ maritime 
dimension  
  1. Territorial governments, developers of the national 
policy  
  2. Marine environment: an asset as well as responsibilities  
  3. Marine resources as one of the key economic sectors  
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necessarily becoming totally ‘sea blind’ from the 
viewpoint of sea power 1 ) and somewhat forgot its 
maritime heritage till it was decided in 2009 to 
launch a national consultation and work out the 
contours of a national ocean policy (Fig.  2 ).  

 France is an EU Member State having a coast-
line on the Atlantic Ocean/Channel Sea and the 
Mediterranean Sea. In addition, it has overseas 
territories inherited from the colonial period in 
the three oceans including the Antarctic area. As 
shown on the map (Fig.  2 ), those overseas territo-
ries’ EEZ represent 97 % of France total mari-
time superfi cy. Nevertheless, while acting along 
the principles of sovereignty and subsidiarity, 
France is deeply involved in the EU integrated 
maritime policy process. 

 Although the European Union (EU) has acted 
like a land power for the past 50 years, it actually 
has the geographical potential to become a sea 
power as well (Rogers  2010 ). 

1   President of the French Republic, The French White 
Paper on Defence and National Security, 2008 

 In its European Security Strategy, 2  the EU 
clearly acknowledged that as a union of 25 states 
(27 nowadays) with over 500 million people pro-
ducing a quarter of the world’s gross domestic 
product (GDP), it is inevitably a global player. 
The same strategy states that the primary objec-
tives of the EU are to craft a ring of well- governed 
countries around its borders and to strive for 
more ‘effective multilateralism’, a rule-based 
international system predicated on the rule of 
law. This ‘ring of friends’ is fundamentally forged 
through the European Neighbourhood Policy, the 
Eastern Partnership and the Union for the 
Mediterranean and applies not only to land areas 
but also to almost enclosed or semi- enclosed 
large water bodies which are the Baltic Sea 
towards the northeast, the Mediterranean Sea 
towards the south and the Black and Caspian 
Seas towards the east (Hénocque  2011 ). All of 
them are located at the boundaries of the 
European Union with therefore great signifi cance 
from the geography and geopolitics point of 
view, particularly because they belong to the 

2   December 12, 2003 

  Fig. 1    Japan Exclusive Economic Zone (EEZ) boundaries       
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maritime domain and hence represent gateway 
between the various continental and coastal pow-
ers of the ‘Eurasian coastline’ (Rogers  2009 ) 
composed of 7 of the 15 biggest trading partners 
of the EU (China, Japan, South Korea, India, 
Taiwan, Singapore and Saudi Arabia). 

 If the power balance in the Asia-Pacifi c is 
quickly changing, it has a direct impact on the 
European side: with the rise of China and the 
refocusing of American maritime assets into East 
Asia, Europeans will have to more and more 
assume the burden that was left to the USA after 
the Second World War as clearly demonstrated 
during the recent intervention related to Libya in 
the Mediterranean.  

2.1.2     Why ICM Counts into National 
Ocean Policies? 

 When launching its strategy to implement the 
EU Integrated Coastal Management (ICM) 
Recommendation, the Commission indicated 
that coastal areas are particularly in need of an 
integrated territorial approach, but notwith-
standing the continued need for ICM on shore, 
further emphasis should be placed on the 
implementation of ICM across the land-sea 

boundary and in a regional sea context 
(Anonymous  2007 ). 

 This consideration is particularly important, 
while ICM is nowadays a popular concept that is 
under implementation in many locations and 
riparian countries of regional seas all over the 
world. Moreover, in many regions like the Baltic 
Sea, ICM initiatives are increasingly getting 
transboundary thus, in this case, enhancing the 
joint regional cooperation between the Baltic Sea 
regional users (Ourcoast  2010 ). In the 
Mediterranean, within the Barcelona Convention 
system, it went as far as ratifying the fi rst pan- 
regional ICM Protocol. These numerous ICM- 
related projects and initiatives represent a 
regional potential capital provided they are given 
the opportunity and the means to get networked 
together. Further, in the case of the French 
national maritime strategy, it has been made clear 
that the ICM principles and approach should be 
extended off to the sea to cover the entire EEZ in 
an articulated continuum from the watershed 
throughout the varied maritime areas defi ned 
under the UN Convention on the Law of the Sea. 
The best way to do it is to start dealing with 
the actual multiple management practices 

  Fig. 2    France Exclusive Economic Zone boundaries (in  blue )       
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 encountered in the fi eld and accept to ‘journey’ 
with the stakeholders towards more sustainability 
(Hénocque  2010a ,  b ). 

 In both countries, ICM strategies preceded 
ocean policies since Japan (National Land 
Agency) published its fi rst ICM guidelines in 
2000 engaging municipalities and prefectures to 
come up with integrated coastal management 
plan, while France established its ICM strategy 
(though not published as such but as a national 
report to the European Commission) in 2006. But 
to what extent scientists and experts from such a 
different geographical, historical, sociological 
and cultural context like it is the case between 
France and Japan may share the same concepts 
and to a certain extent speak the same language?  

2.1.3     The Common Inheritance 
of the Millennium Ecosystem 
Assessment 

 Based on its assessments, the 2005 Millennium 
Ecosystem Assessment (MEA) founded the 
ecosystem- based approach in describing the 
society- nature interactions based on the concept 
of ecosystem services which is directed equally 
to the social and natural sciences. 

 It is this very framework that has been used in 
a national study of the interaction between 
humans and terrestrial-aquatic landscape ecosys-
tems (satoyama) and marine-coastal seascape 
ecosystems (satoumi) in Japan (Anonymous 
 2010 ). While the outcomes of this study have 
been highly publicised during the Nagoya COP 
10 (Convention on Biological Diversity) event in 
2010, one of its main recommendations is to 
strengthen the satoyama-satoumi approach 
(ecosystem- based management approach) in 
managing biodiversity and ecosystem services, 
recognising the mosaic composition of ecosys-
tem types and their inherent interlinkages while 
pointing out the need for networking ‘uncon-
nected and piecemeal’ initiatives and setting up 
new forms of governance allowing the decentral-
ised management of the ‘commons’, which is 
particularly true for the marine areas. 

 As regards the drivers of change, the 11 
March 2011 Great East Japan Earthquake and 
Tsunami correspond to an abrupt and ‘giant 

composite disaster’ (Mimura et al.  2011 ) which 
led to the entire destruction of centuries-built 
social- ecological systems and their ecosystem 
services along the coast of Tohoku. More than 
never, reconstruction will have to take into con-
sideration this fragile equilibrium between man 
and nature.  

2.1.4     Converging Concern 1 
 Whatever its cultural interpretation, we then may 
agree on a common approach that could be 
defi ned as ‘an integrated approach to manage-
ment (ICM) that considers entire ecosystems, 
including humans, the goal of which being to 
maintain an ecosystem in a healthy, productive 
and resilient condition so that it can provide the 
services humans want and need’.   

2.2     Landscape/Seascape: 
Perception and Cultural 
Values 

2.2.1     Going at Sea with Satoumi 
 ‘Satoyama’ in Japan refers to a mosaic of ecosys-
tems including wetlands, grasslands, woodlands, 
farmlands, paddy fi elds and settlements. The 
interaction of humans with nature has led to the 
emergence of these ecosystems that provide sig-
nifi cant habitats for a great variety of wild ani-
mals and plants. Thus, the interaction of humans 
with the satoyama social-ecological systems has 
played a vital role in biodiversity conservation, 
socio-economic progress and the emergence of 
traditional knowledge on different components of 
these ecosystems. 

 In France, a Burgundy landscape with its vine-
yards in the foreground, the result of centuries of 
human interaction with vineyards and their ‘ter-
roir’, may be considered as a kind of satoyama 
cultural landscape. But, while in Japan satoyama 
is never far from the sea because of the country 
insularity, it may be quite far and seen as totally 
disconnected as it is the case for an inner region 
(Burgundy) in a continental country like France. 

 ‘Satoumi’ in Japan refers to ‘high productivity 
and biodiversity in the coastal sea area with 
human interaction’. In this case, history, hence 
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traditional knowledge, is much shorter than in 
satoyama, but, particularly in Japan, there is 
already a good deal of practice regarding the use 
of ecological engineering technique that is 
increasingly addressing the ecosystem and not 
just one specifi c production. In Shiraishi-jima 
(Okayama Prefecture), marine farming is about 
‘enhancing the whole ecosystem and not just the 
fi sh taking into consideration the intrinsic eco-
logical features of the area and trying to maintain 
the ecological niches’. 

 In France, where the perception of coastal tra-
ditional landscape remains quite conservative, a 
salt marsh landscape is nowadays considered as 
part of this traditional coastal landscape, forget-
ting that it was once the result of human strong 
interaction with nature, targeting only one prod-
uct, salt, which has been since then nicely reborn 
as the ‘fruit of ocean, sun and wind’. 

 In comparison, Satoumi in Japan is already ‘at 
sea’, probably because there was no choice in 
regard to the search for vital and scarce space for 
development on the coast, but also certainly 
because of the unique system of fi shing rights in 
Japan and the whole compensation system which 
goes with it, and strong national and regional 
policies towards a ‘learning by doing’ kind of 
marine ecological engineering. 

 As a matter of fact, besides the rather recent 
involvement of environment-led NPOs, ‘com-
mon fi shing right deeply connects with satoumi’ 
making ‘the Japanese common fi shing right insti-
tution a prototype of satoumi’ (Hidaka  2011 ). 
Therefore, the discourse on satoumi cannot be 
disconnected from this unique and very original 
trait of fi shing right in Japan where local com-
munities and fi shermen co-manage their coastal 
and marine resources through fi sheries and/or 
aquaculture activities.  

2.2.2     Converging Concern 2 
 In their respective context, both fi shing commu-
nities in Japan and in France know very well 
what is and will be at stake tomorrow: the ecosys-
tem health. But this is true mainly at local level 
while it is not yet apparent at the next bigger 
scale where market short-term considerations are 
still the rule.   

2.3     Sectoral Policies 
and Protection 

 The maritime sector of France is marked by the 
predominance of coastal tourism. Recreational 
boating, shipbuilding, marine equipment, navy 
and seaports are also important players not only 
in the maritime domain but in the French econ-
omy as a whole. 

 In Japan, the situation is somewhat different 
since the fi shing rights law gives the fi shermen 
the pre-eminence in the coastal areas, while the 
defence of the coast and ports development are 
vital to the survival of coastal populations and 
commercial exchanges with the world. 
Nevertheless, the conservation and sustainable 
use of biodiversity have been gaining strength in 
policymaking in the last years. 

2.3.1     Marine Protected Areas 
as an ICM Tool 

 The newly established Marine Protected Areas 
Agency in France (2006) has developed a national 
strategy for MPA deployment in metropolitan 
France and overseas territories. While they were 
initially envisioned as a means of managing 
coastal resources where they were not specifi -
cally managed, it quickly appeared that to take 
into account the continuum from the watershed to 
the EEZ boundaries, a wider approach of inte-
grated coastal and ocean management was neces-
sary. Under the French maritime policy and its 
coastal and sea management strategy, marine 
protected areas are thus treated as tools for 
achieving the overall strategy. Any ICM strategy 
should then take into account the planning, desig-
nation and management of MPAs as a means for 
ensuring biodiversity conservation and sustain-
able management of coastal resources as in the 
case of fi sheries (no-take zones). 

 As reported in Nagoya COP 10 (October 
2010), there are various types of MPAs along the 
coast of Japan, the majority of them focusing on 
the conservation and sustainable use of fi shery 
resources and are managed by the Fishery 
Cooperative Agencies (FCA) themselves. Along 
the principle of ‘use and build-up on what already 
exists’, there is a great potential as a tool for ICM 
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but which would necessitate their mapping to 
locate them and develop an overall vision, ecore-
gion by ecoregion, that would allow to develop, 
with the fi shers and their FCA, networks of MPAs 
at greater scale.  

2.3.2    Converging Concern 3 
 Marine protected areas, whatever they are, should 
be considered as tools for integrated coastal man-
agement. This is in agreement with the Aichi tar-
get 11 which stipulates that ‘by 2020, at least 
17 % of terrestrial and inland water areas and 
10 % of coastal and marine areas, especially 
areas of particular importance for biodiversity 
and ecosystem services, are conserved through 
effectively and equitably managed, ecologically 
representative and well-connected systems of 
protected areas and other effective area-based 
conservation measures, and integrated into the 
wider landscape and seascape’.   

2.4     Small Islands and Their 
Surrounding Ocean Areas 

 Due to their geographical characteristics, remote 
islands and their surrounding seas, especially 
when they are not inhabited, are often a ‘treasure 
trove’ (Kagami  2011 ) of valuable ecosystems 
and biodiversity and not just used solely for the 
purpose of claiming countries’ EEZ. 

 In Japan, the establishment of the Basic Act 
on Ocean Policy does include a measure for the 
Conservation of the Remote Islands which is now 
entering into implementation. 

 At a much bigger scale, the ‘Pacifi c 
Oceanscape’, endorsed by the Pacifi c Forum 
leaders in August 2010 (Rayfuse  2011 ), is 
intended to provide a framework for cooperation 
in ocean conservation and management across a 
large part of the Pacifi c. This agreement urges the 
Pacifi c Island Countries and Territories (PICTs) 
to incorporate principles relating to sustainable 
ocean and coastal development into national pol-
icy and planning, along with the establishment of 
coordinated institutional mechanisms for trans-
parent implementation of the Pacifi c Islands 
Regional Oceans Policy (PIROP). Importantly 
enough, the Pacifi c Oceanscape concept also 

highlights the need to incorporate strengths and 
traditions of coastal communities to attain ‘sus-
tainable island life’ (Tsamenyi and Jit  2011 ). 

 This move in the South Pacifi c is an excellent 
example of a very large marine ecoregion 
approach including island states’ national 
development. 

 It is undeniably of high interest to Japan, the 
reason why OPRF has made the subject one of its 
research subject, but also for France in the frame 
of its new maritime policy, not so much as regards 
metropolitan France but its overseas territories 
which are mostly small islands with different 
political status. The oceanscape, ecoregion and/
or large marine ecosystem approaches should 
well underpin such a French political initiative as 
the already published ‘Southern Indian Ocean 
Blue Book’ to have a chance to be shared with 
the other island states from the region. 

2.4.1    Converging Concern 4 
 In the case of both countries (Japan and France), 
islands are strategic in regard to their EEZ bound-
ary and should be seen as the strategic core of a 
large marine area sustainable development.    

3     Looking at Common Issues 

3.1     The Crucial Involvement 
of Local Governments 
and Stakeholders 

 Out of the four convergences previously identi-
fi ed, there is a major and central issue that is 
common to both countries in regard to their 
ocean/maritime policy/strategy implementation: 
beyond local initiatives, in regard to the imple-
mentation of a national ICM strategy, what is the 
appropriate governance and planning system that 
may link the land and the sea allowing local 
authorities to get into the process and to develop 
a sense of ownership? 

3.1.1    Current State in France 
 In France, there are no coastal partnerships at 
local level but a number of sectoral organisations 
themselves assisted and controlled by the state 
administration. To face this lack of communication, 
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local authorities are increasingly creating their 
own institutional arrangement for allowing a 
cross-sectoral dialogue, but they are doing so in a 
rather disorderly manner, without much consulta-
tion between them. One of the best examples is 
the Sea Forum created by the Brittany Region 
under its Coastal Areas of Brittany Charter where 
the state is co-chairing the Forum. In other coastal 
regions, various kinds of governance arrange-
ment are gradually building up as well. 

 At a larger scale, the new national maritime 
policy legal framework has set a new consultative 
body at national level, the Coast and Sea National 
Board which, under the chairmanship of the 
Prime Minister, gathers representatives from the 
local governments (elected offi cials), private sec-
tor (all maritime activities) and the civil society 
(NGOs). The regional ramifi cation of this 
national body is ensured through the setting up of 
inter-regions Coast and Sea Maritime Councils 
chaired by the State (Prefect of Region/Maritime 
prefect) in charge of preparing the corresponding 
interregional strategic plan. The latter will be 
articulated with the region (sea and coast regional 
strategy) and then with the local implementation 
arrangements between municipalities and 
departments.  

3.1.2    Current State in Japan 
 In Japan, there have been a series of almost 
simultaneous amendments of the River Act 
(1997), the Coast Act (1999), the Harbour Act 
(2000) and the Fishery Port Act (2001) towards 
the inclusion of environmental conservation. In 
2000, these amendments were completed by the 
National Land Agency with the ‘Guidelines for 
Integrated Coastal Management Plan’ addressed 
to prefectures and municipalities. 

 The main principles put forward by these 
guidelines were as follows: (1) participation and 
cooperation, concerning stakeholder groups such 
as the central and local governments (prefectures 
and municipalities), private sector, non-profi t 
organisations (NPO), fi shermen and local com-
munities; (2) wide overview, giving full consider-
ation to entire bays, inland seas and river 
estuaries; (3) long-term view, setting a future 
vision of coastal areas following natural cycle 
analysis; and (4) continuous implementation, 

based on the results of regular monitoring and 
evaluation. 

 An Integrated Coastal Zone Management 
Commission was planned as well at the level of 
each coastal prefecture and/or municipality with 
a representation of all stakeholder groups. 

 It seems that since then, there have been only 
a few initiatives from local governments, most of 
them coming from municipalities and almost 
none from prefectures. There may be a number of 
reasons to explain such a situation (Ebara  2000 ):
•    The articulation between land use and urban 

planning (municipal master plan) and the 
coastal zone management plans is uncertain. 
This has taken place mainly in the Seto Inland 
Sea, in regard to reclamations, impact assess-
ment and marine environment recovery, while 
the development of non-coordinated sectoral 
policies remained the rule.  

•   The articulation between the 48 predefi ned 
coastal areas (which most of them correspond 
to one or two prefecture boundaries) and the 
bigger marine ecoregions that surround Japan 
is currently unknown as the respective role of 
local and central governments.  

•   The new coastal zone management plan has 
no statutory basis contrary to other adminis-
trative plans (e.g. municipal master plans, pre-
fecture, coastal management plan mainly 
related to the coastline defence).  

•   Although some municipal governments have 
tried to incorporate innovative methods for 
promoting public participation in the planning 
process, the average level of participation 
remains limited, often reduced to the use of 
passive channels such as written survey.  

•   There are many overlapping administrative 
statutory plans which make the integration 
process quite diffi cult to achieve and to 
enforce.  

•   Users other than fi shers have a few legal chan-
nel to sue engineering projects like reclama-
tion since most of them are considered of 
‘public interest’ (Kobutsu) and therefore 
entirely depend on the governor’s or adminis-
tration’s decision.    
 In both countries, networking of local initia-

tives and governance arrangement to achieve it 
need to be part of the ICM development strategy.   
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3.2     Fisheries and Marine Spatial 
Planning 

 In Japan, besides the rather recent involvement of 
environment-led NPOs, ‘common fi shing right 
deeply connects with satoumi’ making ‘the 
Japanese common fi shing right institution a pro-
totype of satoumi’ (Hidaka  2011 ). Therefore, the 
discourse on satoumi cannot be disconnected 
from this unique and very original trait of fi shing 
right in Japan where local communities and fi sh-
ermen co-manage their coastal and marine 
resources through fi sheries and/or aquaculture 
activities. 

 As already stated by a Japanese law specialist 
in 1997 (Nakayama  1997 ) in the case of the Seto 
Inland Sea, ‘with the issue of environmental pro-
tection becoming increasingly important to fi sh-
eries today, it is now necessary to aggressively 
position environmental protection laws within 
the legal system concerned with fi sheries’, and 
further, ‘because the protection of marine 
resources is an integral part of overall environ-
mental conservation, and because it is a particu-
larly vital issue for fi sheries, fi shery operators 
must be cast as major players in the environmen-
tal conservation struggle’. In other words, fi sher-
men must realise that they are one of the main 
components in the marine resource use system 
and that they therefore must actively participate 
in ecosystem-based fi shery based on mutual 
agreements through existing or to-be-created 
governance forms and procedures (e.g. Shiretoko 
World Heritage). 

 The kind of co-management which character-
ises the Japanese fi shing rights system is cer-
tainly one of the enabling conditions that may 
lead to ecosystem-based management, but local 
co-management through Fishery Cooperative 
Associations often lacks a global perspective and 
ecosystem-scale knowledge to set management 
and conservation goals (Pitcher and Lam  2010 ). 
Traditional ecological knowledge and the capac-
ity to reconstruct past ecosystem states in design-
ing effective restoration strategy (e.g. Hinase, 
Bizen City, in Okayama Prefecture) may also 
contribute to shift from mere fi sheries to an 
 ecosystem approach of fi sheries. 

 Another strong specifi city of the fi shery 
 system in Japan is the co-management (even 
without any legal framework) of marine pro-
tected areas or seasonal no-take zones. While 
demonstrating a strong capacity in managing the 
targeted resources, Fishery Cooperative 
Associations remain in a one single sector 
approach with a clear recovery goal through the 
maintenance of a certain spawning stock biomass 
to support future fi shing efforts, while it is more 
diffi cult to defi ne recovery goals in an ecosystem 
framework. 

 More generally speaking, place-based inte-
grated coastal management using the Maritime 
Spatial Planning (MSP) tool may represent a 
promising approach to implement ecosystem- 
based management provided there is no unique 
path to conserve marine ecosystems and sustain 
livelihoods. 

 Like Japan and contrary to some other EU 
Member States, France did not enter into a sys-
tematic use of maritime spatial planning at sea. 
At each level of maritime and coastal governance, 
strategic planning will be determined by compat-
ible strategic documents:
•    At national level: a national strategy for sea 

and coastal zones serving as a reference frame 
for environmental protection, the development 
of marine resources and the concerted and 
integrated management of activities related to 
the sea and coastal zones.  

•   At infra-national levels: strategic documents 
dealing with marine basins, coastlines, archi-
pelagos or island regions.  

•   At local level: action plans related to the sea 
and coastal zones will be specifi ed in the doc-
uments associated with the various legal tools 
for planning and management, more particu-
larly the  Coherent Territorial Plan (SCOT)  
and its maritime component (Anonymous 
 2009a ,  b ).      

4     Conclusion 

 France and Japan are two very different countries 
from the environmental, socio-economical and 
cultural points of view. France is at the edge of 
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the European continent, bordered by three oceans 
or semi-enclosed sea bodies, the Atlantic Ocean 
(west), the Channel/North Sea (north) and the 
Mediterranean Sea in the south, while Japan is an 
archipelago located offshore the Asian continent 
and thus surrounded by ocean and semi-enclosed 
sea bodies, mainly the Okhotsk Sea (north), the 
Pacifi c Ocean (east), the Japan Sea (west) and the 
South China Sea in the south. 

 Nevertheless, we have shown that there were 
many convergences of concern in the frame of the 
respective national ocean policies and their imple-
mentation, and whatever the policies at stake (sec-
toral or cross-cutting), implementation necessarily 
brings back to local consideration from the gover-
nance and management points of view. 

 In both countries, emerging principles and prac-
tices of participation and subsidiarity both support 
the idea that decision-making should be taken as 
near to the local level as possible, but a broader 
framework needs to be in place to ensure adequate 
perspective and coherence between different local 
initiatives and to provide appropriate technical and 
fi nancial support to make them sustainable. 

 The French region or the so-called prefecture, 
in Japan, associated with strategic planning may 
hold the key to resolving the problem of territo-
rial and sectoral integration in a manner which 
both refl ects national and international policies 
and is adapted to local conditions. This is not 
necessarily the level at which detailed action 
planning and management should take place 
since they are essentially local tasks, but the 
region (France) or the prefecture (Japan) is poten-
tially a critical enabling level in terms of ICM 
initiatives’ coherence in between the local and 
national level.     
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1  Introduction

Total fishery products of Japan reached 4,860 × 103 
tons in 2012 (Fisheries white paper 2013) with 
marine fishery products supplying 3,760 × 103 tons 
and aquaculture 1,040 × 103 tons. Actual consump-
tion of fishery products in Japan is 8,890 × 103 
(equal amount of domestic, 4,860 × 103 tons, and 
imported products, 4,590 × 103 tons) in 2012. Total 
Japanese fishery product peaked in 1984 at 
12,820 × 103 tons, but from 1988 to 1995, it 
decreased rapidly to 7,480 × 103 tons. Since then, 
the total Japanese fishery product has showed a 
decreasing trend, and in 2012, it decreased to 

4,860 × 103 tons eventually. This value is compa-
rable to 38 % of the peak level in the 1984 fishery 
production. On the other hand, total aquaculture 
products were greater than 1,000 × 103 tons in 
2003 and reached a record volume of 1,250 × 103 
tons, but since then, it showed signs of leveling off 
reaching 1,030 × 103 tons in 2012 due to decreas-
ing domestic fishery production.

Overall global fishery production, as derived 
from the FAO capture database, continues to 
remain stable (inland and marine). However, 
marine fishery production is in a declining trend. 
On the other hand, inland fishery production is in 
a gradual increasing trend. Global aquaculture 
production has been increasing rapidly in the past 
6 years, indicating a twofold increase from the 
2006 aquaculture production. It is particularly 
worth noting that inland aquaculture production 
increased rapidly. On the other hand, marine 
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aquaculture production remains at 1/3 of inland 
aquaculture. When focusing on the global aqua-
culture production, inland aquaculture production 
is way ahead of marine aquaculture production. 
The state of global aquaculture is profoundly dif-
ferent with that in Japan. Fishery products are 
globally utilized, basically, for human consump-
tion as food and for nonfood uses such as feeding 
material, oil and feed for aquaculture, etc.

Today, both capture fishery and aquaculture 
productions in Japan indicate a gradual decreas-
ing trend. The state of Japanese fishery produc-
tion is also very different than the state of global 
fishery production. The global utilization of 
human consumption shows a rising trend, while 
on the other hand, nonfood uses indicate a grad-
ual decreasing trend. In addition, the ratio for the 
total world production/nonfood uses indicates a 
decreasing trend in recent 6 years. On the other 
hand, part of nonfood production has been 
directed as feed for aquaculture. In the near 
future, human direct consumption will increase, 
and in this case, the production of nonfood uses 
will be influenced strongly by the amount of 
human direct consumption.

The purpose of this study is to evaluate funda-
mental aspects of the relationship between aqua-
culture and capture fishery production in Japan 
viewed in relation with global fisheries.

2  Japan Fishery Products 
in the Last Three Decades

First, focusing on the last three decades1, between 
1979 and 1988, the total production has been 
fluctuating at 1,000 × 104 tons level; since then, 
between 1989 and 1998, production has been 
dropping down to less than 1,000 × 104 tons con-
tinuously from 1991 reaching 668 × 104 tons in 
1998. Since then, fishery production has contin-
ued to shrink, and in the third decade between 
1991 and 2008, it reached 559 × 104 tons in 2008, 
and since then, the decreasing trend continued 

irretrievably, fluctuating between 500 × 104 tons 
and 400 × 104 tons during the last 4 years (Fig. 1). 
Generally speaking, Japanese fishery production 
is basically on a downward trend since 1988, and 
especially, in the last 5 years, the mean annual 
fishery production is 457 × 104 tons which corre-
spond to 37 % of the peak level in 1984 
(1,282 × 104 tons).

Here, we will just make a short mention about 
inland capture fishery and aquaculture production 
because of its small volume of production. In 2012, 
inland capture fishery production was 3.3 × 104 tons 
and aquaculture production was 3.4 × 104 tons. 
Since 1979, both productions showed a decreasing 
trend with capture fishery having slightly less aver-
age rate of decrease compared with aquaculture.

In Japan, although inland capture fishery and 
aquaculture account for only a handful of fishery 
productions (66,902 tons in 2012), they are impor-
tant traditional regional activities in each region.

Large amounts of fishery products are also 
imported from many foreign countries reaching 
459 × 104 tons in 2012, in which 335 × 104 tons 
were utilized as food and 124 × 104 tons as nonfood 
use in Japan. The amount of imported fishery prod-
ucts is almost equivalent to domestic production.

3  Global Fishery Product Trend

According to preliminary data for 2011 (SOFIA 
2012), global capture fishery and aquaculture 
production supplied 154 million tons of fish in 
2011 of which about 131 million tons were des-
tined as food for human consumption (excluding 
aquatic plants) (Fig. 2). For the past 5 years, 
marine capture fisheries have been gradually 
decreasing from 80.2 to 77.4 × 106 tons, while on 
the other hand, aquaculture shows a gradual 
increasing trend from 16.0 to 19.3 × 106 tons. 
From the point of view of human consumption, 
the demand for aquatic products has been increas-
ing from 17.4 to 18.6 kg per capita food fish sup-
ply. As pointed out in SOFIA 2012, fish and 
fishery products represent a very valuable source 
of protein and essential micronutrients for 
 balanced nutrition and good health. In the future, 
it is anticipated that human consumption of fish-
ery products will increase worldwide.

1 Refer for information about Year books of annual statis-
tics on capture and aquaculture production during 1980 to 
2013. Statistics and information department, Ministry of 
Agriculture, Forestry and Fisheries, Tokyo (in Japanese)

T. Yamane



273

On the other hand, according to a recent assess-
ment of global trends in the state of world marine 
fish stocks since 1974, the mass of all fish stand-
ing stocks has been fully exploited (Fig. 3) in the 
FAO statistical areas (16 areas in the ocean).

The result of the assessment based on the 
available regional data and information for the 
statistical areas indicated that nearly 60 % of fish 
standing stocks were already fully exploited, and 
over 30 % were overly exploited; non-fully 
exploited stocks were no more than about 10 % 
since the last half of the 1990s. The biomass of 
all fish standing stocks has been decreasing con-
tinuously, and since then, the mass of non-fully 
exploited stock showed a steep decline.

4  Japan and Global Trends 
in the State of Aquaculture

According to the Statistics and Information 
Department, Ministry of Agriculture, Forestry 
and Fisheries (2014), in Japan, recent aquacul-
ture production indicates a gradual decreasing 
trend (Fig. 4). Production rapidly dropped to 
0.87 × 106 tons in 2011, regaining a little in 2012 
at 1.0 × 106 tons level. This drop was caused by 
the lack of fishery statistical data in the Tohoku 
region of Japan.

Aquaculture products reached a peak in 
2002 (1.3 × 106 tons); since then, it has been 
fluctuating at 1.0 × 106 tons level except for 
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Fig. 1 Yearly variations in 
the total Japanese fishery 
products between 1979 and 
2012. A, inland capture 
fishery and aquaculture; B, 
aquaculture; C, costal 
fishery; D, offshore fishery; 
E, far sea fishery

Fig. 2 Yearly variations 
for the last 5 years in 
global fishery products (the 
result for 2011 estimated 
values by FAO). A, marine 
aquaculture; B, marine 
capture fishery; C, inland 
aquaculture; D, inland 
capture fishery
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2011. However, it is assumed that aquaculture 
production is basically in a decreasing trend. 
Furthermore, it is reasonable to consider that 
the decreasing trend in aquaculture would con-
tinue in the future, and it is very difficult to 
expect a large increase in production.

In order to clarify the production structure of 
aquaculture products, we first focus on the pro-
duction of each aquaculture species (Fig. 5). 
Seaweed supplied 42 % of the total production, 
33 % by shellfish, and the remaining 24 % from 
fishes. So, in the case of Japan, shellfish and 

Fig. 3 Global trends in the 
state of world marine fish 
stocks since 1974 (SOFIA 
2012)

Fig. 4 Yearly variations in the total aquaculture products; regression equation for the results, p = −660.5y2 + 58146y – 43567; 
r2 = 0.95; p products; y year
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seaweed make up 75 % of aquaculture produc-
tion. The quantity supplied by farmed fish 
(0.25 × 106 tons) is also less than one-fourth of 
the total coastal capture fishery production 
(1.0 × 106 tons).

The statistics concerning farmed species 
mostly constitute (1) coho salmon, (2) yellow-
tails, (3) Japanese jack mackerel, (4) crevalle 
jack, (5) red sea bream, (6) bastard halibut, (7) 
pufferfish, (8) pacific bluefin tuna, and (9) others. 
Considering the composition ratio, both yellow-
tails (0.64) and red sea bream (0.23) are the 
majority, with other species contributing only 
0.13. In addition to yellowtail and red sea bream, 
pufferfish are also of historical importance 
because their official statistical data have been 
recorded since 1961, while other species have 
been described in the 1970s. From a historical 
point of view, these three species were precursors 
of fish farming in Japan.

When focusing on the historical supply trend 
of farmed fish, here, yellowtails and red sea 
bream are considered as representative species 
(Fig. 6). Since yellowtails, red sea bream, and 
pufferfish have been recorded in fishery statistics 
from 1961, it is reasonable to consider that Japan 
marine fish aquaculture started first with these 
three species.

In the case of pufferfish, the quantity supplied 
was between 103 and 4,179 tons in 2012; the 

contribution ratio is only 0.017. During the same 
period, the quantity supplied by yellowtail and 
red sea bream changed between 1,921 and 
160,215 tons and between 2 and 56,653 tons, 
with contribution ratios 0.64 and 0.23, respec-
tively. The quantity supplied by these two species 
is distinctly important from other farmed fishes. 
However, focusing on the last decade (Fig. 6), 
though the quantity supplied by yellowtails has 
been variably shifting, it fluctuated around 
1.5 × 105 level, showing the same trend or a slight 
decline (inclination of linear regression equation; 
−677 (contribution rate, r2 = 0.089)). On the other 
hand, the quantity supplied by red sea bream has 
been showing a consistent declining trend during 
the last decade (inclination of linear regression 
equation, −2,506; (contribution rate, r2 = 0.86)). 
The point of irrevocable decline could occur if 
the quantity reached the level in the 1970s for the 
former and the 1990s for the latter. In addition, it 
is assumed that red sea bream would not foresee 
a recovery from its declining state.

5  Global Trends in Aquaculture

According to SOFIA 2012, the total global aqua-
culture production reached around 60 × 106 tons 
(Fig. 7); in 2010, the quantity supplied increased 
23 times compared with 1970. When focusing on 

Fig. 5 Aquaculture products (total products, 1,039,483 tons) in 2012 (Source, annual statistics on fisheries and aqua-
culture production; statistics and information department, Ministry of Agriculture, Forestry and Fisheries (2014))
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the decade-over-decade growth rate between 
1970 and 2010, the growth rate has fluctuated 
between 2.7 and 1.8, showing a declining trend 
during the last decade. In addition, FAO esti-
mates the global aquaculture increasing ratio to 
decrease 2.4 % between 2012 and 2021.

In 2010, in terms of quantity, the percentage 
of production from freshwater indicates almost 
60 %, and the share of marine aquaculture indi-
cates a decline to just 30 %. Brackish water aqua-
culture yields only 7.9 %. It is reasonable to 
consider that in global aquaculture production, 
freshwater aquaculture exceeds other culture 

environments. In Japan, the growth rate slightly 
decreased (see Fig. 4), and decade-over-decade 
indicates 1.8 in 2010, indicating an extremely 
different situation with the global trend. In the 
case of Japan, the production from aquaculture is 
on a declining trend (Fig. 4). Furthermore, the 
percentage of production from freshwater is only 
11 % (33,957 tons); the production of freshwater- 
farmed fish is extremely small and shows a 
decreasing trend, while world aquaculture pro-
duction has been increasing continuously. The 
composition of world aquaculture production has 
been dominated by carps (71.9 %, 24.2 × 106 

Fig. 6 Yearly variations in 
quantity supplied for both 
yellowtails and red sea 
bream

Fig. 7 World aquaculture 
productions (From SOFIA 
2012)
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tons). In other words, carps have been spreading 
into the mainstream of farmed fish production in 
global aquaculture which is extremely different 
with the trend in Japan (Fig. 8).

When focusing on the farmed fish, almost all 
species are carnivorous species in Japan, and 
control of feeding is absolutely necessary, that is, 
farmed aquaculture has been supported by huge 
amount of feed. Therefore, carnivorous farmed 
species have not contributed anything to the net 
food supply. However, it seems to be a favorite 
food for consumers under the present economic 
regime. On the other hand, in world aquaculture 
production, freshwater species have been con-
tributing to the net food production, specifically, 
farmed carps (33.7 × 106 tons; 56 %). Among 
carps, 27.7 % are non-fed filter feeders and the 
rest are fed with low-protein feeds. In order of 
quantity produced, farmed freshwater species in 
the world are (1) silver and bighead carps, (2) 
Indian major carps, (3) grass carp, (4) tilapias and 
other cichlids, and (5) common carp.

These freshwater species have been contribut-
ing enormously to the net food production for 
human. In contrast, Japan farmed carp supply 
reached a peak in 1977 (297,295 tons) and then 
have been decreasing, reaching 2,964 tons in 
2012, which is around one-tenth of the peak 
quantity in 1977. The contribution rate for total 
freshwater aquaculture production of carp was 
0.35 in 1977 and drastically decreased to only 
0.087 in 2012. According to the above historical 
events, it is assumable that it would be very dif-
ficult to recover from the 2012 level.

In terms of quantity, the percentage of produc-
tion from freshwater is only 11 % (33,957 tons) 
in 2012. In contrast, marine-farmed species, 
especially yellowtails and red sea bream, are 
dominant species with huge feed dosage during 
breeding period for aquaculture.

From a point of view of quantity supplied, the 
contribution of freshwater aquaculture is of 
extremely low value. On the other hand, 69 % of 
the total world aquaculture production has been 
supplied from freshwater-farmed species. In con-
trast, the current state in Japan is extremely dif-
ferent with the global trends.

In Japan, marine fish aquaculture started from 
the 1950s; since then, through rapid change in 
supplied products in the 1980s, it increased rap-
idly in 1990 (fishes, 25 × 104 tons; shellfish, 
34 × 104 tons; prawn, 1,596 tons; mollusks, 693 
tons; seaweed, 44 × 104 tons).

For marine aquaculture products, fish occu-
pied about 24 % of the total aquaculture produc-
tion (Fig. 5), and in the case of marine-farmed 
fishes, the composition is dominated by the car-
nivorous species yellowtails and red sea bream 
(87 %).

In contrast, according to SOFIA 2012, marine 
fishes identified as among the top major species 
are (1) jacks, pompanos, and mackerels, (2) 
drums and croakers, (3) gilthead sea breams, and 
(4) other sea breams. These species supply less 
than 20 × 104 tons of the global total supply of 
marine-farmed fishes equal to 1.8 × 106 tons 
(3.1 % of the total amount).

Freshwater fish

Molluscs

Crustaceans

Diadromous fishes

Marine fishes

Other aquatic animals

Fig. 8 Species supplied from aquaculture in 2010
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FAO estimated that the proportion of non- fully 
exploited stocks has decreased since 1974, while 
the percentage of overexploited stocks increased. 
Since the feed of marine-farmed species is being 
supplied by huge amount of baitfish, carnivorous 
farmed species production is basically controlled 
by the amount of baitfish production. Baitfish 
include the nonfood species. However, the non-
food species have been supplied not only as bait-
fish but also for other intended purposes such as 
fish meal, oil, feed for others, etc.

In addition, FAO calculated that the fully 
exploited stocks produce catches that are at or 
very close to their maximum sustainable produc-
tion with no possibility for further expansion. In 
terms of quantity supplied, the production of car-
nivorous farmed species is closely related with 
the quantity supply of baitfish stocks. However, 
the state of marine stocks might be at or very 
close to their maximum sustainable production. 
For reference, the last 6-year trend in the ratio of 
nonfood uses to human consumption is shown in 
Fig. 9. Nonfood uses show a gradual decreasing 
trend. Under the recent state of global produc-
tion, it would be extremely difficult to supply 
feed for aquaculture as competition with human 
consumption increases.

As pointed out by FAO, the declining global 
catch over the last few years together with the 
increased percentage of overexploited fish stocks 
and the decreased proportion of non-fully exploited 
species around the world convey a strong mes-
sage – the state of world marine fisheries is wors-
ening and had a negative impact on fishery 
production. If this is correct, it is time to rethink 
the responsible fishery production system.

In Japan, marine fish aquaculture production 
started from the last half of the 1950s, and the 
main species till now are yellowtails and red sea 
bream which are both high-priced species in 
Japan. In 2012, the production of yellowtail was 
16.0 × 104 tons and red sea bream 5.6 × 104 tons. 
These two species compose a large part of 
marine-farmed fish (87 % in 2012).

In addition, the former is appreciated as “pro-
motion” fish (the fish name changes with 
growth), and the latter is commonly seen in tra-
ditional celebrations such as weddings and other 
congratulatory events. Recently, sea bream is 
very rarely used as a congratulatory gift. From 
the last half of the 1960s to the first half of the 
1990s, the fish aquaculture production rapidly 
increased (Fig. 6). This period corresponds to an 
increase in offshore production, in particular, the 

Fig. 9 Yearly changes in ratio of nonfood uses to human consumption (estimated relationship: ratio = −7.1 × 103 × years + 14.5; 
contribution ratio, r2 = 0.68)
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production of sardines which was maintained at 
a high level (from the first half of the 1980s to 
the first half of the 1990s) (Year book of Annual 
statistics on Fisheries and Aquaculture produc-
tion 2013). The huge amount of sardines had 
been used as feed fish for both these two carnivo-
rous species. The market price of sardines has 
been very low. The price of feed is a significant 
problem for aquaculture production because car-
nivorous fish requires much feed fish. Although 
depending on the species and aquaculture condi-
tions such as the number of fish in a unit volume, 
feed requirement of both fishes ranged from 6 to 
8 times the amount of production as wet weight 
(Furuya 1999). In order to estimate energy con-
version efficiency of typical aquaculture species, 
such as yellowtail and sea bream in Japan, a pre-
liminary calculation was conducted based on 
food calorie database. In the calculation, com-
mon baitfish feed used in Japan aquaculture, that 
is, sardines, mackerels, pacific saury and 
Japanese sand lance, etc., was selected. Actually, 
the mean value (197 kcal per 100 g weight; con-
verted energy 197 × 103 × 4.184 J) obtained for 
the aforementioned baitfish was used, and the 
value of feed requirement was assumed as 6 
times the amount of production as wet weight. 
The estimated energy conversion efficiency for 
yellowtails is 0.21 and for red sea bream 0.16. 
Here, these values are underestimated because 
actually almost all feeds used are made from fish 
meal, and therefore, there is a production loss in 
the course of processing. In the calculation, pro-
duction loss was written off. Both species pro-
ductions have been maintained at around 
2.0 × 105 tons level in the recent two decades. 
When focusing on the recent 6 years from 2006 
to 2011, a difference in the degree of decrease 
can be seen, with yellowtail production indicat-
ing a gradual decrease (see Fig. 6) and red sea 
bream showing rapid reduction.

Recently, carnivore fish aquaculture produc-
tion was badly affected by increased feed price 
due to reduced baitfish production (Demura 
2010). In addition, as pointed by FAO, 80 % of 
natural resources as human food are already 
overexploited, indicating that considering the 

natural resource condition, there is no place for 
sufficient allowance to pass on to roundabout 
production such as carnivore fish aquaculture 
production. Of course, new feed has been devel-
oping without animal protein, but it is still unpre-
dictable and uncertain elements still remain.

There is a need to address the urgent task of 
reconsidering optimum fishery production system 
and about the balance between capture fishery 
and aquaculture production for maintaining and 
developing the fishery. To avoid the depletion of 
a finite natural fishery resource, people have to 
stop and reconsider about the amount of optimum 
production process and the system of carnivore 
fish aquaculture. Socioeconomic activities, such 
as production of popular foodstuffs, should be 
considered within the bounds of nature. In the 
case of aquaculture, we have been getting huge 
amounts of living organisms as feed for carnivore 
fish from the sea. And even in the processing 
stage of feed, there is release of and output of 
garbage. The roundabout method of production 
such as aquaculture of high-priced fish exists in 
combination with risks involved. The aquacul-
ture production throughout its production process 
needs a large amount of natural resources such as 
living organisms. On the other hand, natural 
resources are finite, and we could not overuse 
these organisms’ sustainable self-recovery.

For example, imported nonfood use was 
1.15 × 106 tons in 2011; on the other hand, fish 
meal was imported from Chili (34,642 tons), 
Peru (101,494 tons), Russia (585 tons), and the 
USA (8,018 tons) reaching a total of 247,045 
tons (Year book of Annual statistics on foreign 
trade statistics 2011).

Domestic production of nonfood use was 
4.8 × 105 tons, and although the specific items are 
unknown, almost of all them might be directed to 
feed of farmed fish.

In February 2014, the Japanese government 
instituted a guideline for optimum production of 
carnivorous species such as red sea bream and 
yellowtails for supplying adequate aquaculture 
production to meet demand (production volume 
is 7.2 × 104 tons and 14 × 104 tons, respectively) in 
the 2014 fishing period.
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The carnivore species aquaculture is sepa-
rate from basic food production, particularly in 
animal protein food production because this 
production method reduces the amount of food. 
The global production of carnivorous species 
are going to continue; however, as pointed by 
FAO, over 80 % of natural resources as human 
food are already overexploited. Baitfish 
resources for aquaculture are also included in 
overexploited natural resources. In addition, as 
pointed out previously (Yamane 2010), non-
food use consumption indicates a decreasing 
trend in the recent 10 years, and it is assumed 
that the amount of human direct consumption is 
one of the major factors. When considering the 
actual state in the global fishery production, it 
is very important to improve the roundabout 
production system of carnivore fish aquaculture 
system. To make optimum food production sys-
tem for humans, a potential of bias on both 
quantity and quality of fishery production that 
reflect on the state of natural stocks should be 
considered. Natural resources are finite and we 
could not overuse these organisms’ sustainable 
self-recovery.

For example, a simple production model is 
proposed under several limitations. As a first 
step, a logistic model was used to describe the 
relationship between quantity of baitfish produc-
tion and total capture fishery production.

As a representation of the problem, only the 
relationship between the quantity of fish pro-
duction of capture fishery and those of aquacul-
ture is described. To obtain the best capacity of 
fishery products, the percentage for each pro-
duction unit as optimum production was figured 
out. The relationships between total fishery pro-
duction, total capture fishery products, and 
those for aquaculture can be defined as (Kadota 
et al. 2012)

 
T y f yf f= −( ) + ( )1 α α

 
(1)

where T is the total fishery products, yf is the total 
product from capture fishery, f(αyf) is total aqua-
culture products, and α is a parameter indicating 
percentage of baitfish supplied for aquaculture 
feed.

Since aquaculture production may be sub-
jected to a restriction such as quantity of the per-
mitted area, environmental conditions, etc., it is 
assumed that the production would hit a peak 
somewhere. Here, as a model, Eq. (2) was chosen 
representing the relationships between total fish-
ery products, total capture fishery products, and 
aquaculture products:

 
f y Af

y fα βα( ) = −( )−1 e
 

(2)

where A and β are constant coefficients concern-
ing capture fishery products. Developing Eq. (2), 
the following equation is obtained to represent 
total fishery products and other production units:

 
T y Af

yf= −( ) + −( )−1 1α βαe
 

(3)

 

α
β

β
=

( )ln A

yf  
(4)

Since actual data of baitfish used for aquacul-
ture could not be identified, the α values were 
calculated with the known value A as 40 % of 
total capture products and 50 % of nonfood use 
allotted to aquaculture baitfish (Fig. 10). The data 
applied for calculation is the 2006 FAO data.

According to the estimated value to obtain the 
optimum production level from given stocks, 
17 % of capture products allotted to aquaculture 
baitfish would result in peak total fishery produc-
tion. Though under limited conditions, the results 
would represent the actual state.
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    Abstract  

  The early modern period in Japan is called the Edo Period. During this 
time, the Tokugawa shogunate maintained a policy of isolation that 
required Japan to remain self- suffi cient from 1620 to 1850. From the 
beginning of the eighteenth century to the mid-nineteenth century, the 
Japanese population remained stable, with approximately 30 million peo-
ple depending on the sustainable use of agriculture and fi sheries. The man-
ner in which the Japanese people utilised natural resources during this 
period, especially in coastal areas, may inform the sustainable use of 
coastal waters today. This article reviews the life of coastal villages in the 
Edo Period under Sato-umi, which is the human use and management of 
coastal seas for high productivity while maintaining high biodiversity. 
Traditional practices from the Edo Period, such as fi sh fences constructed 
of stones and harvesting of seagrass, could increase habitat diversity and 
fi sh production. Uo-tsuki-rin is a practice dating from the Edo Period or 
earlier, in which local people managed common or feudal lords’ coastal 
forests. After the Edo Period, privatisation of forests and timber harvesting 
led to the deterioration of coastal ecosystems. Lessons from the Sato-umi 
concept of the Edo Period combined with Uo-tsuki-rin could contribute to 
modern integrated coastal management.  
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      Sato-umi: An Integrated Approach 
for Sustainable Use of Coastal 
Waters, Lessons from Human- 
Nature Interactions During 
the Edo Period of Eighteenth- 
Century Japan 

           Teruhisa     Komatsu      and     Tetsuo     Yanagi   

1          Introduction 

 During the early modern period in Japan, known 
as the Edo Period, Japan isolated itself from the 
outside world in a policy known as “Sakoku”, 
which means to break off relations with other 
countries. This policy of isolation by the 
Tokugawa shogunate resulted in Japanese 
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self- sufficiency from 1620 to 1850. From the 
beginning of the eighteenth century to the 
mid-nineteenth century, the Japanese population 
remained stable, at approximately 30 million 
people, and this population was supported 
entirely by local agriculture and fi sheries (Fig.  1 ) 
(Land Planning Bureau of Ministry of Land, 
Infrastructure, Transport and Tourism  2014 ). The 
stable population size during this period suggests 
that resources were used sustainably. Thus, an 
investigation of the practices during the Edo 
Period could inform present sustainable use of 
coastal waters.  

 The Japanese word for a village is “sato”, and 
for a mountain it is “yama”. “Sato-yama” refers 
to a village near a mountain where the forest is 
used for fi rewood, charcoal and construction, and 
grasses, located relatively far away from the vil-
lage, is used as fertiliser (Ogushi  2009 ). Fertiliser 
made from grasses was very important for use in 
rice fi elds because livestock, such as horses, 
cows, sheep and goats, had not been depastured 
in Japan. Human interactions produced second-
ary forests that attracted insects and small ani-
mals to pollinate plants and disperse seeds. 
Mature forests tend to be dominated by a few 
climax species and, thus, have lower biodiversity 
than secondary forests, which include various 
stages of succession (Ogushi  2009 ). Under 
the sato-yama system, villagers maintained 

 self- suffi ciency by managing the mountains near 
villages for high biodiversity and productivity. 

 The Japanese word for sea is “umi”, and 
Yanagi ( 2005 ) proposed the concept of “sato- 
umi” for human management of coastal seas for 
high productivity while maintaining high biodi-
versity. Under sato-umi, coastal waters are main-
tained in a successional, rather than a climax, 
stage to maximise biodiversity and productivity. 

 Areas of sato-yama are located between high 
mountains and towns on fl at land, such as allu-
vial fans or basins. Similarly, sato-umi are 
located between towns and seas (Fig.  2 ). Thus, 
the concepts of sato-yama and sato-umi both 
represent the sustainable management of eco-
tones by humans, including subsistence activi-
ties to obtain biological resources. In this article, 
we examine the practices of human interaction 
with coastal waters to maintain sato-umi during 
the Edo Period.   

2     Production of Habitat 
by Fishing Facilities 

 Modern fi shing facilities are constructed of artifi -
cial materials such as synthetic fi bres and metal, 
whereas natural materials, such as gravel and 
wood, were historically used. In the intertidal 
or upper subtidal zones, fi sh fences were 

  Fig. 1    Changes in population size of Japan from 800 A.D. to 2000 A.D. based on data from the Land Planning Bureau 
of the Ministry of Land, Infrastructure, Transport and Tourism ( 2014 )       
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constructed of rocks deployed in a triangular or 
semi-circular shape with the trapping part at the 
deepest point. These traps utilised tidal changes 
to trap fi sh (Fig.  3 ).  

 When the tide lowers, fi sh move away from the 
shore. Some of them swim offshore within the 
fence, which guides fi sh to the trap. On Ishigaki 
Island in the Ryukyu Archipelago, many fences 
were used to catch fi sh (Fig.  4 ), but they fell into 
ruin by the late 1980s due to lack of maintenance 
by the local people (Shiraho Conservation 
Committee of Fish Prolifi c Sea  2014 ).  

 However, one of these fences was restored in 
2006, at Sobari in Shiraho, Ishigaki Island 
(Fig.  4 ), by the Shiraho Conservation 
Committee of Prolifi c Seas ( 2014 ). A survey on 
and near the fences before and after restoration 
showed that sessile animals and fi sh were more 
numerous after the restoration (Kamimura 
 2011 ) (Fig.  5 ). These increases are due to the 
stereoscopic structure of the rocks and holes in 
the stone walls that provide habitat for both fi sh 
and sessile animals. As a result, this type of 
fi shing leads to increased biodiversity and 

  Fig. 2    Diagram of 
Sato-yama and Sato-umi as 
ecotones between towns on 
fl at land, such as an 
alluvial fan or a basin, and 
high mountains and 
between towns and deep 
seas       

  Fig. 3    Schematic diagram of a fi sh fence consisting of 
stones in Shiraho, Ishigaki Island, based on information 
from the Shiraho Conservation Committee of Fish 
Prolifi c Seas (  http://www.sa-bu.com/what/kachi_4.html     
accessed on 1 May 2014). Fish move onshore during high 

tide and return offshore during low tide. This causes fi sh 
to concentrate at the centre of the fence. The many holes 
and surfaces among the stones produce new habitat for 
marine organisms       
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allows small juvenile fi sh to escape from the 
fence (Kamimura  2011 ). Because the length of 
the fi sh fences was longer than that of the coast-
line in front of the fences (Fig.  4 ), fi sh fences 
had a big infl uence on marine environments 

around Ishigaki Island. This same type of trap 
has also been constructed of bamboo or wood, 
which also provides a habitat for attached 
organisms and can enhance the productivity of 
lower trophic levels in coastal waters.   

  Fig. 4    Map showing the historical spatial distribution of fi sh fences in Shiraho, Ishigaki Island       
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3     Harvesting Seagrass 
for Fertiliser 

3.1     Harvest of Seagrass 
in the Seto Inland Sea 

 Seagrass meadows and seaweed forests are very 
important habitats in coastal waters. They infl u-
ence light (Komatsu  1989 ), dissolved oxygen 
(Komatsu  1989 ), pH (   Komatsu and Kawai  1986 ), 
water temperature (Komatsu  1985 ; Komatsu 
et al.  1982 ,  1994 ) and water motion (Komatsu 
 1996 ; Komatsu and Murakami  1994 ). Costanza 
et al. ( 1997 ) classifi ed their social value as very 
high based on ecological services such as nutri-
ent cycling, food supply, etc. However, economic 
development in Japan since the 1960s has 
destroyed many seagrass beds through reclama-
tion and eutrophication (   Komatsu  1997 ). From 
the Edo Period through to the 1960s, seagrasses 
and seaweeds were preserved and used as fertil-
iser for rice, vegetable and fruit fi elds. During 
this period, coastal villages were divided into vil-
lages of fi shermen and villages of farmers who 
fi shed during the off-seasons of farming. The 

 latter collected sardines and seagrasses for 
 fertiliser (Hamaguchi  2007 ). 

 The prize-winning fi lm “A Naked Island” by 
famed Japanese fi lm-maker Kaneto Shindo 
depicts the ordinary life of a family on a small 
island in the Seto Inland Sea just after World War 
II. In this fi lm, the family harvests seagrass, 
 Zostera marina  L., using two bamboo poles per 
person on a boat during the rainy season. The 
rainy season produces luxuriant growth of  Z. 
marina  in June in the Seto Inland Sea. Only the 
above-ground parts of  Z. marina  are harvested.  Z. 
marina  has both sexual and asexual reproduction. 
In a well-developed  Z. marina  bed, seeds do not 
germinate, due to low light caused by the canopy 
of leaves. In this situation, the plant reproduces 
asexually by producing new shoots from the root 
system. Thus, harvest of only the above-ground 
parts does not impact reproduction in well- 
developed seagrass meadows. Harvested leaves 
of seagrass and  Sargassum  spp., which wash up 
on shore, are also used as fertiliser on farm fi elds. 
In the brackish Lake Nakaumi in Shimane 
Prefecture, Japan, red algae,  Gracilaria vermicu-
lophylla  (Ohmi) Papenfuss   ; brown algae, 

  Fig. 5    The number of 
families and species of fi sh 
observed during 30 min of 
snorkelling in spring from 
2006 to 2010 based on the 
fi gure in Kamimura 
( 2011 ). Restoration of a 
fi sh fence was conducted 
in autumn of 2006       
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 Sargassum thunbergii  (Mertens ex Roth) Kuntze; 
and seagrass,  Z. marina , were harvested and used 
for fertiliser until the 1950s (Anon  2012 ). This 
practice recycles nutrients from the sea to the 
land via human activity.  

3.2     The Effect of Gaps in Seagrass 
Beds on Fish 

 Climax ecosystems tend to have low biodiversity 
due to monotonous habitats, while optimal suc-
cessional ecosystems produce rich biodiversity 
and high productivity (Ogushi  2009 ). In the Seto 
Inland Sea, seagrass meadows are the most 
important habitat. When seagrass meadows reach 
a climax community, the dense leaves reduce 
space for fi sh. Tanimoto ( 2009 ) created gaps 
inside a seagrass meadow in the Seto Inland Sea 
and measured fi sh numbers by setting trammel 
nets inside the dense seagrass meadow, in the 
artifi cially produced gaps and along the border of 
the seagrass meadow. The results showed that the 
number of fi sh and fi sh species were more abun-
dant in the artifi cially produced gaps than inside 
the seagrass meadow (Fig.  6 ). This suggests that 
harvesting seagrass leaves could produce fi sh 
habitat inside a dense seagrass meadow and that 
optimal human interaction augments biodiversity 
and productivity of fi sh in seagrass meadows.    

4     Uo-tsuki-rin Management 
of Coastal Forests 

 Forests along shores or rivers play important eco-
logical roles in protecting marine and freshwater 
organisms. During the Edo Period fi shermen and 
feudal lords protected forests under a policy 
known as “Uo-tsuki-rin” (Hamaguchi  2007 ), 
which is a combination of the Japanese words for 
“fi sh”, “gather”, and “forest”. Feudal lords pro-
moted afforestation by local people. Most of 
these forests have been preserved by villagers 
since the Edo Period, and some are now pre-
served under Article 25, the Forest Protection 
and Consolidation Act. Uo-tsuki-rin areas cov-
ered about 54,000 ha in Japan in 2005 (Fisheries 
Agency of Japan  2014 ). 

 During the Edo Period, in Kumamoto 
Prefecture, the rules of Uo-tsuki-rin required 
people to plant two seedlings per family on the 
fi rst day of the year (Bureau of Fisheries  1934 ). 
Each seedling was marked with a plate that 
named the planter. This order applied not only to 
common forests but also to private ones. Timber 
harvesting was managed by dividing forests into 
inner and outer areas and allowing harvesting 
alternately in each area no more than every 
30 years. These duties provided unpaid forced 
labour (corvée) for local people. 

  Fig. 6    Numbers of species 
( grey bar ) and individuals 
( black bar ) caught in 
trammel nets on the border 
of seagrass beds (Stations 
1 and 2), inside dense 
seagrass beds (Stations 3 
and 4) and in the hole 
inside dense seagrass beds 
(Station 5), based on data 
from Tanimoto ( 2009 )       
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 In the Tokushima Prefecture, Uo-tsuki-rin 
were protected during the Edo Period as com-
mons or feudal lords’ property. In the Meiji 
period of the nineteenth century, after the Edo 
Period, Uo-tsuki-rin were privatised and devas-
tated due to lack of management by local people 
(   Bureau of Agriculture and Commerce  1894 ). 
Water source forests were also devastated  during 
the Meiji period. Akkeshi Lake, in the Hokkaido 
Island, is one example. Forests along the 
Bekanbeushi and Ohoro Rivers fl owing into 
Akkeshi Lake were cut and burned. Mud from 
the rivers fl ooded the lake, causing massive 
death of oysters (Inukai and Nishio  1937 ). 
Cutting forests in Uo-tsuki-rin and remote areas 
in the Meiji Period also damaged seaweed 
meadows of Konbu,  Saccharina  spp. (Hamaguchi 
 2007 ), and herring that spawn on macrophytes in 
coastal waters (Miura  1971 ). The concept of 
Uo-tsuki- rin forests involves a form of integrated 
coastal management that includes land use that 
infl uences water quality of coastal waters. This 
practice established the sustainable use of coastal 
waters.  

5     Conclusion 

 Some ecologists insist that intact marine pro-
tected areas are necessary for the preservation of 
biodiversity. However, it is impossible to prohibit 
people from entering and using marine protected 
areas along the Japanese coast, where very dense 
populations live. Lessons from the interaction of 
local people with nature in the Edo Period dem-
onstrate how optimal human use of coastal waters 
increases the diversity of habitats, species and 
productivity. Sato-umi practices of local people 
in the Edo Period led to increases in biodiversity 
and productivity, and the Uo-tsuki-rin concept 
expands these practices to integrated coastal 
management. Thus, the Sato-umi and Uo-tsuki- 
rin concepts could be used to optimise human 
activities in coastal waters and forests.     
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    Abstract  

  This contribution introduces two Japanese marine ranching projects 
implemented in the western Seto Inland Sea off Okayama, Japan. These 
two marine ranches, costing a total of USD 40 million, cover 300–500 ha 
and are comprised of existing marine reefs (both artifi cial and natural) and 
sea grass beds. In providing organized coastal environments with habitats 
optimal for nurturing the development of commercially exploited fi sh spe-
cies, these artifi cially enhanced areas are intended to increase the levels of 
primary production and stock recruitment. Additionally, parts of these 
zones are protected as no-take zones or areas where bottom trawling is 
prohibited; measures were voluntarily implemented by local fi shers’ orga-
nizations. From the perspective of marine ecosystem recovery, these sites 
have been created to ensure sustainable marine communities, nurturing 
not only commercially valuable stocks but also the larger surrounding 
environment in this region. Moreover, we hope to ultimately recreate a 
hydrological cycle that mirrors natural nutrient fl ow by connecting these 
networks to local freshwater systems. These modifi cations to the coastal 
ecosystem are based on the Japanese concept of Satoumi – coastal, 
community- based resource management that combines both scientifi c 
knowledge and a traditional understanding of the local environment.  

        T.   Tanaka      (*)
     Satoumi Research Institute ,   Okayama ,  Japan   
 e-mail: takebom7@gmail.com  

        Y.   Ota    
     NF-UBC Nereus Program, Fisheries Centre , 
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      Reviving the Seto Inland Sea, 
Japan: Applying the Principles 
of Satoumi for Marine Ranching 
Project in Okayama 

           Takehiro     Tanaka      and     Yoshitaka     Ota    

1          Introduction 

 This contribution introduces two Japanese marine 
ranching projects implemented in the western 
Seto Inland Sea off Okayama, Japan. These two 
marine ranches, costing a total of USD 40 mil-
lion, cover 300–500 ha and are comprised of 
existing marine reefs (both artifi cial and natural) 
and sea grass beds. In providing organized coastal 
environments with habitats optimal for nurturing 
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the development of commercially exploited fi sh 
species, these artifi cially enhanced areas are 
intended to increase the levels of primary produc-
tion and stock recruitment. Additionally, parts of 
these zones are protected as no-take zones or 
areas where bottom trawling is prohibited; mea-
sures were voluntarily implemented by local fi sh-
ers organizations. From the perspective of marine 
ecosystem recovery, these sites have been created 
to ensure sustainable marine communities, nur-
turing not only commercially valuable fi sh stocks 
but also the larger surrounding environment in 
this region. These efforts have been successful in 
contributing to the enhanced harvest of fi sh 
stocks and brought stability of marine ecosystem 
in the areas. 

 Regarding the socio-ecological context of 
those projects, it shall be noted that those proj-
ects are designed and managed on the basis of 
the Satoumi concept, that is, “High productivity 
and biodiversity in the coastal sea area with 
human interaction” (Yanagi  2008 ). And both 
implementations of marine ranching were not 
simply the technological solution to aggregate 
local productivity of stock but also facilitated by 
local fi shers who are engaged with community-
based activities to restore nursery habitats, such 
as sea grass beds. Thus, those projects contrib-
ute to the greater challenge that has been 
amounted to arguing the continued relevance of 
the “community” effort of coastal management. 
We argue that the orchestrated attempt to recover 
and recreate coastal ecosystem with strong ini-
tiative of fi shers communities is critical in the 
face of increasing environmental challenges, 
such as climate change and loss of biodiversity, 
to recompose the unity and resilience of coastal 
living and environment.  

2     Okayama Coastal 
Environment and Fisheries 

 The two marine ranching projects introduced 
here are both deployed in Okayama Prefecture, 
facing Japan’s largest enclosed body of ocean, 
the Seto Inland Sea. The area has rich marine 
heritage with 20 commercial fi shing towns where 

fi shers are engaged with small-scale fi sheries and 
low-impact aquaculture including seaweed and 
oyster farming, whose total production covers 
approximately 25 % of the entire fi sheries pro-
duction in the Japanese coast. 

 Ecologically, this high productivity originated 
from the unique oceanographic environment of 
the inland sea. The sea has two distinctive hydro-
graphic features, including numerous narrow 
channels (seto) between more than 3,000 
scattered islets and wider body of open sea with 
gradual water circulation (nada). The sea accu-
mulates micronutrients released from river 
basins, while the channel itself conveys the water 
slowly to resuspend the sediment and maintain 
healthy turbulence. 

 However, there has been constant decline of 
fi sh catch and little recovery of the stock due to 
the rapid coastal development which initially 
started in the 1950s (lost 60 % of costal natural 
habitat by 1980) and the continuous fi shing 
pressure, though moderate but constant for some 
species. This has called for the urgent stock 
recovery plan, which considered the use of 
ecosystem- based approach and the involvement 
of fi shing communities to be appropriate for the 
unique biophysical characteristics of the area and 
socioeconomic context, especially its role to 
sustain the ownership and interest in the conser-
vation of fi sh stock as well as marine ecosystem 
among the stakeholders, especially the fi shing 
communities.  

3     Historical Degradation 
of Marine Habitats 
in Okayama 

 Up to the 1940s, 10 % of the marine area was 
covered by mud fl at and sea grass bed, providing 
spawning and nurturing habitat for various 
marine species. After the 1980s the sea area was 
changed by large-scale reclamation and landfi ll, 
almost 90 % of those mud fl at and sea grass 
bed have disappeared and were also polluted by 
various land and sea activities, such as 35 years 
of aggregate extraction, large-scale oil spill, 
herbicide from inland agriculture, and mercury 
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from local industrial sectors. This continued up 
to the 1980s. 

 Fisheries of Okayama survived through these 
changes, and the marine ecosystem continued to 
provide limited spawning and nurturing ground 
for more than 60 species that are targeted fi sh 
stocks. During the same period, the number of 
fi shers engaged with low-impact aquaculture for 
oyster and seaweed has increased, but numbers of 
trawling and netting have been decreased; the 
number of fi shers has decreased into half during 
the last two decades. To respond to both ecologi-
cal degradation and decline of small-scale fi shing 
industry, from the 1970s, the Okayama govern-
ment, together with other prefecture governments 
in the Seto Inland Sea region, has engaged with 
the maintenance of the fi sh stock and recovery of 
the coastal environment.  

4     The Design of Marine 
Ranching Projects 

 Marine ranching is a system to implement to 
enhance the fi sh stock by creating ideal habitat 
for fi sh artifi cially. There are several procedures 
and also various environmental factors that we 
need to take into account, particularly to recreate 
healthy nutrient circulation and ecological conti-
nuity of marine ecosystem serving to accommo-
date the habitats, which fi sh require to mature 
and live. 

 To implement marine ranching, we fi rst 
assessed the state of marine ecosystem in terms 
of its habitats and biodiversity, if the area is suit-
able for nurturing targeted species and identifi ed 
the need for supplemental assistant to the marine 
ecosystem, including deploying artifi cial reef in 
order to orchestrate the total package of different 
marine habitats for different stages of fi sh life 
history. After this initial assessment, we studied 
fi sh behaviors, including their mobility pattern 
and swimming ability into the consideration as 
we design the area of marine ranching. This is 
necessary because for nurturing area for juve-
niles in particular, we need to design a contrived 
spatial structure with mechanistic feeding system 
within the current marine ecosystem by putting 

the sea grass bed and cultivating small prawn and 
crabs for their food. 

 The fi rst selected area for this project was in 
the west part of Okayama, the sea area of 350 ha 
between two small islands, Takashima and 
Shiraishi-jima. Then, the second was in the east 
part, called Hinase. For both areas, we selected 
seven species including the Japanese red sea 
bream, gilthead, rockfi sh, marbled rockfi sh, sea 
bass, red-spotted grouper, and fat greenling. So 
far, the fi rst ranching has doubled the catch 
amount of targeted species and marked approxi-
mately 15 % increase of the general fi sh catch. 
However, it has also created a confl ict between 
commercial and recreational fi shers, who are 
attracted by the ample fi sh stock. 

 It is important to note that the success of fi rst 
ranching owes to local fi shing communities 
whose member conducted the day-to-day mainte-
nance of the artifi cial reef and feeding system and 
took an initiative to designate volunteer non-take 
zones. The member of the fi shing community in 
the second area is now utilizing the marine spa-
tial planning and integrated coastal management 
to consider ecosystem-based measures such as 
MPA in the area. In this community, there have 
already been volunteer activities by fi shers to 
reconstruct sea grass bed by replanting the seed 
for the last 30 years (Fig   .  1 ).   

5     Conclusion: Satoumi 
and Marine Ranching 

 The sustainability of Japanese coastal fi sheries 
has been at stake for social and ecological pres-
sures accumulated by various anthropogenic 
activities, including fi sheries and coastal pollu-
tions for several decades. Then, how can coastal 
communities protect their environment while 
maintaining economic activities that use marine 
resources sustainably? 

 This question can be addressed by investigat-
ing either national or regional approaches in 
marine policy that successfully promote the sus-
tainable use of coastal ecosystem services. It can 
also be answered through the analysis of local 
coastal attempt, which we described in this paper. 
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Berque and Matsuda ( 2013 ) argues that the 
hands-on approaches of coastal communities are 
the key to conserve or restore their marine envi-
ronment, but technological support and scientifi c 
knowledge are necessary for the local-scale 
innovation. The implementation of marine 
ranching in Okayama remains to be a challenge 
for both its cost- effi ciency and fi sheries gover-
nance because the cost can only be recovered by 
the increase of fi sheries production of the 
enhanced marine ecosystem. Marine geo- 
engineering can undermine the idea of conserv-
ing biodiversity and sustainable use of coastal 
and marine resources to the work of production 
sectors, mainly fi shers communities, if the social 
capital of those fi shing communities in Okayama 
is not considered. Thus, the benefi ts of the 
Satoumi approach in comparison to other con-
temporary coastal management schemes rest on 
its appeal to the fi shers themselves. 

 Technically, marine ranching is set to recreate 
a hydrological cycle that mirrors natural nutrient 
fl ow by connecting these networks to local fresh-
water systems. Simultaneously, the modifi cations 
to the coastal ecosystem based on the Japanese 
concept of Satoumi coastal, community-based 
resource management provide both scientifi c 
knowledge and a traditional understanding of the 
local environment, juxtaposed with technical 
understanding of the marine ecosystem is vital 
for both implementation and governance.     
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    Abstract  

  Fishermen on the French Mediterranean coasts are assembled in old and 
original collectives called prud’homies and follow their own rules. The 
individuals in charge of these areas, the prud’hommes, manage coastal 
fi shing areas, act as auxiliary police, settle disputes between members, 
participate in the regulation of the use of coastal areas, and have an impor-
tant social infl uence. They take into account the evolution of available 
short- and medium-term resources and set rules that are accepted by all 
fi shermen in the collective.  

        C.   Decugis      (*) 
   9 avenue de la Fontaine ,  83700   Saint-Raphaël ,  France    

  Prud’homie des Pêcheurs de Saint-Raphaël , 
  14 avenue Commandant Guilbaud , 
 83700   Saint-Raphaël ,  France   
 e-mail: chris.decugis@gmail.com  

      Mediterranean Prud’homies 

           Christian     Decugis    

1          Introduction 

 The Mediterranean fi shing communities periodi-
cally elect representatives called ‘prud’hommes’ 
to organize and sustain fi shing in the territory in 
which they practice their profession. 

 A ‘prud’homme’ is a person with extensive 
experience in and knowledge of the fi shing tech-
niques and the people who practice this activity. 
He is a wise man with impeccable morals who is 
elected by his peers. The ‘prud’homme’ is selected 
from the older generation: he must have been a 

professional fi sherman for at least 10 years and a 
skipper for at least 5 years. He must take an oath 
before the administrative authorities, which 
refl ects an individual commitment rather than an act 
of a higher maritime authority. There are no writ-
ten laws: the oral tradition prevails. 

 The ‘Prud’homies’ system has spanned the 
centuries, as attested by the contents of old 
archives: patent letters of King René and kings of 
France since the fi fteenth century; the Decree of 
the Constituent Assembly in 1792 recognized the 
merits of prud’homies of Marseille and Cassis 
and authorized others to create prud’homies ports 
on this model; the 1859 Decree that still governs 
the operation of such meetings. It is likely that, 
throughout this long history (Payan d’Augery 
 1873 ; Poujade  1936 ), we can see realistic adapta-
tions of the organization in pursuit of fi shing 
activities, and, more recently, aquaculture and 
some coastal management of the different littoral 
areas (Alegret  1999 ).  
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2     Role of Prud’homies 
in Fisheries 

 Various marine species are exploited during their 
seasonal concentrations at the coastal border or 
further offshore (Féral  1977 ). Generally, fi shing 
areas are cramped or inaccessible, the ocean bed 
falls very rapidly to 800–1,000 m, and the coasts 
are frequently windy. Some fi sheries are con-
ducted in coastal ponds, and most species are 
scarce. Multipurpose and various small-level 
activities constitute the fi shermen’s lives. 

 These daily environmental variations require 
almost immediate responses from prud’hommes: 
to draw lots for fi shing stations; organize their 
rotation between fi shermen; expresses it arouses 
strong interest; resolve confl ict between different 
trades; take precautions following heavy catches; 
disseminate new technological innovations over 
the untimely excesses of certain personalities, etc. 
(Bonzon  2000 ). This local management justifi es 
these various structures: 33 prud’homies share the 
shoreline of Port-Vendres in Menton, including 
Corsica. By itself, the local Fisheries Committee 
Var covers eight prud’homies and six prud’homies 
sections, totaling 200 fi shermen spread over 
432 km of coastline.  

3     Roles of Prud’homies 

 French Mediterranean coasts, with their strong 
residential and tourist appeal, are subject to 
intense navigation, constant coastal development, 
and signifi cant risks of pollution. Throughout 
history, prud’hommes have mobilized to preserve 
the quality and extent of their fi shing grounds and 
have therefore played – and continue to play – a 
role in preserving coastal environments. It is this 
longstanding history of land management and the 
ability to adapt to contemporary problems that 
may appear on the coastline that gives the institu-
tion its modernity. Further, the very small scales 
on which they operate over the entire coastline 
gives it a certain effi ciency. 

 Prud’homies are usually of modest means 
(Marceille  1919 ). Internal management is based 
on EU principles and are the fruit of lengthy 
experience and understanding of a common mar-
itime fi eld and resource. It is very important 
indeed to establish and maintain harmonious 
competition rules within the fi shing communities 
of the same resource. In practice, they must edu-
cate and discipline fi shermen who are generally 
poorly educated (in the school sense), often 
temperamental, and working in a space where no 
limit is realized. Land management sees the 
prud’hommes involved with local authorities, 
organizations in the maritime fi eld, or associa-
tions interested in the marine environment, which 
employ prud’hommes in various projects. 
Prud’hommes sometimes instigate some of these 
projects. Their strength lies in their knowledge of 
the maritime fi eld and their constant presence on 
the water. 

 Currently, and in recent years, the future of 
fi shing-related professions and the use of natural 
marine resources, as well as the institutions 
themselves, have been subject to hardships for 
the sake of economic and political order. 

 With the industrialization of fi sheries in the 
Mediterranean, which began in the 1960s, the 
small-scale sector has managed to adapt by turning 
to the capture and commercialization of extreme-
specifi c products (domestic sales of diverse fresh 
products, hake, eel, etc.), moving away from the 
less marketable species (sardines, anchovies, etc.) 
that previously represented the bulk of the landings. 
This shift related to the relative modernization of 
small fl eets and fi shing gear, and was accompa-
nied by a decrease in the number of fi shermen 
and boats, further increased by the residential and 
tourist specialization    of coastal areas. 

 The second crisis experienced by this sector 
since the 1980s relates to the constitution of the 
whole EU and the economic and political 
 measures that accompanied it, at both European 
and national levels. 

 At the national level, the mining sector of 
coastal marine resources is assessed for general 
measures such as license Commissioning 
Operation (Permis de mise en Exploitation 
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[PMEs]) and Reduction Plans fl eets, under 
guidance programs Pluri-annual (POP) of the 
Common Fisheries Policy (CFP). For a plethora 
of fi sheries, these heavy devices endanger the 
renewal of the profession in many ports where 
the population of fi shermen has already reached a 
minimum threshold. 

 Other measures, such as those regarding voca-
tional training, employment conditions, and 
safety at sea continue to hamper the regeneration 
of the fi shing profession in these small coastal 
trades. Aware that this profession is changing due 
to the specialization of the regions in Europe, 
fi shermen are willing to consider its redefi nition. 
Devices to set up must be in line with the preser-
vation and enhancement of coastal ecosystems, 
the regional tourist and residential development 
(e.g. in the reduction of engine power, with 
reference to trawlers), or the introduction of 
diplomas or safety rules defi ned in relation to 
ocean navigation. 

 Chaired by professional fi shermen, Prud’homies 
are essential for consultation with a panel of 
partners. This partnership, a central link in the 
operation of local and regional structures fully 
integrates partners in the fi sheries sector along-
side the economic, institutional, and territorial 
development players. 

 Networking representatives of users of the 
area, including users of the sea, can exchange and 
discuss actions to be taken to preserve and 
enhance the marine environment and those that 
depend on the economic activities.  

4     Other Types of Cooperatives 

 In Europe, the Mediterranean fi sheries differ 
from those in Spain, Italy, or Greece in terms of 
the limited number of fi shermen spread over the 
entire coastline, and the fact that this profession 
has maintained a long tradition of local manage-
ment. While some countries, like Greece, are 
plaintiffs in regulatory matters, France has accu-
mulated too many measures and the current prob-
lem faced by the profession is to integrate the 
‘prud’homal’ mode of management within 

European and national systems. In this regard, it 
should be noted that the Commission, in a techni-
cal context, emphasizes management by sector of 
activity and not as a global management territory, 
which seems to better refl ect the territoriality of 
the small fi shing industry   . 

 This specifi city at the European level of 
Mediterranean coastal fi shing, and the harmoni-
zation of its operation by its specifi c institutions 
imbued with lengthy historical experience could 
be used for other fi shing communities and even 
constitute a kind of ‘laboratory’. Several reasons 
support this view. The French Mediterranean 
coast is characterized by a variety of geological 
settings: exposure to wind and prevailing cur-
rents is found all around the Mediterranean basin; 
the continental shelf is often not extended, there 
exist steep coastal cliffs, ponds, canals, deep and 
rough lagoons, deltas, contributory rivers, 
islands, peninsulas, sandy or rocky areas, sea-
grass, etc. Each of these situations requires spe-
cifi c operating methods and fi shery 
management.  

5     Prud’homies and Society 

 Fishing faces many competing activities: indus-
trial areas, shellfi sh, aquaculture, tourism, 
agriculture, wildlife farms, urban, port, military, 
and so on. Numerous activities are concentrated 
in Port-Vendres and Menton. Confl icts have to be 
resolved with the cooperation of fi shermen   . 

 Historically, various forms of similar fi shing 
prud’homies have existed throughout the 
Mediterranean. The French prud’homies are cur-
rently the most developed, and some countries 
have observed the spirit of these social structures, 
born of long experience (Giovannoni  1998 ). This 
is, for example, the case in Tunisia and Morocco. 
One can imagine that the cultural background 
behind the creation and organization of 
prud’homies is not so different from what might 
work well elsewhere. Prud’homies have, at dif-
ferent stages of their past progressively inserts 
several waves of immigration without any major 
problems on their specifi city   . 
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 So, if small fi shing is given a chance and 
helped to integrate into the regional economy, a 
benefi cial effect on the preservation of marine 
ecosystems will be seen (Tempier  1986 ). Because 
it is based on management areas, the new righ-
teousness (i.e.: ecological and scientifi c probity) 
of the rules of exploitation by fi sheries is a sig-
nifi cant issue in our regional economies. Finally, 
the original experience of fi sheries management 
that embodies the prud’homie is included in 
highly topical debates led by scientists and policy 
makers at an international level.  

6     Conclusion 

 Decision-making prud’homies are at the intersec-
tion of formal law, regional performance, the 
authority of local administrative structures, eco-
nomic pressures, recent scientifi c achievements, 
and common sense born of professional experi-
ence who can manage the natural resources in 
which they live, outside the rules established by 
distant jurists (Féral  1987 ). 

 Such social structures, born of continuous 
adaptation to the surrounding environment, also 
exist in other countries. Japan has a long history 
of harmonious relationships, via traditional coop-
eratives, between human communities and the 
natural environments in which they live.     
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    Abstract  

  The history of French oyster farming is marked by threats and diffi culties, 
thus subsequent adaptations. There have been some signifi cant changes in 
the oyster practices, the economic operation of enterprises, and the place 
of oyster farming in coastal areas, whereas the persistence of the oyster 
farming sector facing signifi cant threats has periodically been questioned. 
Environmental changes have played an important role in this activity 
closely related to the environment: pollution from various sources, increas-
ing episodes of contamination by phycotoxins, extreme weather events, 
and climate change. Recently, the high-mortality syndrome questions the 
issue of the conditions for the sustainability of the activity. Taking into 
account the confl icting uses in the coastal zone and the importance of rela-
tionships with watershed activities, the development policies must also 
analyze the adaptation capacity of oyster farming socio-ecosystems in 
these environments highly dynamically, spatially, and temporally. Can we 
talk about the resilience of oyster culture? We introduce the concept of 
socio-ecosystem applied to oyster farming, as appropriate for the analysis 
of resilience. What are the questions lying behind the oyster farming resil-
ience and which method can be used for its study? Using the case of 
French oyster farming, this communication proposes to discuss some 
answers to these questions, for different aspects.  
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 75231   Paris Cedex 05 ,  France   
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      Changes, Adaptations, 
and Resilience: The Case of French 
Oyster Farming 

           Catherine     Mariojouls      and     Jean     Prou    

1          Introduction 

    The French oyster farming since its inception in 
the nineteenth century has been regularly obliged 
to evolve in order to adapt to new situations, so 
that the history of oyster farming offers a rich 
range of diffi culties or threats, and subsequent 
evolutions, for an analysis. We shall fi rst present 
chronologically the main trends in production, 
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the main events, and changes which the sector 
went through. We shall use the available informa-
tion to set up a typology of the threats and corre-
sponding adaptations developed by the sector. 
We shall fi nally introduce a new framework, the 
socio-ecosystem of oyster farming, as a more 
pertinent concept for analyzing the capacity of 
adaptation for oyster farming. In the last part, we 
shall come to the notion of resilience and present 
some proposals regarding how it can apply to 
oyster farming and why some elements would 
require further research.  

2     History: Main Trends 
and Events in the Oyster 
Farming Production Over 
a Century 

 Historically, in France oyster farming has been 
developing in the 1850s when new facilities like 
rail transportation (bringing oysters to cities and 

routing fi rst tourists to the coast) created a 
growing consumer demand that could not be met 
anymore by harvesting market-size oysters from 
the wild. The starting point was the invention of 
spat collector for native fl at oyster  Ostrea edulis , 
by Davaine ( 1853 ) and Coste ( 1866 ) in the fi rst 
marine biology laboratories. 

    The history of French oyster appears as a suc-
cession of dramatic development of production 
and collapses, which causes have been identifi ed 
or not, and that led to several changes of species 
chosen and cultured. Figure  1  describes the varia-
tions in production volumes, the main biological 
causes identifi ed, and the adaptations that have 
been put in place to allow the continuation of the 
activity despite several crises.  

 For the native fl at oyster  Ostrea edulis , the 
production curve shows fl uctuations and points 
out the two mass mortality periods: one starting 
on 1920 and one starting in the 1970s, due to 
parasitic diseases marteiliosis and bonamiosis 
that led almost to an extinction of farming of fl at 

2nd WW

1920 Mass mortality Marteilia Bonamia

No spat 
collection

Low spat 
collection(TBT)

1852: mastery of 
spat collection

1866 Oyster
import from Portugal

1923 Developing
Portuguese
oyster farming

1955-1970 Growth
defects => imports 
of oysters from
Portugal

1965 First batch 
of seed imported
from Japan

1971 RESUR 
operation :  
introduction of 
Japanese oyster

2008 Mass 
mortality of 
spat

2013 Mass 
mortality of adults

Diseases and 
eradication
(70-73)

7

Crassostrea angulata

Crassostrea gigas

Ostrea edulis

  Fig. 1    Production of oyster culture in France (tonnes) and main changes (After IFREMER data)       

 

C. Mariojouls and J. Prou



301

oyster in the 1980s (Anonyme,  1923 ). Noticeable 
are the events before 1900: spat collection was 
developed from its mastery in 1852, and the fi rst 
import of Portuguese oysters  Crassostrea angulata  
from Portugal was in 1866. But the real develop-
ment of farming of that species was in 1923, at the 
time of mass mortality of  O. edulis . The production 
of  C. angulata  developed, except during World 
War II, until mass mortality due to iridovirus in the 
early 1970s led to a collapse of this species. 

 The French oyster farming recovered thanks 
to the introduction of  Crassostrea gigas  from 
Japan and America in the 1970s and has grown to 
a high level, up to 140,000 T in the 1990s. In the 
late 1990s were already observed summer over-
mortalities, but the last decade, in 2000s, is 
marked by mass mortalities: fi rst for spat from 
2008 due to the herpes virus OsHV-1 microvar, 
leading to a decrease of production level as low 
as 80,000 T in 2012, and, very recently, in 2013, 
for adults, due to  Vibrio aesturianus . Today, 
the French oyster farming sector is facing a 
serious crisis.  

3     An Attempt to Analyze 
the Major Threats 
and Changes 
and Adaptations 

 Table  1  attempts to identify major changes and 
disruptions that the oyster industry has faced and 
faces now, classifi ed into four broad categories: 
anthropogenic, ecological, biological, and tech-
nical major events. Listed are also the main adap-
tations implemented in the oyster industry, 
adaptations which are due to either oyster compa-
nies or institutional actors including research and 
government.

3.1       General Aspects 

 In oyster farms, there are both technical changes 
and new economic strategies that have been 
implemented to adapt. In addition to these imme-
diate coping strategies, it is noticeable also that 
the oyster business developed proactive strate-

gies, like diversifying their activities (farm visits, 
trading shellfi sh), but these fall outside the scope 
of this communication. As for research, in case of 
disruption, a set of programs are developed to 
understand new phenomena and to propose adap-
tive changes in the systems of oyster culture and 
in the institutional framework governing the pro-
duction and the marine environment. Regarding 
government and public organizations, in addition 
to alerting devices and crisis management if vio-
lent disruption occurs in coastal marine environ-
ment, the adaptation to changes and disruptions 
takes the way of regulation, by creating new legal 
tools or adapting existing tools. 

 This presentation provides a basis for the anal-
ysis that we want to lead but is necessarily simpli-
fi ed and does not pretend to be exhaustive. Two 
important parameters, scale and time, are not con-
sidered here, while they would be of importance 
for a more detailed analysis: some disturbances 
are occurring within a short time (big storms, pol-
lution accident, etc.) and in a specifi c area, appeal-
ing for quick and simple reaction, while a number 
of changes and threats occur on a long period of 
time and at a large scale, allowing progressive 
adaptations on one main pattern or on regional 
patterns but sometimes questioning the persis-
tence of the oyster production. 

 We cannot perform here a detailed analysis of 
this set, but we choose to bring out the analysis of 
the adaptations developed by oyster farmers fac-
ing recurring mortalities over a period of time 
close to a century. This will allow going further in 
the analysis of adaptation and resilience in the 
last part of the communication.  

3.2     The Case of Mortalities 

 Mass mortalities of oysters are considered 
abnormal and affect the economy of oyster farms. 
They mark the history of oyster farming and have 
sometimes been dominating events in the evolu-
tion of the industry. They are mostly related 
to pathogens, identifi ed and characterized by 
scientists. Bonamiosis and marteiliosis have 
been described to explain the mortality of fl at 
oyster  Ostrea edulis . Similarly, an iridovirus 

Changes, Adaptations, and Resilience: The Case of French Oyster Farming



302

    Table 1    Main threats and changes for French oyster farming and adaptations   

 Threats and changes  Adaptations in the oyster industry 

 A
nt

hr
op

og
en

ic
 

 Various pollutions  Development of scientifi c monitoring, changes in controls and 
regulations 

 Microbiological pollution  Regulation, more stringent; self- controls and purifi cation plants 
 Involvement of oyster farmers organizations in the management of 
watersheds 
 Relocation of oyster culture 

 Increasing use of coastal zone by 
other activities 

 New planning and management tools in public policy, with 
consultation with local stakeholders, and involvement of oyster 
farmers organizations 

 E
co

lo
gi

ca
l 

 Increase in frequency of toxic 
phytoplankton blooms 

 Development of monitoring, changes in controls and regulations; 
farmers lobbying for modifi cation of control procedures, 
considered as too stringent 
 Temporary interruptions of sales 

 Changes in geomorphology  Oyster farming both a cause and victim of changes in 
geomorphology 
 Creation of “schemes of structure”: regulatory constraints for the 
maintenance of oyster farming parks 
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 Mortalities due to epidemics during 
the twentieth century 

 Change in species:  O. edulis , then  C. angulata , and then  C. gigas  
 Imports of oysters for supplying the trading 

 Interannual variability of recruitment  Adaptation of sale price of oysters, in the possible range for 
market 

 Development of hatcheries, 
use of triploids 

 Wide adoption of hatchery spat, but among farmers, differences in 
opinion about hatcheries and triploids and socioeconomic 
cleavages 

 Summer over-mortalities of spat, 
mass mortality since 2008 

 Changes in farming techniques; restocking with “resistant” oysters 
 Restart of shellfi shing on wild stocks 
 Development of direct sales, prices rising, diversifi cation of 
activities 
    Disappearance of the weakest companies. Public support to oyster 
companies 

 Mass mortality of adults, 
since 2013 

 Early sales of oysters, shellfi shing on wild stocks/import of oysters 
for trade 
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 Major storms 
 (a) Martin (1999)  (a) Reconstruction of parks and restart activity in affected areas; 

public supports 
 (b) Xynthia (2010) (sea rise)  (a) Sales closing because of  Pseudo-nitzschia  bloom; farming 

devices replacement (insurance) 
 Global change: temperature rise  Opening of new sites for spat collection (Brest Bay) 
 Global change: ocean acidifi cation  Not yet a noticeable effect in France 

was responsible for the high mortality of oyster 
 Crassostrea angulata  called “Portuguese.” 
Finally, concerning the oyster called “Japanese” 
 Crassostrea gigas , a herpes virus OsHV-1 
microvar and a vibrio,  Vibrio aesturianus , are 
identifi ed as the main causes of the recent and 
current mortality. When mortalities affect the 
economy of oyster farms, oyster growers react by 
introducing various changes in their farming and 
further in their commercialization. 

3.2.1     Relation to Wild Stocks: 
Foundation of Oyster Farming, 
Solution in Case of Crisis 

 As mentioned before, controlling the collection 
of  O. edulis  oyster larvae on a    collector was the 
foundation of oyster farming. The farming 
industry of fl at oyster could develop in several 
zones of the Atlantic coast: Arcachon, Marennes-
Oléron, and Brittany. Later, for cupped oyster 
species,  C. angulata  and  C. gigas , the same pat-
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tern occurred with the difference that as these 
species are not breeding on the entire Atlantic 
coast, Arcachon and Marennes-Oléron became 
the spat collection centers providing other farm-
ing zones, effectively Brittany, Normandy, and 
the Mediterranean sites. 

 Despite little known, until the 1980s the 
collection of spat on collectors has always been 
accompanied by fi shing oysters on natural stocks 
(oysters of small size for further farming or big-
ger for direct selling). But in the 1990s, the use of 
oyster fi shing on wild stocks was no longer valid 
since the controlled reproduction of oyster in 
hatchery helped to provide farmers with spat eas-
ier to work and not subject to the interannual 
variations of spat collection in the natural 
environment. 

 From 2008, to offset the high mortality of 
young oysters due to OsHV-1, two adaptations 
appeared: (1) an increase of spat stocked for 
farming, through increasing the number of col-
lectors installed and also using a larger propor-
tion of hatchery spat, and (2) a return to the 
additional practice of fi shing wild oysters, here at 
commercial size, to compensate for the loss of 
volume driven by mortality.  

3.2.2     Imports of Oysters 
 Imports of oysters were often used to compensate 
for mortality or for supplying the market. Thus, 
in 1866 the lack of oysters resulted in the impor-
tation of Portuguese oysters  Crassostrea angu-
lata  from the Tagus Estuary. At the same time, an 
accidental cargo release of  C. angulata  into the 
estuary of the Gironde had allowed the introduc-
tion of the species on the French coast, followed 
by a rapid expansion south of the Loire estuary, 
but that species had been rejected by production 
centers breeding the traditional fl at oyster, i.e., in 
Brittany. It is at the end of the First World War 
that consumer demand and high mortality (1921–
1923) on fl at oyster forced professionals to adopt 
the Portuguese oyster. Similarly, after World War 
II, restarting consumption led to the importation 
of oysters from Portugal and other countries from 
1955 (Anonyme,  1955 ). In February 1966, a pro-
ducer of La Tremblade (Charente Maritime), 
P. Jarno, imported from Japan the fi rst batch of 

spat of oysters  Crassostrea gigas . Its rapid 
growth and tolerance for iridoviruses which deci-
mated the Portuguese oyster (1970–1973) led to 
its adoption by professionals at individual level 
(imports of seed from Japan) and at    collective 
level (reseeding from natural deposits by adult 
oysters from British Columbia, USA).    

4     The Social-ecological 
System, a New Concept 
for Analyzing Adaptations 
and Resilience 

 It is obvious that changes in ecosystem affect the 
development of oysters and thus the production 
of farmed oysters. How oyster farmers have 
adapted to disturbances or simple changes, with 
implications for oyster production, and why? Is it 
only the fact of oyster farmers or a set of actors 
involved in oyster industry, including research 
and public authorities? The analysis of distur-
bances and changes in ecosystem and of the 
adaptations set in response, in place, shows the 
multiplicity of actors involved and the plurality 
of adaptive registers that are mobilized. The con-
cept of    social-ecological system (SES), allowing 
a holistic analysis, seems a suitable tool. 

 The question of adapting to changes in social- 
ecological systems (SESs) is central in contem-
porary research work. Holling in  1973  introduced 
for the fi rst time the notion of resilience of eco-
logical systems within a refl ection on their stabil-
ity against fl uctuations and so opened a wide fi eld 
of ecological research about the resilience of eco-
systems.    The development of the concept of 
social-ecological system, and questions for the 
defi nition and implementation of sustainable 
development, led to the study of the adaptability 
and the resilience of SESs. Taking into account 
that the numerous works about resilience have 
led to various interpretations and some confu-
sion, Walker et al. ( 2004 ) provided an interpreta-
tion and analysis of the concepts of resilience, 
adaptability, and transformability in SESs. They 
consider that the paths taken by a SES depend on 
three attributes: resilience, adaptability, and 
transformability. 

Changes, Adaptations, and Resilience: The Case of French Oyster Farming



304

 While agroecosystems are subject to rather 
important research regarding their health, their 
resilience, and their stability (Xu and Mage 
 2001 ;    Malézieux  2012 ), we found little research 
results about the resilience of marine farming 
ecosystems. 

 The resilience after coastal disasters has been 
analyzed by Adger et al. ( 2005 ) in an approach 
linking explicitly ecosystems and human societ-
ies in a social-ecological system. Perry et al. 
( 2010 ) propose a social-ecological approach 
which recognizes the interdependence between 
biophysical and human social components. They 
point the variety of drivers for changes in marine 
systems, both for biophysical aspects and for 
fi shing-dependent human communities and their 
interactions. They demonstrate the need to 
develop, notably for policies, approaches which 
maintain the capacities of fi sh and fi shing com-
munities to adapt to the impacts of globalization 
and environmental changes, but they do not discuss 
the resilience of the social-ecological system. 

 The concept of social-ecological system is 
very pertinent for coastal ecosystems including 
oyster farming but to our knowledge has not been 
used for analyzing their resilience and adaptabil-
ity. The practice of shellfi sh aquaculture viewed 
as an ecological disturbance has indeed been 
studied and the resilience of the ecosystem been 
questioned by Dumbauld and Ruesink ( 2008 ) in 
the case of Chesapeake estuaries and more widely 
in the case of West Coast estuaries (USA) by 
Dumbauld et al. ( 2009 ) in an extended review on 
the ecological role of bivalve shellfi sh culture in 
the estuarine environment, but without using the 
concept of SES. The SPICOSA program uses 
modelling applied to coastal SES zones including 
shellfi sh farming, for research in ICZM, not cen-
tered on oyster farming nor its resilience (Ballé-
Béganton et al.  2010 ). 

 The concepts developed by Perry et al. ( 2010 ) 
for marine systems, with strong interdepen-
dence between biophysical and human societ-
ies, could be applied to oyster farming in coastal 
ecosystems. We identifi ed (cf. Table  1 ) the main 
drivers for changes in the biophysical system 
and the human societies and the main responses 

by human communities. We can consider, as 
underlined by the authors, that the human 
communities’ responses to marine ecosystem 
variability can ameliorate or exacerbate these 
changes. 

 For French oyster farming, we propose a 
design of socio-ecosystem (Fig.  2 ) and its evo-
lution along time, characterized by the succes-
sion of several species in the ecosystem, the 
replacement of one species being done when the 
conditions for the life of the previous, or a prof-
itable farming, are not suffi cient any more.    This 
SES has two main components: (1) the ecosys-
tem, home for the farmed species, in the ade-
quate conditions, with limits for each species 
and (2) the social and technical system, in which 
the main stakeholders are the farmers but also 
the researchers and public authorities acting 
through public policies. All contribute to 
changes and adaptations. The farming itself 
takes place in the intersection of the two, 
through the farming system (including farming 
practices) associated successively to the three 
farmed species, while some important evolution 
in the spat origin takes place, from natural spat 
collection to hatchery-produced spat of increas-
ing importance today. Also it must be under-
lined that farming practices establish the 
framework of the relationships between the 
farmed oysters and the ecosystem and thus play 
a central role to set the conditions for the results 
of the farming as an economic production. The 
farming practices themselves show changes 
over time. Within the period of time where each 
species is farmed, it has generally been observed 
that the effi ciency of farming fi rst increased and 
reached a peak before decreasing.  

 Perry et al. ( 2010 ) insist on the importance 
of different scale approaches for marine social- 
ecological system, using mainly the example 
of fi sheries. For oyster farming, while the local 
“natural scale” (bay, watershed, etc.) is indis-
pensible for management, it is also necessary 
to consider wider scales for governance of 
some aspects: animal health, contaminants, 
and sustainability for social and economic 
aspects.  
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5     Is the French Oyster Farming 
Resilient? 

5.1     Questions About Resilience 

5.1.1     The Resilience of Ecosystems 
That Produce Shellfi sh 
and Support Shellfi sh Farming 

 Shellfi sh farming is an activity    practiced in highly 
dynamic ecosystems, at all time scales: millenary 
(last glaciation, sea level rise, siltation of estuar-
ies, strong currents, sediment movements, etc.), 
annual-seasonal (winter storms, etc.), monthly 
(tide coeffi cient), and daily-semidiurnal (tides). 
These geomorphological changes (Bertin and 
Chaumillon  2006 ; Kervella  2009 ) have shaped 
ecosystems, providing habitat for shellfi sh. 

 Analyzing the resilience of oyster farming leads 
to consider many questions: (1) about the resilience 
of these ecosystems; (2) conversely, about the 

impacts of oyster farming on the ecosystem and its 
resilience; (3) and some about the necessary man-
agement of natural oyster beds as reservoirs of 
genetic biodiversity used by oyster farming.  

5.1.2     Disturbances of Shellfi sh 
Farming and Ability to Adapt 

 The ability of adaptation of oyster farming to dis-
turbances is linked to several facts: the farming 
devices may be affected but are fl exible enough 
to avoid a real destruction; the farm buildings on 
seaside are often able to accept accidental sea rise 
because they are already built and used in condi-
tions of level variations due to tides; and the oys-
ter, biologically, is fl exible, and, for instance, 
able to overcome some pollution events, through 
self-purifi cation as a fi lter feeder. 

 Animal health appears as a special issue: 
disease outbreaks occur often, but a frequent situ-
ation is the presence of pathogens with no 

  Fig. 2    Attempt to represent the French oyster farming as a dynamic social-ecological system       
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 important losses. It raises questions about the 
role played by the ecosystem and its changes in 
the regulation of animal diseases and about the 
impact of farming practices on the farmed 
oysters. 

 Oyster farming is able to adapt in a highly 
dynamic ecosystem, because it has been orga-
nized to have the necessary fl exibility. Then, the 
question is to understand how and why the adap-
tive process is altered: because of extreme distur-
bances or because of inadequate farming 
operations or too strict rules.   

5.2     Some First Elements 
of Analysis of French Oyster 
Farming Resilience 

 We consider it is possible to analyze the adaptabil-
ity and resilience of oyster farming as a social-
ecological system facing fl uctuations, and we 
propose some elements for a fi rst analysis, using 
the case of the French oyster farming. Walker et al. 
( 2004 ) give the following defi nition of resilience 
“Resilience is the capacity of a system to absorb 
disturbance and reorganize while undergoing 
change so as to still retain essentially the same 
function, structure, identity, and feedbacks” and 
consider that there are four crucial aspects of resil-
ience: latitude, resistance, precariousness, and 
panarchy. For the oyster farming social-ecological 
system, these aspects would deserve an in-depth 
study, but we can here propose some hypothesis. 

5.2.1    Latitude 
 Latitude is defi ned as “the maximum amount a 
system can be changed before losing its ability to 
recover (before crossing a threshold which, if 
breached, makes recovery diffi cult or impossi-
ble).” The French oyster culture has developed a 
wide range of adaptations allowing successive 
recoveries and can be qualifi ed as having a large 
latitude. In particular, the succession of species 
( O. edulis ,  C. angulata ,  C. gigas ) can indeed lead 
to conclude that the “latitude” of the SES is wide. 
   Although the adoption of a new species can be 
long (37 years between the biological implanta-
tion of  C. angulata − 1867- and the start of farm-
ing −1923-), it is done by giving up the previous, 

more or less clearly. In 1970, the adoption of 
 C. gigas  was rapid as  C. angulata  was eradicated 
by the disease.  

5.2.2    Resistance 
 Resistance, defi ned as “the ease or diffi culty of 
changing the system; how “resistant” it is to 
being changed,” is highly questionable accord-
ing to components of the SES: ecologically, 
there is indeed an ability of the farmed oysters to 
adapt to threats and changes in environment and 
techniques, and, socially, there are many situa-
tions, for instance, differences among oyster 
farmers. Some producer subgroups can be resis-
tant to changes, for example, the adoption of a 
technical innovation like triploid oysters pro-
posed by research. While easily adopted by some 
producers, it has been rejected by some farmers 
because of not only technical aspects but also a 
wide set of arguments: environmental, economi-
cal, and philosophical (Boulanger and Mariojouls 
 2012 ).  

5.2.3    Precariousness 
 It is looking to “how close the current state of the 
system is to a limit or “threshold”.” This concept 
deserves to be acutely looked at, as the present 
situation of French oyster farming social- 
ecological system effectively questions the exis-
tence of thresholds for this system: for biophysical 
characteristics in relation with the adaptability of 
the animals and for human communities and oys-
ter farming companies. 

 Researchers, signifi cant players in the SES, 
play regularly a role as they establish some ele-
ments of “latitude” and “precariousness.” 
Concerning oyster diseases, a vaccination is diffi -
cult to develop because of a limited immune sys-
tem of oysters, and breeding in open environment 
makes diffi cult the control of pathogens. The only 
“recovery” solution appears to be genetic selec-
tion. Interestingly, a resistant strain introduces a 
new space of “latitude” and decreases the “precari-
ousness” on biological and economical view-
points. But on the social viewpoint, it reduces the 
“latitude” as it establishes an obligation for farm-
ers to buy selected spat from hatchery. 

 About precariousness, an in-depth analysis 
about historical data would be required, but at 
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present, the French oyster farming is in a high 
precariousness.  

5.2.4    Panarchy 
 Panarchy is taking into account that “the resil-
ience of a system (…) will depend on the infl u-
ences from states and dynamics  at scales above 
and below .” This notion opens a wide range of 
questions to be studied and discussed. Indeed, 
the analysis of panarchy for oyster faming 
should include several items: (1) the state and 
dynamics of watershed, as perturbations on 
watersheds generate impacts on coastal environ-
ments and shellfi sh; (2) the state and dynamics 
of seawater at the regional level, at the appropri-
ate scale; and (3) the state and dynamics of 
ocean, including the effects of climate change 
on coastal environment and of ocean acidifi ca-
tion on shellfi sh.    

6     Conclusion 

 French oyster farming appears as a complex and 
highly dynamic system, which has been able to 
adapt to numerous threats and changes both in the 
natural environment and economic conditions. 
The resilience of the oyster farming social- 
ecological system is important in its social and 
economic components. As for the biological and 
ecological components, resilience does exist with 
regard to changes in the environment but is very 
small in case of epidemics, and this phenomenon 
would require an in-depth analysis as it is the key 
point for the sustainability of the activity. New 
paradigms that rely on ecosystem services pro-
vided by biodiversity add a new dimension and 
make necessary a renewed vision of relationship 
between shellfi sh farming and environment. The 
question is how to support preventively the devel-
opment and management of coastal areas in order 
to make oyster farming a sustainable activity. 
Issues like monoculture, cultural practices, and 
management of natural stocks in relation to uses 
can be revisited in terms of resilience provided by 
biodiversity.     
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      New Monitoring Method to Assess 
the Marine Algae Distribution 
and Fish School in Marine 
Ecosystems: The Hachiri-ga-se Hill 
(Off Mishima, Hagi, Japan) 
Case Study  

           Akira     Hamano     ,     Hideaki     Tanoue    ,     Takahito     Fujiwara    , 
and     Teruhisa     Komatsu   

    Abstract  

  The importance of seamounts (<1,000 m height) outside the continental 
shelf as hot spots for marine ecosystems (from primary producers such as 
phytoplankton to top predators like tuna) is currently being globally dis-
cussed. On the other hand, as sea- hills (>500 m height) situated on the 
continental shelves are smaller than seamounts, even though they contrib-
ute signifi cantly to coastal ecosystems by enhancing the supply of prey 
and providing resting grounds for numerous fi sh populations, they have 
not been fully recognized. Therefore, lately, the importance of sea-hills as 
a spawning and nursery ground and migration area for marine resources 
has been pointed out. 

 The Hachiri-ga-se hill off Mishima, Japan, is located in a part of the 
100 m isobath in the southwestern part of the continental shelf and is an 
important spawning and nursery ground and supports coastal fi sheries 
such as pole and lines. However, there have been fears about the devasta-
tion of the fi shing ground due to unplanned fi shing activities and change in 
marine environments. 
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1          Importance of the Protection 
and Management 
of Offshore Sea-Hill Fishing 
Grounds 

 Sea-hills, which we propose in this paper to be 
included in the areas for the protection and man-
agement of fi shing grounds, are the hills on the 
seafl oor 500 m high or less and large-scale natural 
reefs interspersed on the continental shelves. With 
regard to the mountains on the seabed 1,000 m 
high or more found in the ocean, i.e., seamounts, 
a number of studies have been conducted on the 
management of their resources (Menard  1964 ; 
IHO-IOC  2001 ). Because seamounts are supplied 
with nutrients from the depths of the sea by the 
upwelling generated by the seabed topography 
and fl ows, primary production is very active 
around the seamounts; thus, many fi sh, the con-
sumers of these nutrients, live there (Rogers 
 1994 ). Seamounts are mostly distributed in the 
open sea out of the exclusive economic zone 
(EEZ), and thus there have been fears about the 
depletion of resources as a result of, among oth-
ers, unplanned fi shing activities; therefore, inter-
national surveys, including those by the UNEP, 
have been carried out on these seamounts (e.g., 
IUCN  2013 ). On the other hand, the areas around 
sea-hills interspersed on the continental shelves, 
which are the subject of this paper, have been used 
as fi shing spots more familiar to local fi shers, 
such as those of pole and line and gill net fi shing 
(Hamano et al.  2001 ). However, it has begun to be 
feared that due to the global-scale depletion of 
marine resources in recent years, as well as the 
increases in the price of crude oil, large-scale fi sh-
ing fl eets using trawl nets and purse seine, whose 
main fi shing areas have been in the open sea, may 

turn their eyes to sea-hills situated nearer to their 
ports, and thus surveys on the management of 
resources around sea-hills were started.  

2     An Example of Surveys 
on the Fishing Ground 
Environment at “Hachiri-
ga- se” in the Southwestern 
Part of the Japan Sea 
(East Sea) 

 The continental shelf off the San’in Coast in the 
southwestern region of the Japan Sea (East Sea) 
is used as the bases of various fi shing methods, 
such as large- and medium-type purse seine fi sh-
ery, offshore trawl fi shery, angling, long-line fi sh-
ery, and stake net fi shery (e.g., Ogawa et al. 
 1977 ). In 1999, the survey of the fi shing ground 
environment of the Hachiri-ga-se area, one of the 
natural offshore hills existing on the continental 
shelves, was mainly started by the National 
Fisheries University, universities in the district, 
and the fi sheries experiment station of Yamaguchi 
Prefecture (Hamano and Nomura  2002 ) (Fig.  1 ). 
Hachiri-ga-se is an important fi shing area used 
daily by local fi shers and is also famous as a 
place for recreational fi shing, such as the pole 
and line fi shing of bluefi n tuna ( Thunnus orienta-
lis ). As for the area north of Hachiri-ga-se, partly 
because the area is close to the borders of Korea 
and China, it has often been reported that over-
seas fi shing fl eets operate there without permis-
sion (e.g., Hamano and Uchida  2000 ).  

 In the above-mentioned survey, in an effort to 
obtain information necessary for “responsible 
fi shing” by Japanese fi shers, such devices as 
acoustic survey equipment, ROVs, and larva and 

 Therefore, how we should protect the fi shing grounds and effectively 
manage the coastal fi sheries for sustainable harvest is a very important and 
urgent issue. In this study, we proposed an acoustic monitoring method to 
assess the distribution of marine algae vegetation and fi sh schools. These 
results show that the acoustic monitoring method would be effective to 
provide an example of solution for protection and management of these 
offshore sea-hill fi shing grounds.  
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  Fig. 1    “Hachiri-ga-se,” one of the most important natural reef fi shing grounds on the continental shelf in offshore 
waters southwest of the Sea of Japan       

  Fig. 2    Three-dimensional image of the bottom topography obtained by multibeam echosounder.  Color bar  indicates 
depth       
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juvenile nets were used, and the data collected 
were integrated into the geographical informa-
tion system (GIS) and visualized by two- or 
three-dimensional images (Tanoue et al.  2007 ). 
As a result, it was found that Hachiri-ga-se is an 
area where the shallow parts are as shallow as 
18 m and where large-scale rapids about 90 m 
high spread for over 8 miles (Hamano et al.  2011 ) 
(Fig.  2 ). It was also shown that behind Hachiri-
ga-se where a branch of the Tsushima Warm 
Current fl ows, whirlpools of the back fl ows are 
formed, which provide an environment where 
larvae and juveniles having only a low swimming 
ability are liable to stay (Hamano and Shinagawa 
 2010 ). In addition, the shallow water depth zones 
around the ridges are rich in zooplankton and 
provide feeding points for fi sh, and seaweed beds 
(offshore seaweed beds) are formed there and 
have become the growing places for fi sh and 
other marine life (Hamano et al.  2011 ) (Fig.  3 ).   

 In June 2007, the National Fisheries University 
and the Ocean Research Institute of the University 
of Tokyo conducted a joint study and found by a 
space analysis of the GIS that the fi sh caught in 
these areas differ according to differences in 
the water depth and bottom materials and that 
complicated differences in topography have cre-
ated a distribution of various fi sh species (Tanoue 
et al.  2008 ). A technique for estimating the distri-
bution of fi sh schools near the seafl oor, whose 
measurement was diffi cult by a quantitative echo 

sounder, was developed, and by using this tech-
nique, it was discovered that threeline grunt 
( Parapristipoma trilineatum ), a coastal fi sh, in 
the spawning season is distributed at a high den-
sity around the reefs which suggested that 
Hachiri-ga-se plays an important role in repro-
ducing the fi shery resources in the coastal waters 
(Tanoue  2009 ).  

3     Problems and Solutions 
in the Monitoring 
of the Fishing Ground 
Environment of Offshore 
Sea-Hills 

3.1     Existence of Seaweed Beds 
in Offshore Sea-Hills 

 Offshore hills, such as Hachiri-ga-se, are inter-
spersed along the continental shelves in the EEZ, 
and there is the possibility that many seaweed 
beds and reefs also exist in these fi shing grounds 
and play a key role in the ecosystem of the coastal 
waters as the areas for the stay, growing, spawn-
ing, and other fi sh activities. In the future, we will 
be required to establish desirable monitoring 
techniques for promoting the protection and 
management of these fi shing areas. The method 
using acoustic measuring equipment was adopted 
in the Hachiri-ga-se study, and one of these moni-

  Fig. 3    ( left ) Photograph of fi sh school ( Seriola lalandi ) 
assembling around Hachiri-ga-se. There are high divers of 
fi sh in Hachiri-ga-se. ( right ) The marine algae vegetation, 

 Ecklonia cava , was observed at the Hachiri-ga-se by ROV 
and scuba diving       
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toring techniques can investigate large sea areas 
quickly and thus is an effective method; this 
 technique was also used for the monitoring of 
seamounts (Kloser  1996 ; Komatsu et al.  2002b ). 
However, seaweed beds may have been formed 
around the sea- hills in the shallow sea areas, such 
as offshore natural reefs, and for these sea-hills, 
there is the need to develop new techniques 
 taking into account the estimation of larvae and 
juveniles distributed in and around the seaweed 
beds. Therefore, in this study, we summarized the 
problems facing the development of these new 
methods to provide an example of the solutions.  

3.2     Measuring Technique 
Proposal for Offshore 
Seaweed Beds 

 Seaweed beds play a very important part in the 
coastal ecosystem because they provide larvae 
and juveniles with places for growing and hiding 
and fi sh and seaweed-eating animals with feed-
ing points and also have such functions as CO2 
fi xation and the purifi cation of water quality (e.g., 
Mann  1973 ; Komatsu et al.  2005 ). The main 
methods for studying the distribution of seaweed 
beds in coastal shallow water areas include visual 
inspection from a vessel, diving inspection by 
quadrate survey, and image analysis using aerial 
photos or satellite images (e.g., Norris et al.  1997 ; 
Komatsu et al.  2002a ,  c ). However, these meth-
ods are not appropriate because much time and 
labor are required, and there will be effects of 
waves and ocean conditions in offshore hills far 
away from land. One of the possible techniques 
for estimating the distribution and quantity of 
seaweed beds in these areas is an acoustic method 
using a quantitative echo sounder. An acoustic 
method is an underwater remote sensing method 
by which an ultrasonic wave is sent to an object 
in the sea and information about the sea can be 
obtained from the refl ected intensity of the wave 
returned from the object (MacLennan and 
Simmonds  1992 ). 

 Because seaweeds are distributed along the 
seabed, there are some problems when they are 

used as the objects of an acoustic study. First of 
all, there will be cases where the echo reaction of 
the seabed and that of seaweeds is overlaid, and 
thus these echo reactions must be distinguished 
from each other. Next, it should be noted that a 
large number of fi sh, especially larvae, juveniles, 
and plankton, exist in and around seaweeds. 
Therefore, in this study, we introduce a method to 
separate and distinguish the seaweed bed by a 
three-stage method. In the fi rst stage, seafl oor 
discrimination will be made by obtaining the 
standard values for seafl oor discrimination using 
the discriminatory analysis method, which is 
used in the process of binarized image process-
ing. In the second stage, the adult fi sh and larvae 
and juveniles swimming in and around the sea-
weed bed will then be separated and distin-
guished by the frequency difference method 
using multiple frequencies. In addition, the 
examination of the method for identifying the 
seaweed bed from acoustic data based on 
the optimum combinations obtained will be 
 conducted. The outcome will be used to make 
space interpolation by kriging in order to esti-
mate the distribution of seaweeds. Examples of 
the application of the measuring technique at 
Hachiri-ga- se in 2012 and 2013 will be described 
below:
   First stage: seafl oor discrimination using the 

binarized discriminatory analysis method 
 To avoid the overestimation of echoes from the 

seafl oor based on the sound intensity obtained 
by a quantitative echo sounder, there is a need 
to separate and discriminate the echoes from 
the seabed by fi xing a threshold value for 
sound intensity in the post-processing. In the 
past, this threshold value was empirically 
fi xed on the basis of an echogram (echo-
graphic data). Thus in the Hachiri-ga-se sur-
vey, we adopted a mathematical method 
involving the discriminatory analysis by 
 binarized image processing, which was devel-
oped by Hamano et al. ( 2005 ) for sound inten-
sity, thereby excluding empirical judgments at 
the time of conducting the separation and dis-
crimination (see Fig.  4 : example results in 
Hachiri-ga-se).   
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  Second stage: separation and discrimination of 
larvae, juveniles, and seaweeds by the fre-
quency difference method 

 The acoustic-refl ected intensity depends on the 
frequency of the ultrasonic wave (see Fig.  5 : 
example of results in seaweed bed). The fre-
quency difference method is a technique for 
separating and discriminating fi sh and zoo-

plankton by taking advantage of this property 
of refl ected intensity (Greenlaw and Johnson 
 1983 ). Seventy percent of the fi sh ( n  = 273) 
collected in the Hachiri-ga-se study were the 
juveniles of rabbitfi sh ( Siganus fuscescens ), 
and their body length was 7.4 mm on average. 
The data from collected fi sh were used to 
obtain the theoretical values (Furusawa’s the-

  Fig. 4    Examples of echograms with the drawn bottom lines ( Red lines ) determined by the binarization method       

  Fig. 5    Relationship 
between frequency and 
acoustical intensity of main 
marine algae vegetation 
 Ecklonia cava  in Hachiri-
ga- se ( error bars  represent 
the standard deviation of 
the mean). Acoustical 
intensity of  Ecklonia cava  
with 200 kHz is higher 
than 18 kHz and 38 kHz       
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oretical bladder resonance model which was 
adapted by Iida et al.  1999 ) for fi ve frequen-
cies (18, 38, 70, 120, and 200 kHz) by the fre-
quency difference method, and it was found as 
a result that two combinations of frequencies, 
i.e., 18 kHz and 200 kHz (⊿Sv 200-18 ) and 
38 kHz and 200 kHz (⊿Sv 200-38 ), were effec-
tive in separating and discriminating the lar-
vae and juveniles (see Fig.  6 : example of 
results for rabbit fi sh). Thus we were able to 
identify the reactions of the larvae and 
 juveniles whose ⊿Sv values of ⊿Sv 200-18  and 
⊿Sv 200-38 , which are continuous ⊿Sv on the 
seafl oor, were negative. We then excluded the 

reactions away from the seabed, because it 
was evident that there were no reactions due to 
the seaweeds. We dealt with only the reactions 
obtained that were continuously distributed on 
the seafl oor as those from seaweeds (see 
Fig.  7 : example of results for Hachiri-ga-se).     

  Third stage: estimation of distribution by the 
space interpolation method 

 Based on the information obtained in the second 
stage, we estimated the distribution of the 
 seaweed bed by kriging using the space 
 interpolation method (Fig.  8 ). Kriging is used 
in many fi elds, including the estimation of ore 
reserves, and is the technique for objectively 

  Fig. 6    Relationship 
between body length of 
fi sh and ⊿TS obtained by 
⊿Sv difference method in 
each of two frequencies 
(18, 38, 70, 120, 200 kHz). 
Each mark indicates 
theoretical ⊿TS of 
 Siganus fuscescens  
estimated by the bladder 
resonance model       
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  Fig. 7    Estimated result 
regarding echoes of 
seaweed ( Ecklonia cava ). 
 Color bar  indicates 
⊿Sv 200-38kHz  value.  Blue 
echoes  indicate seaweed: 
⊿Sv 200-38kH  is negative in 
the seaweed (see Fig.  5 )       

  Fig. 8    Distribution of main marine algae vegetation ( Ecklonia cava ) estimated by kriging method       
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determining the scope of the observation 
points, which are used to give weight to esti-
mate the observation data, in order to obtain an 
estimated value at an optional point in space 
(Zeiler  1999 ). Kriging has been applied by 
Tanoue et al. ( 2008 ) and Minami et al. ( 2012 ) 
to the space interpolation of fi sh schools and 
seaweed beds (Tanoue et al.  2008 ; Minami 
et al.  2012 ). The total area of seaweed beds at 
Hachiri-ga-se has been estimated at 2.95 km 2 , 
and 94.4 % of the observation results by 
 underwater TV cameras at the 54 locations 
agreed with the outcome obtained in this study.       

4     Conclusion 

 As the problems of marine protected areas (MPAs), 
perturbations in oceans, and resilience have been 
internationally discussed, the importance not only 
of seamounts in the open sea but also of hills in 
offshore zones as the habitats of fi sh has begun to 
be pointed out. Hachiri-ga-se, situated off Mishima 
Island, Hagi, Yamaguchi Prefecture, in the south-
western part of the Japan Sea (East Sea), is one of 
the representative offshore sea-hills in Japan. The 
most important characteristic of Hachiri-ga-se is 
its great biodiversity. It has been shown that due to 
the complicated seabed topography of Hachiri-
ga-se and the direct effects of the Tsushima Warm 
Current, extensive seaweed communities have 
been formed there, where a wide variety of fi sh, 
larvae, and juveniles are distributed, making it an 
ideal place for the stay, feeding, and rearing of 
marine life. However, the loss of seaweed beds has 
been increasing as a result of “isoyake” (withering 
of seaweeds) in recent years, and it has become 
more important than ever to check the situation of 
the maintenance and preservation of seaweed 
beds. Here, we proposed a new monitoring method 
to estimate the area on the hills in the offshore 
zone where seaweed beds are distributed by adopt-
ing the frequency difference method using multi-
ple frequencies, the technique for identifying 
plankton, larvae, and juveniles, instead of the con-
ventional acoustic survey using a single frequency 

by applying a survey method with a quantitative 
echo sounder. As a result, the distribution of sea-
weed beds could be mapped from georeferenced 
data gathered by acoustic sonar and optical camera 
surveys. Based on this result, it was shown that our 
proposed acoustic method would be effective as a 
technique for estimating the distribution of sea-
weed beds and juveniles living in the offshore 
sea-hills. 

 The protection and management of offshore 
sea-hill fi shing grounds have been regarded as 
important both internationally and in Japan. As 
“responsible fi sheries” and the management of 
marine resources have been signifi cantly 
required, it is considered important to continue 
the monitoring surveys and to follow their 
 perturbations and their resilience in the coming 
years in order to promote a sustainable fi shery 
production in harmony with the environment and 
ecosystems and maintain and develop various 
types of coastal fi sheries. The future adaptations 
of societies living from the marine resources will 
be established under the best conditions.     
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1          Introduction 

 The decreasing number and the increasing age of 
fi shermen represent a serious problem in Japan. 
There were approximately 500,000 fi shermen in 
the 1980s; however, that number has declined to 

approximately 200,000 now. According to the 
Food and Agriculture Organization, the number 
of fi shermen is increasing or leveling off in major 
countries other than Japan (Food and Agricultural 
Organization of the United Nations  2012 ). 
Although the overall mean age of the Japanese 
population is increasing (Ministry of Internal 
Affair and Communications  2012 ), that among 
fi shermen is increasing faster. The portion of aged 
fi shermen (≥65 years old) has exceeded 30 % 
since 2003 (Ministry of Agriculture, Forestry and 
Fisheries  1975 –2010). So why are fi shermen in 
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decline in Japan? The author considers that there 
are three main factors: reduced fi sh catches, 
slumping fi sh prices, and poor work environ-
ments. Until the 1980s, the fi shery was a worth-
while occupation in Japan, despite the hard work, 
because the  fi shermen were able to catch enough 
fi sh and to sell them at acceptable prices. However, 
both the catches and the prices have declined 
since the 1990s. Although the causes are unclear, 
these declines may be related to the decrease in 
fi sheries resources due to overfi shing and to eco-
nomic recessions. Moreover, the work environ-
ment has remained poor. Even if fi shermen engage 
in hard work, they cannot catch enough fi sh and 
sell them at acceptable prices; thus, the occupa-
tion has become less appealing in Japan. 

 To revive the fi shery in Japan as a healthy occu-
pation under the current situation, one in which 
fi shermen’s incomes will not increase in the short 
term, the work environments must be improved by 
means of ergonomic labor-saving techniques. 
Namely, it is important to restore fi shermen’s work 
environments to reasonable and healthy conditions 
by means of the so-called KAIZEN principle. 
However, fi shermen cannot be expected to use sys-
tematic methods to evaluate and improve their 
work environments by themselves in the small 
fi shery management bodies that occupy the major-
ity of the fi shery of Japan. Nonetheless, third par-
ties can support fi shermen by conducting objective 
investigations of their work environments and then 
suggesting effective improvement policies. 

 Such improvement of the fi shery work envi-
ronment can occur at various levels. For instance, 
there are infrequent but fatal or injurious accidents 
such as a ship capsizing or a fi sherman falling 
from the ship or getting caught in machines, and 
there are other ongoing physical symptoms in 
daily work caused by other factors. There are also 
emotional problems in workplaces, such as those 
that occur in the context of human relationships. 
The goal of this research was to address the 
causes of musculoskeletal symptoms in daily 
work because little is known about the specifi c 
infl uence of fi shery work on fi shermen’s bodies 
in relation to the various fi shing methods in 
Japan. In other words, specifi c fi shery work has 
been scarcely explored scientifi cally. As various 
fi shing boats and methods are accompanied by 

differing work environments and methods, the 
needs of each and the plans for improvement will 
vary accordingly. Consequently, we should fi rst 
understand what happens at the sites of fi shery 
work through the accumulation of case studies. 

 In the current study, several cases of small 
trawl fi shery, a representative coastal fi shery in 
Japan, were investigated. The characteristics of 
the work sites were defi ned quantitatively, and 
the results are discussed with respect to possible 
approaches to improving the work environment.  

2     Material and Method 

 The small trawl fi shery is that in which relatively 
small fi shing boats with gross tonnages of less 
than 15 tonnes are used. Several types of fi shing 
gear are used in the small trawl fi shery: Danish 
seine, beam trawl, dredge, and otter trawl. The 
fi sh catch per year by the small trawl fi shery in 
Japan remained at around 0.4–0.5 million tonnes 
during the last decade, corresponding to 7–9 % of 
the total annual fi sh catch in Japan (Ministry of 
Agriculture, Forestry and Fisheries  2014 ). The 
small trawl fi shery is distributed widely over 
most coastal prefectures. In this study, the author 
investigated the actual work of four small trawl 
fi shing boats from across Japan, operating in 
Aichi, Chiba, Hiroshima, and Osaka prefectures 
(the individual case studies are described in 
Takahashi  2009 ,  2013a ,  b ; Takahashi et al.  2012 ). 

 In each investigation, the fi shing operation 
was recorded during a fi shing trip using water-
proof video cameras attached to the boat to 
understand and quantify the characteristics of 
fi shery work. It is crucial to identify time- 
consuming tasks and physically excessive tasks 
in order to investigate how to improve them. 
Accordingly, two analyses were carried out using 
the recorded video images to quantify the time 
required for and physical burden of each 
 representative task. 

 First, the time series of the tasks performed on 
each boat during a fi shing trip were arranged, and 
then the proportion of the whole navigation time 
required for each representative task was determined. 
Second, the physical burden of the fi sh- sorting task, 
judged as the most time-consuming task by the time 
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study, in each boat was estimated based on the crew’s 
work postures recorded on video images. The Ovako 
working posture analysing system (OWAS) method, 
one of the simplest and best-known methods, was 
used in this study (Karhu et al.  1977 ). In the OWAS 
method, a work posture is determined categorizing 
posture based on three portions of the body (upper 
body, upper limbs, and lower limbs) and the weight 
of objects handled. When a work posture is identifi ed 
precisely, the physical burden is ranked in one of four 
action categories (AC); these serve as an index of the 
degree of demand for improvement. That is, the num-

ber associated with the AC refl ects the harmfulness 
of the work posture on the subject’s body (AC1 being 
the best posture and AC4 being the most harmful). 
When a harmful posture occurs with high frequency, 
preference should be given to improve the work.  

3     Results 

 The results are summarized in Fig.  1 . The typical 
workfl ow on a small trawl fi shing boat entails 
casting the net(s), towing the net(s), hauling the 

  Fig. 1    The proportion of the navigation time required for 
each task ( third row ), the physical burden associated with 
the fi sh-sorting task as estimated by the OWAS method 

( fourth row ), and the type of fi sh sorting performed ( fi fth 
row ) on each of the four fi shing boats investigated       
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net(s), unloading fi shes from the net(s), sorting 
the fi shes, and storing the sorted fi shes in the 
fi shhold(s). Fish sorting and storing are usually 
performed during net towing. The portion of the 
whole navigation time required for each repre-
sentative task (Fig.  1 , circle graphs in the third 
row) varied in each case; however, fi sh sorting 
was the most time-consuming task on all of the 
boats studied. The AC (the index indicating the 
degree of need for improvement in the OWAS 
method) for the fi sh-sorting task in each boat 
(Fig.  1 , circle graphs in the fourth row) could be 
classifi ed as either the type of work where the 
crew sorts fi shes on the deck fl oor in a squatting 
posture (Aichi and Hiroshima prefectures) or the 
type where the crew sorts fi shes on a table while 
seated (Chiba and Osaka prefectures). The latter 
posture appeared to represent the ergonomically 
better work posture, and the results demonstrated 
this quantitatively.  

 Summarizing these results, the fi sh-sorting 
task was the most time consuming in all four 
cases studied, and the physical burden was 
undesirable when the fi shermen sorted fi shes on 
the deck. Thus, the fi sh-sorting task should be 
improved preferentially. According to the com-
parison among four small trawl fi shing boats 
from across Japan, the use of a table during fi sh 
sorting appears to be a simple solution to improve 
the fi shermen’s physical burden.  

4     Discussion 

 The results of this study identifi ed the most sig-
nifi cant task in the small trawl fi shery in Japan 
through the quantitative comparison of several 
case studies and proposed a simple solution to 
improve the task. If the fi sh-sorting task remains 
unchanged, the fi shermen will have an increased 
risk of developing serious low back symptoms. 
However, no table for fi sh sorting has been intro-
duced in many small trawl fi shing boats even 
though many fi shermen seem to readily recog-
nize its value. It is likely that not only the idea of 
the table but also many other ideas for improve-
ment will not be accepted easily. The author 
considers that there are two main reasons why 

fi shermen do not readily implement the suggestions 
for improvement. 

 The fi rst factor is the limited capacity of the 
fi shing boat. The volume of Japanese fi shing 
boats is regulated by gross tonnage as a means of 
controlling their catch, and fi shermen typically 
aim to achieve the full permissible volume to 
maximize their fi shing capacity. Consequently, no 
space is set aside for safe and comfortable work, 
and the fi shermen are forced to work in uneasy 
postures and sometimes in an unsafe manner. 

 The second factor involves fi shermen’s way of 
thinking and knowledge. Many fi shermen are 
proud that they work in the environment, namely, 
the sea, where death is so near. Such prides often 
bring about the wrong way of thinking in that they 
take it for granted that they work in a dangerous 
environment. Moreover, veteran fi shermen are 
hesitant to modify a way of working that has been 
established over a long time. Therefore, it is not 
easy for them to implement a new method, even 
if it is clearly reasonable. 

 Given this situation, it is diffi cult to improve the 
fi shery work environment dramatically in the short 
term. However, in the long term, it will be effec-
tive to promote reform in the fi shermen’s way of 
thinking through awareness and suggestions for 
effective improvements. In Japan, a seminar for 
fi shermen concerning safe work environments 
began last year as a public undertaking. The 
accumulation of knowledge through investigations 
of fi shery work will also provide useful informa-
tion for fi shermen through such seminars. 

 KAIZEN solutions are occasionally obtained 
through comparative studies of many case studies. 
Expanding the range of case studies to foreign 
countries will be benefi cial to the fi sheries of 
other regions. It is crucial to understand the 
common terms, to recognize differences based 
on culture for each country, and to disseminate 
knowledge to each country.     
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    Abstract  

  In response to the global movement for establishing MPAs and MPA 
networks, such as the CBD COP decisions, Japan defi ned the MPAs and 
decided to promote their establishment. The Ministry of the Environment 
formulated its “Marine Biodiversity Conservation Strategy” in 2011, 
which specifi ed the defi nition of MPAs in Japan, along with the existing 
systems that can be regarded as MPAs. The purposes of the existing sys-
tems can be categorized into three groups: (1) protection of natural scen-
ery, (2) protection of natural environment or habitats, and (3) protection 
and cultivation of fi shery resources. The regulations imposed in each area 
depend on the purpose, but they regulate either development activities, 
taking designated species (e.g., endangered species), or fi shery activities. 
One distinctive character of in Japan that MPAs regulate fi shery activities is 
that the fi shery is managed by the resource users themselves. Accordingly, 
local fi shers are engaged not only in fi shery operations but also in resource 
management (e.g., resource assessment and setting individual catch quota) 
and ecosystem conservation (e.g., maintaining seaweed beds and coral 
reefs). There is a controversy as to whether some MPAs can really be 
regarded as MPAs. As stated in the “National Biodiversity Strategy of Japan 
2012–2020,” it is important to consider standards and methods for 
 evaluating the effects of marine protected areas from the biodiversity 
standpoint.  

        N.   Amako      (*) 
  Ministry of the Environment ,   1-2-2 Kasumigaseki , 
 Chiyoda-ku ,  Tokyo   100-8975 ,  Japan   
 e-mail: naoki_amako@env.go.jp  

      Regulation and Management 
of Marine Protected Areas 
in Japan 

           Naoki     Amako    

1          Background 

 The movement for conservation of marine 
biodiversity has become larger in recent years. 
The World Summit on Sustainable Development 
(WSSD) and the Conference of the Parties to the 
Convention of Biological Diversity (CBD COP) 
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both set a target to establish marine protected 
areas (MPAs) and MPA networks, and the CBD 
COP10 adopted “Aichi Biodiversity Targets” 
which include the target to conserve at least 10 % 
of coastal and marine areas. 

 Surrounded by the sea of high productivity, 
Japan has used and conserved its marine areas 
since the ancient times. One of the major charac-
teristics is that the marine resources have been 
managed by local users themselves, not by the 
governments. As early as 757 AD, the govern-
ment rules called “Yoro Code” stipulated that 
“Mountains, rivers, scrubland, bogs and coastal 
areas are for common use and to be managed by 
local users themselves.” “Goseibai Shikimoku,” 
which was the legal code of the Kamakura 
 shogunate, reiterated the above in 1232 AD, and 
“Ritsuryo principles” of Tokugawa shogunate in 
1721 AD stipulated that “Coastal areas should be 
used and managed by the local communities, 
while offshore areas are for common use.” 
Accordingly, local fi shers have been engaged not 
only in fi shery operations but also in resource 
management and ecosystem conservation 
(Makino  2011 ). The activities of local fi shers 
may include, but not limited to, resource assess-
ment, setting individual catch quota, and main-
taining seaweed beds or coral reefs, some of 
which can be regarded as the elements of MPA 
management. 

 In the modern society of Japan, fi shery 
resource is managed not only by resource users 
themselves but also by the governments. Also, 
there are protection measures on natural scenery 
and wild fauna and fl ora including endangered 
species and their habitats. These measures 
include area-based conservation, but the term 
“marine protected areas” was not used until 
recently.  

2     Process of Defi ning “Marine 
Protected Areas” in Japan 

 In response to the global movement to promote 
the establishment of MPAs, the fi rst thing Japan 
did was defi ne the MPAs. 

2.1     Marine Biodiversity 
Conservation Strategy 

 The Ministry of the Environment, with the sup-
port from the panel of experts in the fi eld of 
marine ecology, law of the sea, fi sheries, marine 
industry, etc., formulated its “Marine Biodiversity 
Conservation Strategy” in 2011. 

2.1.1     Defi nition of MPAs 
 The “Marine Biodiversity Conservation Strategy” 
contained the defi nition of MPAs as follows: 
“Marine areas designated and managed by law or 
other effective means, in consideration of use 
modalities, aimed at the conservation of marine 
biodiversity supporting the sound structure and 
function of marine ecosystems and ensuring the 
sustainable use of marine ecosystem services.” 
In formulating this defi nition, the defi nition of 
protected areas by IUCN and the defi nition of 
marine protected areas by CBD were used as 
 references. One of the characteristics of Japan’s 
defi nition is that it aimed not only at conservation 
but also at ensuring the sustainable use. This is 
based on the idea that sustainable use is depen-
dent on healthy ecosystem, so that maintenance 
of a healthy ecosystem is an imperative part of 
sustainable use.  

2.1.2     Areas Meeting the Defi nition 
of MPAs 

 The “Marine Biodiversity Conservation Strategy” 
also indicated the list of existing systems that 
meet the above defi nition of MPAs (Table  1 ). 
These existing systems were selected based 
on the purpose of designation and the regulations 
that apply. The purposes of the existing systems 
can be categorized into three groups: (1) protec-
tion of natural scenery, (2) protection of natural 
environment or habitats, and (3) protection and 
cultivation of fi shery resources. The regulations 
imposed in each area depend on the purpose, but 
they regulate either development activities, taking 
designated species (e.g., endangered species), or 
fi shery activities. These MPAs can overlap, so that 
various purposes could be fulfi lled by combining 
different regulations.
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   Table 1    Areas meeting the defi nitions of MPAs   

 Area (system)  Purpose of designation  Description of major regulations 

 (1)  Protection of natural scenery  
 Natural park (Natural Parks Law)  Protection of outstanding natural 

scenery and promotion of its use 
 Mainly regulation on developments, 
such as landfi lls (ordinary zone: 
notifi cation required; marine park zone: 
permission required; prohibition on 
taking organisms on some areas). 
Special areas (permission required) 
may be set in brackish water zones 

 Natural coastal protected zone 
(Act on Special Measures 
Concerning Conservation of the 
Environment 
of the Seto Inland Sea) 

 To maintain the state of nature, 
so that seashores and ponds could be 
used for bathing, shellfi sh gathering, 
and so forth in the future 

 Regulation on developments, such as 
construction of new structures, 
transformation of land properties, 
mining of minerals, and earth and rock 
quarrying (concerned prefectures 
must be notifi ed) 

 (2)  Protection of natural environment or habitats for organisms  
 Nature conservation area 
(Nature Conservation Law) 

 Conservation of the outstanding 
natural environment requiring 
particular conservation 

 Regulation mainly on developments, 
such as land transformation (ordinary 
zone: notifi cation required; marine 
special zone: permission required; 
prohibition on taking organisms on 
some areas) 

 Wildlife protection area (Wildlife 
Protection and Proper Hunting Law) 

 Protection of wildlife  Regulation on hunting. Developments, 
such as the construction of structures, 
are also regulated in special protection 
zones, and the use of power-driven 
vessels is additionally regulated in 
special protection designated zones 

 Natural habitat conservation 
area (Law for the Conservation 
of Endangered Species of Wild 
Fauna and Flora) 

 Conservation of nationally 
endangered species of wild 
fauna and fl ora 

 Regulation on development in 
monitored zones (notifi cation required). 
In controlled zones, the harvest of 
designated species and the use of 
power-driven vessels are regulated in 
addition to regulation on development 
(permission required). Additionally, 
access is restricted for restricted 
entry zones 

 Natural monument (Law for the 
Protection of Cultural Properties) 

 Protection of animals, plants, 
geographic features, and minerals 
of high scientifi c value 

 Requires permission on activities that 
alter the current state or adversely affect 
its conservation 

 (3)  Protection ,  cultivation ,  etc. of aquatic animals and plants  
 Protected water surface (Act on the 
Protection of Fishery Resources) 

 Protection and cultivation of aquatic 
animals and plants 

 Development, such as landfi ll and 
dredging (license system), and harvest 
of designated aquatic animals and plants 
are regulated for water surfaces 
suitable for egg laying and growth 
of juvenile fi sh 

 Coastline marine resource 
development area, designated 
sea area (Marine Fishery Resources 
Development Promotion Law) 

 To promote the streamlining 
of the development and use of 
marine fi shery resources through 
measures to promote stock 
enhancement and aquaculture 
of aquatic animals and plants 
systematically 

 Development, such as seabed 
transformation and digging, is regulated 
(it must be notifi ed to the governor or 
the Minister of Agriculture, Forestry 
and Fisheries). Prefectures must 
formulate a “coastline marine 
resource development plan” 

(continued)
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2.2         Adoption on the Cabinet Level 

 Two months after the formulation of the “Marine 
Biodiversity Conservation Strategy” in 2011, the 
Headquarters for Ocean Policy, which is com-
prised of cabinet members, adopted the defi nition 
of MPAs and the areas that meet this defi nition, 
along with the policy to establish MPAs. The area 
covered by the known existing MPAs is about 
8.3 % of Japan’s territorial waters and EEZ, 
excluding the overlaps between different types of 
MPAs. 

 In 2012, the cabinet endorsed “National 
Biodiversity Strategy of Japan 2012–2020,” 
which was revised to refl ect the “Aichi 
Biodiversity Targets.” It set a national target to 
appropriately conserve and manage at least 10 % 
of coastal areas and ocean areas by 2020. 

 At the same time, not only the area covered by 
MPAs but also the level of management is impor-
tant, and the enhancement of management, such 
as reviewing the location and the type of MPAs in 
accordance with the changes in natural and social 
environment, should be pursued as necessary.  

2.3     Management of MPAs 

 The above mentioned MPAs are managed by 
different agencies or entities – i.e., the Ministry of the 

Environment, the Agency for Cultural Affairs, the 
Fisheries Agency, the prefectural governments, 
the fi shery cooperatives, etc. 

 The level of management also differs from 
one type of MPA to another, according to the 
purpose of the MPA. The MPAs autonomously 
managed by local fi shers are patrolled almost 
everyday, whereas the national parks are man-
aged by rangers who do not visit the site as often 
as they wish. In what is called “Sato-umi,” the 
fi shers may try to make their fi shing ground 
richer by maintaining seaweed/sea grass beds or 
coral reefs or by installing artifi cial reefs, etc. 

 As many of the MPAs managed by the 
Ministry of the Environment are overlapping 
with other MPAs, the Ministry manages their 
MPAs collaboratively with local governments, 
local fi shers, scientists, NGOs, etc.   

3     Criticism and the Possible 
Way Forward 

 There is a controversy as to whether some MPAs 
can really be regarded as MPAs. The effective-
ness of regulations applied on these MPAs is 
questioned. As stated in the “National Biodiversity 
Strategy of Japan 2012–2020,” it is important to 
consider standards and methods for evaluating 
the effects of marine protected areas from 

Table 1 (continued)

 Area (system)  Purpose of designation  Description of major regulations 

 Area designated by prefecture, 
fi shery operator group, etc. 

 To protect and cultivate aquatic 
animals and plants and to ensure 
sustainable use 

 Regulation on harvest of specifi ed 
aquatic animals and plants, etc. 

 (Underlying systems) harvest regulation zone (Fishery Act and Act on the Protection of Fishery Resources), 
water surfaces covered by the resource management regulations, and autonomous efforts by fi shery cooperatives 
(Fishery Cooperative Act) 
 Common fi shery right area 
(Fishery Act) 

 To enhance fi sheries productivity 
(protecting and cultivating aquatic 
animals and plants and ensuring 
sustainable use), etc. 

 The harvest of aquatic animals and 
plants (area, period, fi shing method, 
number of vessels, etc.) is regulated by 
the rules about the exercise of fi shery 
rights (approved by the governor). 
A right to petition based on real rights, 
a right to claim compensation or 
damages, and, at the same time, a 
charge of the infringement on fi shery 
rights will apply to infringement 
by any third party 
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the biodiversity standpoint. Recognizing that 
management effectiveness is an element of 
CBD PoWPA (Programme of Work on Protected 
Areas) and Aichi Target 11, the Ministry of the 
Environment held a regional capacity-building 
workshop on MPA management effectiveness in 
September 2013. 

 Also, the Ministry of the Environment is cur-
rently conducting selection of important marine 
areas for biodiversity conservation in Japan’s 
territorial waters and EEZ, basically using the 
EBSA (ecologically or biologically signifi cant 

marine area) criteria which were adopted at 
CBD COP9. The result of this exercise would 
serve as a basis for promoting the enhancement 
of MPAs and networking thereof.     
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    Abstract  

  Marine protected areas (MPAs) were created in reaction to large-scale 
 disturbance that humankind has caused to the equilibrium, productivity, 
and production of marine ecology. This chapter considers some specifi c 
characteristics of different types of MPAs. It attempts to assess how the 
protection of these areas allows them to return to close to their original 
state after disturbance. It also attempts to discern the ways in which societies 
whose existence or activities depend on these protected areas may adapt 
their total conservation or use the environment more or less aggressively. 

 The creation, existence, and maintenance of these new marine areas 
induces greater control of their condition, and new coastal environment 
laws have led to the creation of new activities and professions. 

 Human societies are beginning to implement new technical and legal 
methods of control. They must realize the maintenance of ecosystem 
quality through new approaches. Finally, they must consider that these 
new activities must be integrated into the functioning of natural marine 
ecosystems and that additional resources should be allocated to these new 
missions.  
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     Directeur d’études (h) Ecole Pratique des Hautes 
Etudes ,  Institut Méditerranéen d’Océanologie 
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      Limits of the Concepts of Marine 
Protected Areas: Adaptation 
of Human Populations and Their 
Professions in the Different Types 
of Marine Protected Areas 

           Hubert-Jean     Ceccaldi    

1          Introduction 

 In modern times, people have often lost touch 
with nature, despite that our entire evolution has 
taken place within it.    Our imprint on nature will 
not cease; decisions must be made to protect it, 
including limiting access rights to the natural 
environment and limiting excessive direct exploi-
tation of marine resources. 

 Although the term ‘Marine Protected Area’ 
(or MPA) crosses several different concepts, 
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 fundamentally, it is a clearly defi ned  geographical 
marine area to which access rights are prohibited 
or severely restricted and the protection of which 
is recognized by all surrounding countries. 

 During the Renaissance period, the relation-
ship between humankind and nature was one of 
survival for peasants, and one of aesthetics for 
aristocrats. The bourgeois humanism of the eigh-
teenth and nineteenth centuries was based on the 
massive use of natural resources, the transforma-
tions and trade of which gradually become global. 
We are now forced to consider other relationships 
between humanity and nature because the facts 
are binding on us; we are in a new era of very 
limited size and resources worldwide. As early as 
 1931 , in  Perspectives on the World Today , Paul 
Valéry wrote, “The time of the fi nite world 
begins.” This new reality for humanity is now 
unavoidably upon us. 

 How shall we now realize the creation of 
MPAs in different countries and cultures – 
Western, African, Muslim, South American, 
Chinese, and Siberian – or, more clearly, in 
Europe and Asia and, fi nally, in terms of this con-
ference, between France and Japan. 

 This is all the more necessary in our country, 
given that France has a presence in the four great 
oceans (Atlantic, Indian, Pacifi c, and Southern). 
With waters covering about 11 million square 
kilometers under jurisdiction, France is the sec-
ond largest maritime nation, behind only the 
USA. These territories occur in all climates, and 
many are in tropical or equatorial zones. Their 
ecosystems are rich and ecologically diverse: 
coral reefs and lagoons, atolls, faults, estuaries, 
deltas, mangroves, etc. The very important 
marine territories of Japan cover about 4.5 mil-
lion square kilometers. 

 Recall the 15th Franco-Japanese Symposium 
of Oceanography theme: ‘Marine productivity: 
disturbance and resilience of socio-ecosystems’. 

 We believe that overall productivity of the 
marine environment has led naturally to the gen-
eration of wealth and has gained economic value 
in human societies. The intensive exploitation of 
natural products, harvested mainly by fi shing, is 
the primary disturbance of the marine environ-
ment. The creation of MPAs aims to return, at 

least partially, the disturbed natural environments 
to their previous state. So ideas are needed to 
induce and develop resilience in natural 
environments. 

 This trend must continue innovating other 
objectives and new jobs based on scientifi c 
research and techniques currently underway or 
that will appear in the future.  

2     Different Types of Marine 
Protected Areas 

 Several national or regional international organi-
zations have attempted to establish a classifi ca-
tion system for MPAs, according to the degree of 
protection applied. Common rules will apply to 
countries with different histories and cultures in 
the face of natural processes independent of the 
rules and artifi cial boundaries of human 
societies. 

 The establishment of new MPAs changes or 
disrupts the behavior of corporations that operate 
ancestral or, more recently, more technical or 
industrial marine environments. Although signif-
icant progress has been made in this direction 
recently, new efforts will be needed.
•    First type I (or Ia)    

 Protected category Ia areas are set aside to 
conserve biodiversity or some unique geological 
features. Human impact is minimized, and visits 
or audits verify their proper condition.
•    Second type (or Ib)    

 In this category, the areas are generally large, 
intact, or slightly modifi ed. Their character and 
natural infl uence is maintained without perma-
nent human habitation or are sparsely populated. 
This preserves their natural ecology, and natural 
processes predominate for their conservation for 
future generations.
•    Third type (or II)    

 Protected areas in this category are large near- 
natural areas set aside to protect large-scale 
 ecological processes, as well as cash and charac-
teristics of regional ecosystems. People may con-
duct non-disruptive educational, recreational, 
scientifi c, or spiritual activities while taking into 
account local traditions.
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•    Fourth type (or III)    
 The purpose of these protected areas is to 

allow the protection of specifi c natural structures, 
such as a topographic feature, a special coastal 
relief, an underwater cave, a unique feature, or 
nearby islands with special vegetation. They are 
quite small, but visitors attach great importance 
to the area. Their existence also protects the habi-
tats of local marine organisms and biodiversity.
•    Fifth Type (or IV)    

 Protected areas in this category are designed 
to protect particular species or habitats. They are 
managed through regular and active interventions 
to meet the requirements of specifi c species or to 
maintain habitats.
•    Sixth type (or V)    

 These are areas of particular character, with 
signifi cant ecological, biological, cultural, or 
landscape features. The protection maintains his-
torical practices and customary management.
•    Seventh type (or VI)    

 These MPAs, large in size, are designed to 
preserve ecosystems and natural habitats. 
Controlled management of traditional natural 
resources is undertaken in which people inter-
vene in a modest and balanced manner to partici-
pate in their maintenance. 

 Japanese authorities have adopted a six-level 
classifi cation system that closely resembles the 
previous (FAO  2011 ) and that of the National 
Agency for Marine Protected Areas, established 
in France in 2006 (Anonymous  2012a ,  b ).  

3     Limits of These Defi nitions 

 This useful classifi cation provides a general 
framework when considering the degree of utili-
zation of the natural environment by man. 
However, it is rather theoretical and qualitative 
because boundaries between different types of 
MPAs are not (and cannot) be clearly defi ned. 

 MPAs usually involve coastal areas. We tend 
to think that these areas should be returned to the 
condition they were in before exploitation by, and 
even the existence of, humankind. 

 For now, this classifi cation is diffi cult to adapt 
to countries, jurisdictions or policies with a very 

low environmental culture that largely disregard 
the needs of ecology, the evolution of natural 
ecosystems, or their operation, let alone this 
classifi cation. 

 Previously, only a portion of those that have 
been classifi ed into one category or another have 
been correctly classifi ed. Designation often relied 
on geographical, topographical, or administrative 
requirements, such as ‘national park’, ‘sanctu-
ary’, ‘regional park’, ‘prefectural’, ‘county’, 
‘Park Blue Coast’, ‘Kushiro National Park 
Shitsugen’, ‘National Park Rikuchūkaigan’, etc. 

 Moreover, other limitations of this classifi ca-
tion are clear. It does not integrate protected areas 
that are further offshore, which are poorly pro-
tected and often exploited by factory ships. It 
does not integrate the deep ecosystems that are 
slow to recover once disturbed and are often 
exploited by destructive trawling.  

4     Operation and Effects 
of Marine Protected Areas 

4.1     Macro-function 

 At a macro-functional level, MPAs can be con-
sidered as areas of protection for particular spe-
cies, including the production of eggs and larvae, 
leading to the protected reconstitution of brood-
stock for these areas, as well as the export of 
juveniles to neighboring areas, where they can 
replenish populations, rebalance ecosystems, and 
restore fi shery areas. The main interest is to build 
networks of MPAs (Anonymous  2008 ) in order to 
establish fi shing areas that should, in their turn, 
be managed, as they are not inexhaustible. 

 Marine areas receiving water bodies carry-
ing juveniles born in the MPAs should have the 
characteristics necessary to achieve high pro-
ductivity in terms of nutrients and photosynthe-
sis. It should be evaluated on a regular basis to 
ascertain the potential of organic production 
areas considered. Examples include fi ne 
12-year studies of fi sh populations in the marine 
park of Côte Bleue, near Marseille (Le Direach 
et al.  2010 ) or the nature reserve of Banyuls 
(Lenfant et al.  2012 ). 
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 It would be pointless to create new MPAs in 
marine zones with naturally low productivity. 
Following the example of the exemplary Marine 
National Park of Port Cros (Doussan et al.  2005 ), 
the Mediterranean MedPan network was created 
to improve the effi ciency of management of 
MPAs in the Mediterranean. It is a model that 
includes 58 members (mostly management agen-
cies throughout the Mediterranean basin) and 33 
other partners that manage more than 80 MPAs in 
18 Mediterranean countries (Gabrié et al.  2012 ). 

 In principle, the International Union for 
Conservation of Nature (IUCN)    categories for 
protected areas would be applicable to all types 
of MPAs. However, as the number of terrestrial 
protected areas is lower and newer, they do not 
have the benefi t of the same level of experience 
and knowledge. 

 Their effects should be better known in a con-
crete way, which involves many objective and 
 in situ  experiments and observations by compe-
tent staff. 

 In most cases, the category has been deter-
mined, but not the management objectives. 
Finally, we often forget that many MPAs extend 
to both terrestrial and marine areas, and that the 
properties of both types of protected areas depend 
on the mutual infl uence of one on the other.  

4.2     Perturbations of Marine 
Protected Areas 

 Proper management of MPAs requires a good 
knowledge of natural, cyclical, or unexpected 
structure and functioning of ecosystems existing 
in areas considered variations. 

 Periodic, seasonal, or even circadian changes 
are not always taken into account, and they are 
much more important than one might think, espe-
cially in quantitative evaluations to be performed 
at different times of the day or night (Molinero 
and Flos  1992 ; Marchand and Masson  1988 ; 
Power et al.  2000 ). 

 One must also refl ect on typhoons and tsuna-
mis, which can have dramatic effects and destroy 
large portions of the seabed, as happens  frequently 

along the coast of Japan and has done since time 
immemorial. The return to ‘normal’ operating 
conditions of MPAs – resilience – can happen 
quickly or take less time depending on the impor-
tance and depth of each disturbance. 

 To some extent, these large changes, periodi-
cal or not, weather or seismic, we consider the 
human scale can be considered ‘normal’ in the 
global long-term functioning of the ecosystems 
considered (Salvat  2014 ).  

4.3     Integrity of Marine 
Protected Areas  

 The natural environments of the entire planet are 
no longer in their original state. We must, in this 
view, differentiate between the nature of the 
waste that can be recycled in ecosystems forever 
and the waste from human activities that the areas 
are often not able to recycle (Ceccaldi  2004 ). 
They are already affected by human infl uence, 
and this is particularly the case for marine pollu-
tion and fi sheries. 

 Plastic debris are everywhere. Not only do 
they accumulate in the centers of the great 
oceans to occupy huge areas dubbed ‘the plastic 
continents’ by journalists, but also micro- and 
nano- debris from their mechanical, physical, 
chemical, or biological destruction inconspicu-
ously invade water bodies and enter the food 
chain, the consequences of which are still poorly 
measured. 

 The situation for soluble drug products from 
medical or pharmaceutical chemical businesses 
is similar; these can pass through wastewater 
treatment plants and retain their original power. 

 Sand and gravel samples indicate that the 
integrity of MPAs is also strongly modifi ed, even 
from a great distance, as the equilibrium profi les 
and composition of the sea fl oor is affected   . 

 The effects of airborne particles such as ash 
emitted by volcanoes or earthworks at sea are 
also worth mentioning. Their composition can be 
neutral but often toxic, as pesticides come from 
distant sources. They can also impede marine 
 fi lter feeders.   
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5     Role of Marine 
Protected Areas  

5.1     Biodiversity, Production, or 
Exploitation? 

 Although the need for the creation of MPAs has 
been expressed formally for years (UNESCO 
 1996 ), it should be made clear whether the MPAs 
are intended only to protect biodiversity – with a 
conservation project – or whether their role is to 
promote species to be used in adjacent areas or 
even within the seventh or sixth type of MPA, 
with moderate catches that do not impair the eco-
logical balance in the zone (Berque and Matsuda 
 2013 ). In this area, the traditions established in 
the fi shing cooperatives in Japanese coastal 
villages – sato-umi – (Yanagi  2007 ,  2008 ) lead to 
improvements and friendly management of natu-
ral environments. 

 Strong political trends exist towards spatial 
planning of sea areas engaged in economic activ-
ities in shared marine space, e.g. tourism, trans-
port, various extractions, offshore wind turbines, 
etc. As part of the International Marine Protected 
Areas Congress (IMPAC 3), Environment 
Ministers from 20 countries wanted to prioritize 
the objectives of nature conservation. 

 This choice is important because it is essential 
to know the fl ow of living species (adults, juve-
niles, or larvae) and dissolved or particulate mat-
ter that are driven by ocean currents in MPAs. 

 It is equally important to also assess the fl ow 
coming out of MPAs, living and/or non-living so 
they form the basis of populations then removed by 
fi shermen (Parrish  1999 ; White and Kendal  2007 ). 

 Although the need for rational management 
will exist for several years (   Salm et al.  2000 ), the 
ratings are less well known than in terrestrial 
environments where observations are much eas-
ier (Larrieu and Gonin  2009 ). Future observa-
tions will require means that are only beginning 
to exist, in terms of sensors, observation devices, 
meters, integrators, and means of calculation and 
modeling.  

5.2     Are Marine Protected Areas 
the Best Solution to Preserve 
Biodiversity? 

 The basic idea is that, usually, mankind destroys 
species for its use, thereby changing the ecosys-
tem by removing food or other species. 
Unfortunately, people most often impoverish the 
environments in which they operate; MPAs are 
intended to restore the initial conditions, which is 
deemed to be the best way to proceed. 

 However, we envisage a very different 
approach to act positively in MPAs: the installa-
tion of passive structures, rich in nutrients, to 
move towards the surface sea waters of the bot-
tom to help increase the productivity of coastal 
waters and biological production of the area 
(Yanagi and Nakajima  1991 ; Yanagi  2007 ). 

 Moreover, advances in the technology of arti-
fi cial reefs that copy and enhance this ‘engineer-
ing of nature’ creates natural habitats that 
encourage marine organisms and provide more 
opportunities for survival and development. 

 We think we can make better use of the 
increase in natural production in the volume of 
water of the area and its sea fl oors, and the 
amount and characteristics of marine habitats, 
thereby increasing the number of fi lter particles 
in the photic zone. It is also possible to establish 
a large number of shelters for larval stages and 
juveniles usually present in the ecological condi-
tions of the areas considered. 

 In the nineteenth century, French zoologists 
such as Antoine Fortuné Marion proposed the 
establishment of rocks on sandy–muddy coastal 
fl oors near Marseille to increase the number of 
rockfi sh. A further recent development has been 
achieved in Marseille with the outstanding oper-
ation ‘Reefs Prado’ (Récifs Prado), part of 
which is available for artisan fi shing; another 
part is not and in fact plays the role of an 
MPA. We could give many other examples. This 
concept can be multiplied, and the countless 
fi elds of various artifi cial reefs settled along the 
coast of Japan is one of the fi nest examples in 
the world.   
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6     Towards Artifi cial Marine 
Protected Areas 

 It was fi rst thought that the best way to simply 
preserve natural ecosystems was to deny human-
kind, deemed to be the main destroyer, parts of 
the marine fi eld and return to nature its free oper-
ation. The most common assumption is that these 
natural conditions are the most productive. 

 However, progress in the drawings and 
achievements of artifi cial reefs has shown that 
specifi c artifi cial structures favor the presence 
and development of certain species (Ceccaldi 
 1998 ,  1999 ). The production of usable organic 
matter created in the photic layer is much better 
used on these supports on the seabed, where bac-
teria destroy this matter. Much progress remains 
to be made in this area to guide the composition 
and functioning of coastal ecosystems. 

 Moreover, in some cases, one can deny access 
to marine areas carefully managed by people, and 
these areas behave as MPAs. 

 This is the case with some of the artifi cial 
islands built in Japan in front of the city of Kobe. 
The last island built to create the city’s airport is 
surrounded by experimental sub-marine ameni-
ties for the implantation of algae forming the 
basis of new ecosystems. Fishing is prohibited 
and this has created, in effect, an artifi cial 
MPA. Similar facilities should be considered in 
all modern port areas (Ceccaldi  2006 ). 

 Other models to protect migratory species 
may be taken in the case of bird migrations that 
take place each season between Scandinavia and 
Africa. Several protected artifi cial fi elds facilitat-
ing such migration areas were established in 
France, such as Lake Chantecoq (in the Marne 
prefecture) classifi ed as a national reserve, the 
Marais d’Orx or Arjuzanx reserve on a former 
mining site (in the Landes), the artifi cial lake 
Puydarrieux in the Pyrenean mountains, and the 
creation and maintenance of wetlands in the 
Camargue, in the Rhone delta, etc. 

 Artifi cial arrangements to protect wildlife are 
a reality. While some marine species do migrate, 
which is sometimes very important, most move 
with the currents, which ensures distribution, 

especially in the larval stage, in their planktonic 
phase, and juvenile forms, when their swim-
ming abilities have not yet been acquired. Other 
marine species migrations are performed 
through a natural process of transport on natural 
packages of seaweed torn from the sea fl oors by 
storms (Senta  1966 ; Anraku and Azeta  1967 ; 
Safran  1990 ). 

 Nowadays, many species live in association 
with various fl oating objects, mostly plastic 
(Barnes  2002 ; Barnes et al.  2009 ; OSPAR  2009 ; 
Galgani  2014 ) due to the industrial and commer-
cial activities of our developed societies. But 
other debris exist, such as that from the destruc-
tion wrought by the tsunami on the coast of 
Tohoku in northern Japan. These debris are esti-
mated at 35 million cubic meters on the ground, 
and a similar volume is estimated to have been 
driven into the sea. Much of the debris has dis-
rupted natural parks, especially the coastal park 
Rikuchu Kaigan. Whether the presence of these 
materials – wood, cement, metals, plastics, etc. – 
will be harmful or benefi cial in terms of new sub-
marine habitats is unknown as yet.  

7     Services Provided by 
Ecosystems Versus 
Socio-ecosystems 

 Governments, economists, political decision 
makers, and the public have begun to understand 
that natural ecosystems provide immense benefi t 
to human communities, and this benefi t has even 
begun to be quantifi ed in purely economic terms. 
This is a positive initial approach. However, ‘ser-
vice rendered’ usually means that the profi ts go 
in one direction: from natural resources to 
humans, who are there to be served. We use these 
resources, often without taking into account the 
negative consequences of that use. Only now are 
decisions beginning to refl ect that humans are 
part of the ecosystem and not simply there to be 
served – we are integrated into the overall 
operation. 

 This integration differs widely between cul-
tures living in direct contact with nature, particu-
larly in marine zones. 
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 However, we must also ensure the presence of 
breeding species, constituting regional 
 ecosystems, which provide eggs and are essential 
for the permanent recovery of larvae in neighbor-
ing ecosystems. We can also consider exports as 
larval feed, and even as multiple streams DNA 
willing to give new life forms that would not have 
existed if the spawners had been destroyed by 
various types of fi shing. If the overall marine pro-
ductivity (nutrients, light, and photosynthesis) 
and benthic plankton is ensured, whatever the 
level of protection, it is not the same for the pro-
duction, which is very dependent on these habi-
tats and survival, in good conditions, species 
considered each ecosystem component.  

8     The Need for Further 
Research 

 MPAs give irreplaceable opportunities to under-
stand in detail the functioning of ecosystems in 
undisturbed conditions, such conditions support 
the metamorphosis of larvae of benthic species 
(Delort et al.  2000 ). 

 Some areas are specifi cally preserved when 
they are home to rare species (Le-Saout et al. 
 2013 ). This is the case at sea for horseshoe crabs 
(Shuster and Sekiguchi  2009 ), some species of 
sea turtles, and other species whose existence is 
provided for in specifi c areas. 

 Moreover, the continued progress of sensors 
and computer technology will lead us to develop 
observation and transmitter networks that enable 
modeling real-time character stands and particle 
fl ux, eggs, and larvae MPAs in their 
environment. 

 To the extent that we can consider MPAs as 
export sites for eggs and larvae, these particular 
environments will enable the monitoring of dif-
ferent levels of biodiversity at the ecosystem, 
species, genetic, and molecular levels. 

 In other domains, we need to understand the 
process of creation, of present and future evolu-
tions of MPAs. 

 Historians have been primarily concerned 
with major events, famous people, confl icts, 

 societal institutions, or just the daily lives of 
 citizens. However, the evolution of society did 
not take place in a vacuum, but in a context of 
constant physical economic, social, and cultural 
interference. An understanding of these factors is 
essential to encourage countries without a con-
servation tradition to create MPAs.  

9     Information and Training 

 The knowledge of local people and amateur 
divers is often very important but also often 
neglected (Hamilton et al.  2012 ; Leleu et al. 
 2012 ). To delineate and effectively manage 
MPAs, great efforts to inform decision mak-
ers, training specialists, and control and 
defense will be absolutely essential. Its most 
important task is the general education of the 
public and the policy makers, as well as spe-
cialist training to manage and monitor the 
MPAs. 

 For the public who do not have the opportu-
nity to take part in SCUBA diving, one of the 
most effective ways to learn about the realities 
of underwater life is to visit aquariums in 
which food webs and functional ecosystem 
models are represented: Nausicaa in Boulogne-
sur-Mer, France; Aquarium La Rochelle in La 
Rochelle, France; the Oceanographic Museum 
of Monaco; Aquarium des Lagons in Nouméa, 
New Caledonia; Océanopolis in Brest, France; 
Okinawa Churaumi Aquarium in Okinawa, 
Japan; Georgia Aquarium in Georgia, USA; 
Dubai Aquarium and Underwater Zoo in 
Dubai, UAE; the Oceanografi c Valencia in 
Valencia, Spain; Shanghai Ocean Aquarium 
in Shanghai, China; the Aquarium of Genoa in 
Genoa, Italy, etc.    

 Very few MPAs have met previously detailed 
knowledge on their operation, their effects and 
their specifi c objectives. They have not devel-
oped precise proposals for local decision makers 
and scientifi c experts (Salm et al.  2000 ).    

 Educating anglers who make withdrawals 
clearly defi ned in MPAs points can play a big role 
(Smallwood and Beckley  2012 ).  
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10     Preservation and Protection 
of Marine Protected Areas 

 The establishment of an effi cient international, or 
at least regional, MPA policing authority is essen-
tial. However, the proliferation of MPAs, and 
increases in their surface areas makes them more 
expensive to control and police. New technolo-
gies will enable relay controls from ships to mon-
itor protected surfaces. Modern satellite 
performance; the use of new, more effi cient, and 
improved drones (e.g. Shadow View Foundation 
[ 2013 ] in Italy, Namibia, and the Philippines) can 
be the basis of new integrated systems for con-
tinuous monitoring at any time of day or night as 
well as effective interventions to chase intruders. 
‘MPA police’ will be necessary in the future. 

 Nobody wants marine species to suffer the 
same fate as the African rhinoceros and ele-
phants, the populations of which have been deci-
mated over past decades and gamekeepers of 
which are killed by poachers. 

 It is obviously not appropriate to compare the 
behavior of elephant killers (whose objective is to 
sell tusks to mainly Asian fi nishers) with that of 
small-scale fi shermen who work hard. 

 To whom do wild elephants and other animals 
living in the savannah belong? Similarly, at sea, 
who owns the fi sh and has the right to take them 
from the natural environment? Do they not con-
stitute a common good of humanity? How do we 
manage their lives and/or their disappearance? 
Who owns those designated areas, the artifi cial 
reefs, animals from hatchery stock and released 
into MPAs? (Ceccaldi and Nakagawa  2003 ). 

 We can also consider the creation of MPAs as 
a new approach to appropriate more directly the 
marine environment and its resources areas – 
protecting it better to use it. Some countries are 
clearly aware; however, many others, especially 
developing countries, probably because they 
have other emergency priorities, are unaware of 
the problem and are, at best, at the beginning of 
their approach to managing their coastal environ-
ment (Agardy et al.  2003 ). 

 Furthermore, the management of MPAs will 
vary widely between countries. 

 In any case, many more resources are required 
for MPA networks to be established and func-
tioning and these means are insuffi cient in sev-
eral European countries. 

 In France, substantial resources have been 
allocated to this mission, including through the 
creation of a national agency and/or associations 
such as the MedPAN (Network of Manager of 
Marine Protected Areas in the Mediterranean) 
network, which is developing the network of 
Mediterranean MPAs. But these means should be 
increased, because the marine territory for which 
France has a responsibility to the planet is the 
second largest in the world. Moreover, as in other 
countries, many organizations and agencies have 
similar missions and very close missions. These 
should be included to make better use of current 
and future resources in the development of this 
sector. 

 The origins of the dualism between people 
and natural marine environments have deep and 
often invisible roots; we need to understand these 
to eliminate ethnocentric barriers (Descola  2005 ; 
Descola and Larrère  2011 ). 

 They are better understood when we explore 
the traditional, historical, sociological, cultural, 
anthropological (Lévi-Strauss  2011 ), or religious 
motivations that guide development decisions, 
pedagogies of education controls sites, or differ-
ent types of MPA exploitation. To further explore 
these points is outside the scope of this chapter. 
Certainly, investigating these themes further can 
lead to discoveries.  

11     Conclusion 

 Facts are stubborn things: growth in our devel-
oped societies will necessarily be limited rather 
than infi nite, and will gradually reduce due to 
population growth, increased average longevity, 
and improved standard of living. 

 In response to human interference in the 
marine environment, the creation of MPAs is 
actually a new form of human infl uence on natu-
ral environments that is not yet managed. 
Protected areas currently only account for 2 % of 
marine areas, and they are expected to reach 
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10 % in 2020. Some of these protected areas are 
only beginning to be observed. However, the 
decision has not yet been made to establish MPAs 
to conserve existing biodiversity or whether this 
biodiversity can be enhanced and improved by 
the addition of artifi cial habitats, what proportion 
and with what techniques such protected areas 
can reasonably be exploited for the benefi t of 
humankind through careful environmental man-
agement of samples in these semi-artifi cial 
environments. 

 More generally, and despite signifi cant efforts 
in recent years to create and develop comprehen-
sive approaches to preserve marine areas, have 
not yet been developed to clearly understand past 
relationships, current and future relationships of 
humankind with the marine environment, they 
gradually take possession    

 In other words: mankind take progressively 
possession of sea and oceans, without knowing 
the future relationships between man and the sea.     
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    Abstract  

  Coral reefs are in a crisis. We wonder about their survival in the face of 
human demographic pressures and anthropogenic degradation as well as 
considering the predictions of climate change. In short, what will happen 
to coral reefs under the infl uence of global change? 

 The main characteristics of the coral reef ecosystem are recalled related 
to corals and their association with algae, as builders due to calcifi cation, 
on their distribution, biodiversity and biogeography. Services to human 
are many with the existence of islands, protection of coastal zones, fi sher-
ies and food security, sources of material, development of tourism, pearl 
culture, etc., all services which have been economically evaluated. Coral 
reefs suffer from natural events of which they recover since they exist 
(cyclones, bleaching and mortality, outbreaks of predators, diseases) 
except if these events succeed too frequently. Anthropogenic causes of 
degradation increased since half of the last century under the pressure of 
demography and development (fi lling, digging, sedimentation, wastewa-
ters with nutrients and pollutants, overfi shing, tourism substructure). 
Nevertheless, coral reef health status is variable according to regions. 
Factors of climate change will be either benefi cial for coral reefs (sea level 
rise), probably with no more impact than today (cyclones), or much 
 worrying (sea temperature increase, acidifi cation). 

 We comment predictions on the future of coral reefs which have been 
published. Along with time, the threats for the future of coral reefs changed 
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in the scientifi c community due to science progress. Acidifi cation is a 
good example appearing less than two decades ago and presently the most 
worrying factor, as well as adaptation of corals to temperature which was 
unsuspected one decade ago. These facts lead us to consider that published 
predictions will be modifi ed by new discoveries and incline us to be cau-
tious. We comment on the catastrophic ambiance which characterises the 
scientifi c production on the future of coral reefs amplifi ed by the media in 
our society.  

1          Introduction 

 Coral reefs are the richest marine ecosystem in 
terms of biodiversity, equivalent to the rainforests 
on land. According to the latest report of the 
IPCC ( 2014 ), this is the most threatened ecosys-
tem on the planet. Although its surface in tropical 
coastal areas, reefs and lagoons, is of the order of 
half a million square kilometres, the coral eco-
system brings humanity considerable services 
(services rendus, voir plus haut) to over half a bil-
lion people in nearly 80 countries. Natural and 
anthropogenic degradation has resulted in a 
decline in health over the past century and espe-
cially for the past 50 years. A global health status 
needs to be considered regionally. Predictions of 
global change, demography, development and 
climate change lead to pessimism for the near 
future argued by many scientists. It should put 
these items with a view on what scientists said 
since half a century and in a broader temporal 
context, over millions of years, where we have to 
distinguish regarding humanity and the planet.  

2     Coral Reefs 

 Coral reefs are the largest ever built construction 
on the surface of the planet by living beings and 
that persisted over time. Corals behind these 
buildings are primitive colonial invertebrates 
whose basic unit is the polyp, a kind of small 
anemone. Due to their association with symbiotic 
algae, zooxanthellae per billion in cells of pol-

yps, corals have the ability to build a limestone 
skeleton. But this association limits corals living 
in shallow waters for photosynthesis which is 
essential for their symbiotic algae. Corals also 
require warm waters. All these constraints limit 
their distribution to tropical and subtropical 
coastlines. 

 This association is symbiotic and both part-
ners have metabolic benefi ts. The ability of calci-
fi cation is prodigious; a square metre of corals 
can produce up to 10 kg of calcium carbonate per 
year, and dead coral skeletons accumulate on top 
of each other meanwhile undergoing eustatic or 
tectonic movements. There are some 650 species 
of these symbiotic corals, hermatypic and reef 
builders, while other species, ahermatypic and 
without zooxanthellae, are living in the depths of 
the ocean. 

 Coral reefs are distributed in two biogeo-
graphic provinces: the fi rst is the Indo-Pacifi c 
from the African east coast to the Pacifi c without 
really being drawn to west American shores and 
the second is the Caribbean. Species of reef com-
plexes of these two provinces are not the same. 
The reefs cover about 280,000 km 2  as built con-
struction (Spalding et al.  2001 ), but with sandy 
lagoons and associated ecosystems such as sea-
grass beds and mangroves, the total area exceeds 
600,000 km 2 . The Great Barrier Reef alone, 
which stretches over 2,000 km along the eastern 
coast of Australia, covers more than 350,000 km 2 . 
After Australia and Indonesia, France has the 
third largest area of coral reef ecosystem mainly 
with New Caledonia (35,000 km 2 ) and French 

B. Salvat



345

Polynesia (15,000 km 2 ), but second for its 
 exclusive economic zone (EEZ) of 11 million 
km 2 , after the United States. 

 More than a third of marine species in the 
world live in coral reefs, about 95,000 species, 
and there are 32 of the 34 phyla that exist on our 
planet (Reaka-Kudla  1997 ; Spalding et al.  2001 ; 
Bouchet  2006 ). If vertebrates are relatively few, 
some invertebrate groups have tens of thousands 
of species such as molluscs and crustaceans. It is 
in the ‘Coral Triangle’ (Indonesia, the Philippines, 
Solomon) that the maximum species richness is 
found.  

3     Services Provided by Coral 
Reefs to Mankind 

 Once human populations are located on coral 
coasts, they will develop close links with their 
coral reef inhabitants and their habitats whether it 
was exploitation of resources or various uses. 
This was the case in the Caribbean, as on the 
coast of East Africa in the Indian Ocean, in the 
Southeast Asia and in the Pacifi c as migration 
developed from west to east over the past two 
millennia. Cultural ties between these human 
populations and the sea are still very much alive 
especially in communities where the subsistence 
economy is dominant. We are witnessing in cul-
tural demands with the goal of reviving the tradi-
tional ways of resource management along with 
political claiming on identity which validity is 
recognised by the Convention on Biological 
Diversity and special agreements on the recogni-
tion of Nagoya traditional knowledge and benefi t 
sharing (CBD, Nagoya  2010 ). 

 Beyond these cultural aspects, ecosystem ser-
vices provided by coral reefs to humanity are 
increasingly put forward with their monetary 
value for the ecosystem to be considered in what 
it brings to the economy. 

 Reef phenomenon saved oceanic islands of 
their disappearance; coral formations growing near 
the water surface while the system subside that 
affects and has removed the original volcano often 
covered by hundred meters of corals accumulated 

over millennia (over 2,000 m at Bikini). On some 
420 atolls in the world, mainly in the Pacifi c 
(84 in French Polynesia alone), well over a hun-
dred are uninhabited and pristine, while other 
host populations are living mainly on reef 
resources. Several atolls have paid a heavy price 
for particular human activities (nuclear testing 
sites, Pacifi c war, etc.). 

 The protection service of the coast by coral 
reefs is capital in many oceanic islands and con-
tinental coasts (Hoegh-Guldberg et al.  2007 ) 
where human activities are growing protected 
from swell and tempered from the damage during 
cyclones and tsunamis (Wilkinson et al.  2006  
during the 2004 tsunami in Indonesia and swept 
the Indian Ocean). 

 Fishing is of course the most immediate ser-
vice to the populations of several million resi-
dents in coastal areas with coral reefs 
(Whittingham et al.  2003 ; Cinner et al.  2008 ), 
especially in low coral islands (Burke et al.  2011 ). 
The fi sheries from the lagoon reef environment 
are valued at 4 million tonnes, less than 5 % of 
global fi sheries, but it is important as subsistence 
and for local marketing. 

 Reefs are also the place of supply of materials 
for some traditional buildings as in the Maldives 
but also elsewhere for the construction of infra-
structure (roads, ports, airports) given the fact 
that it is cheaper to dig the fringing reef than to 
establish careers ashore. This is a perfect demon-
stration of the tragedy of the commons (Hardin 
 1968 ; Wilkinson and Salvat  2012 ). 

 The development of mass tourism since the 
end of World War II participates in the economies 
of many tropical countries including small island 
states whose resources are limited and whose iso-
lation makes exports less competitive (Salvat and 
Paihle  2002 ). The emblematic vision of paradise 
reef scenery with sun, coconut, white coral sand 
beach and colourful reef fi sh is associated with 
water and underwater sports such as diving with 
renowned destinations to evolve with sharks. The 
Great Barrier Reef receives over 2.7 million visi-
tors each year (Caillaud et al.  2012 ). 

 Pearl culture, in which several Pacifi c coun-
tries have embarked as French Polynesia with a 
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maximum of 11 tonnes of pearls exported in 
2000, the fi rst value of exported income for the 
country, is recent. 

 To demonstrate the benefi ts to humans and the 
economy, studies of evaluation of services of 
coral reefs have developed in the late 1990s 
(Cesar  1996  – Costanza et al.  1997 ). They are 
tools for decision in support for the conservation 
of this ecosystem. A worldwide value of coral 
reefs has been estimated at $ 380 billion, that 
being 1 % of the value of all biomes on the planet 
(Costanza et al.  1997 ). Benefi ts of the coral reef 
ecosystem in the world economy were estimated 
at $ 29 billion, including 11 for tourism, 11 for 
coastal protection and 7 for fi sheries. However, 
these estimates do not take into account or under-
estimate the cultural aspects as well as political 
stability in some countries between urban and 
rural areas.  

4     Pressures on Coral Reef 
Health 

 If the health of coral reefs has particularly dete-
riorated over the past century, this is mainly due 
to the pressure of human activities due to demog-
raphy and development. There is a synergy 
between the natural degradation factors, which 
have always existed and whose reefs accommo-

date themselves well, with growing impacts from 
human activities (Fig.  1 ). To better understand 
this increasing pressure of human demography 
on reef resources and habitats is to mention that 
reefs are not now larger and more productive than 
two millennia ago. The planet had less than 400 
million people in 1000, it crossed 2.5 billion in 
1950 and we are at a time when there are more 
than 7 billion people…productivity of coral reefs 
is not 20 times it was a millennium ago!!  

 Natural disturbances affecting the reefs are 
earthquakes (rare), tsunamis, cyclones, popula-
tion explosions of predators and periods of ther-
mal anomalies of seawater, to mention only the 
most important. Tsunamis cause more damage to 
reefs when fl ooded waters are withdrawing to the 
sea carrying lots of materials from land than dam-
age caused by the energy of breaking waves 
(Wilkinson et al.  2006 ). Cyclones can completely 
destroy a reef that will need a dozen or 15 years to 
recover their initial state provided that no other 
major disturbances occur later (Harmelin-Vivien 
 1994 ; Salvat et al.  2008 ; Williams et al.  2008 ; 
Salvat and Wilkinson  2011 ). Outbreaks of the 
coral-eating crown-of-thorns starfi sh ( Acanthaster 
planci ) that decimated hundreds of square kilo-
metres of reefs in certain periods in different parts 
of the Pacifi c in the 1970s are still unexplained, 
but we interpret them as natural phenomena 
despite the evocation of anthropogenic causes that 

  Fig. 1    Areas of coral reefs in  red  or  orange  are the most threatened; those in  blue  are the less impacted (After Burke 
et al.  2011 )       

 

B. Salvat



347

have been made. These outbreaks occurred from 
time to time when the coral cover of the reefs is 
optimum but without any defi ned cycle. Such was 
the case on the Great Barrier Reef in the 1970s 
and 1980s or in French Polynesia in 1978–1982 
and 2006–2007 (Salvat et al.  2008 ; Adjeroud et al. 
 2009 ), and recently, they provoked 42 % of coral 
mortality (De’ath et al.  2012 ). 

 The phenomena of coral bleaching correspond 
to the break of the association between the coral 
and its symbiotic algae. This is generally a 
response to heat stress especially at positive 
 temperature anomaly of ocean waters in the sum-
mer. These phenomena may lead to colony mor-
tality if stress is too important depending upon 
the temperature differential and the duration of 
the anomaly. These bleaching events affecting 
mortality of large coral reef areas have increased 
over the last 50 years with the warming of ocean 
waters. The 1980s saw the development of this 
bleaching mortality to several large areas of the 
Indo-Pacifi c and Caribbean (Brown  1997 ; 
Wilkinson and Souter  2008 ; Eakin et al.  2010 ; 
Salvat et al.  2008 ; Burge et al.  2014 ). These 
events are consistent with the IPCC report in 
2013 indicating that the surface ocean tempera-
ture has risen by 0.85 °C since 1880 and a tenth 
of a degree per decade since 1971, 0.4 °. 

 Diseases and epidemics affecting reef animals 
over large geographic regions are also the cause 
of major degradations whose causes are not 
clearly elucidated (Sutherland et al.  2004 ). These 
disturbances have been very important in the 
Caribbean and have changed the structure of reef 
communities (Gardner et al.  2003 ; Weil and 
Cróquer  2009 .) such as loss of  Acropora  or mor-
tality of the sea urchin  Diadema . These deceases 
are often linked to bleaching coral mortality 
(Willis et al.  2004 ) or other factors such as waste-
water (Sutherland et al.  2011 ) or abundance of 
macro-algae (Nugues et al.  2004 ). 

 Anthropogenic disturbances have developed 
since the mid-twentieth century (Salvat  1987 ). 
Most anthropogenic coral reef degradations 
occurred in the early 1960s with the destruction 
of corals or annihilation by sedimentation caused 
by land mismanagement of the watershed or the 
massive releases of untreated wastewater with 

their nutrients: smothering reefs, fi ll or  excavation 
on fringing reef areas for construction of airports 
or ports, expansion of urban areas and hotel com-
plexes, organic pollution profi ting to algae to the 
detriment of corals, etc. (Ryther and Dunstan 
 1971 ; Banner  1974 ; Endean  1976 ; Salvat  1978 , 
 1987  to name but precursors papers). 

 The pesticide pollution of reef communities 
seems general but in varying concentrations 
according to region and their uses in urban and 
agricultural areas (Ramade and Roche  2006 ). It 
has a few drawbacks to public health through the 
consumption of fi sh or invertebrates. The pres-
ence of several organochlorine insecticides 
(HCH, aldrin, DDT) was reported in organisms 
of the Great Barrier Reef in Australia (Shaw et al. 
 2010 ) and even in the centre of the Pacifi c, French 
Polynesia, with chlordecone or kepone (Roche 
et al.  2011 ; Salvat et al.  2012 ). The presence of 
the herbicides, group of triazine and substituted 
urea (diuron) and chloroacetic acid derivatives 
both in Australia (Lewis et al.  2009 ) and in 
French Polynesia (Salvat et al.  2012 ) is a concern 
for coral reef health given the concentrations 
found and considering the considerable sensitiv-
ity of symbiotic algae of corals to these mole-
cules that inhibit photosynthesis (Ramade and 
Roche  2006 ). 

 Overfi shing is responsible for a very signifi -
cant degradation of reef communities not only 
by the plunder of resources by a population 
more and more numerous, especially in 
Southeast Asia and in areas where the subsis-
tence economy is still valid, but also because of 
the progress of technology in place for fi sher-
men since the 1970s: aluminium boats, engines 
and net-nylon diving equipment. Moreover, the 
development of the economy, often related to 
tourism, induces a local commercial fi shery 
which requires more exploitation. Fisheries are 
threatened by a scarcity of resources in some 
regions (Newton et al.  2007 ), and more than half 
of fi sheries in the South Pacifi c are considered 
unsustainable (Bell et al.  2009 ). Such a situation 
is the same in the Indian Ocean (McClanahan 
et al.  2011 ) and in the Caribbean (Paddack et al. 
 2009 ). Many species of fi sh reproduce by 
spawning aggregations at certain times of the 
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year in some places; these aggregations are 
declining in both the Indo- Pacifi c and the 
Caribbean (Russell et al. ( 2014 ).  

5     The Condition of Reefs 
from Global to Regional 

 The scientifi c coral reef community was asked in 
the early 1990s by intergovernmental organisa-
tions (United Nations Environment Program, 
Intergovernmental Oceanographic Commission, 
World Meteorological Organisation, International 
Union for Conservation of Nature) to launch a 
long-term monitoring system on coral reefs 
related to climate change. At that time, scientists 
believed that the most important cause of future 
degradation of coral reefs would be the demo-
graphic pressure and development which was 
increasing considerably since 50 years. Meetings 
from 1990 to 1993 (IOC reports) and in Panama 
in 1996 led to the constitution of the Global Coral 
Reef Monitoring Network (GCRMN) headed by 
Clive Wilkinson who published the fi rst ‘Status 
of Coral Reefs of the World’ in 1998, and others 
have been regularly published. These reports 
contributed largely to the sensibilisation of politi-
cians and correlatively through the International 
Coral Reef Initiative to the development of coral 
reef science all over the world. About 20 % of the 
world’s reefs are considered too severely 
destroyed or disturbed to regenerate, and 35 % 
are at risk of substantial deterioration in the years 
to come (Wilkinson  2008 ). Nothing better than a 
map can give a general picture of the health of the 
coral reef ecosystem in the world. The map 
(Fig.  1 ) from the World Research Institute (Burke 
et al.  2011 ) indicates coral areas where risks of 
degradation are impending: Southeast Asia, the 
Caribbean and East Africa with a total of more 
than 60 % of reefs. This is mainly due to demo-
graphic pressure and development. It is notewor-
thy that in central Pacifi c, far from continents and 
with less population pressure, the reefs are less 
threatened and relatively healthy (Salvat et al. 
 2008 ; Burke et al.  2011 ; Chin et al.  2011 ).  

6     Climate Change 
and Coral Reefs  

 We will not address the causes of climate change 
and will retain its main consequences and predic-
tions for the coral reef ecosystem. 

 Cyclones would not be more frequent than in 
the previous decades, but their intensity will be 
greater, levels 4 and 5 on the Saffi r-Simpson 
scale in part due to a higher temperature of 
ocean waters. This phenomenon has already 
been observed during the recent decades (Hoyos 
et al.  2006 ; Elsner et al.  2008 ) and would con-
tinue with perhaps more intensity (Knutson 
et al.  2010 ). However, these predictions vary 
according to regions. It is clear that the occur-
rence of more violent and destructive cyclones 
disrupts reefs especially with the synergy that 
can be caused by other disrupting events of nat-
ural or anthropogenic origins (Salvat and 
Wilkinson  2011 ). 

 Rising sea level is already underway with an 
average of just less than 2 mm per year since 
1960. It was predicted at + 18–59 cm by 2100 
according to the IPCC report in 2007. It is much 
revised upwards in the report of 2013 and is 
expected to be a minimum of 0.5–1 m. The rate 
of accretion of reefs since the last Ice Age and 
during the sea level rise was about 2 cm/year 
and sometimes greater (Montaggioni  2005 ; 
Camoin et al.  2012 ) which is compatible with 
what would occur with the prediction of sea 
level increase related to climate change worst 
scenario. We must thus distinguish what is ben-
efi cial or harmful to coral reefs on the one hand 
and humanity on the other. For coral reefs, a sea 
level rise is rather good news because they will 
grow upward and they will expand after the 
fl ooding of intertidal reef fl ats and colonisation 
of coastal areas, but some negative factors 
would also occur such as sedimentation and 
turbidity (Hopley and Kinsey  1988 ; Storlazzi 
et al.  2011 ). For people in coastal and low-lying 
islands and their infrastructure, it is quite dif-
ferent, and the consequences will be disastrous 
(IPCC  2013 ,  2014 ). Land loss and saltwater 
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intrusion would be catastrophic in atolls, physi-
cally threatened in their existence beyond the 
problems of climate refugees of their popula-
tions (Maldives, Bahamas, Kiribati). Some 
argue on the persistence of atolls with reefs 
growing up and rising in tandem with the sea 
(Pala  2014 ). Nevertheless, there will be a delay 
between the two phenomena, and reef accretion 
during Holocene reveals less rates (Perry et al. 
 2013 ; Hubbard et al.  2014 ). 

 The rise in ocean temperature will cause 
bleaching events and coral mortality during sum-
mer. Hoegh-Guldberg in 1999 predicted that 
bleaching mortality would be very frequent in 
2015 and each year in 2040. Since, our knowl-
edge on the relationship between corals and their 
zooxanthellae and characteristics of the zooxan-
thellae has made much progress with somme 
adaptability (Logan et al.  2013 ; Palumbi et al. 
 2014 ). It appears that some coral species are less 
sensitive to limited temperature anomalies 
than others with also geographic variations 
(McClanahan et al.  2007 ), and other species are 
capable of adaptation or acclimatisation (Guest 
et al.  2012 ; Logan et al.  2013 ; Palumbi et al. 
 2014 ). The latest report from the IPCC predicts a 
rise in temperature, mean values, between 1.8 
and 4 °C in 2100. A too rapid speed of tempera-
ture rise would not allow corals to adapt accord-
ing to Donner et al.  2005 , and most of the 
scientifi c papers indicate that there will be almost 
yearly mortalities for the mid-twenty-fi rst cen-
tury (Donner, 2009; Burke et al.  2011 ). Changes 
in sea temperature and currents are expected to 
redistribute the geographic distribution of fi sh 
available for catch with a decrease in the tropics 
which tend to be the most socioeconomically 
vulnerable areas (Cheung et al.  2010 ). 

 Ocean acidifi cation is already evidenced by 
a decrease of one-tenth of a pH unit over the 
past century. It could not be stopped and would 
decrease from 8.2 to 7.8 in 2100 representing a 
decrease of 100 times faster than in the last 
 million years and a fi nal value that the ocean 
has not been known for the last 20 million 
years. The challenge is signifi cant because 

experimental studies in laboratory or in natural 
habitats where pH is less basic show much less 
calcifi cation of benthic and pelagic organisms 
with calcareous tests (Gattuso et al.  1998 ; 
Langdon and Atkinson  2005 ; De’ath et al. 
 2009 ; Fabricius et al.  2011 ). Most studies agree 
on an announcement published 15 years ago 
(Kleypas et al.  1999 ) with the prediction that 
the calcifi cation of organisms would be reduced 
by a third in 2050. 

 The fi ght against the consequences of climate 
change can only be taken at the worldwide level 
for emissions of greenhouse gas. There is no way 
for a country to fi ght whatever against the conse-
quences of more intense cyclones, rising sea tem-
peratures and ocean acidifi cation, all phenomena 
that lead to degradation and affect coral reef resil-
ience. Only the rise in sea level can be thwarted 
in some countries able to deploy extremely 
expensive works that do not own the majority of 
small island technology.  

7     Predictions of Climate 
Change and Catastrophic 
Ambiance 

 The future of coral reefs is disquieting in the con-
text of global change with demographic pressure 
which will increase, especially in coastal areas, 
and predictions of climate change at global scale 
although variable according to regions. This is 
the reef ecosystem across the whole planet that 
might be achieved. We would like to comment on 
two aspects: predictions and science progress and 
the ambiance of catastrophism. 

7.1     Predictions and Science 
Progress 

 How do we consider with objectivity scientifi c 
statements and predictions which are published 
over time and what credibility should we give to 
present scientifi c explanations and prediction on 
the future of coral reefs? 
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 When scientifi c information, either facts or 
predictions, are published, they consider of 
course the level of knowledge at the moment. We 
do think that our knowledge of the complexity we 
try to capture and seize is incomplete and that 
one scientifi c conclusion at a moment can be 
false later. It is more than that for prediction. We 
give two examples: one general and the other 
limited. 

 The general example refers to the scientifi c 
community considerations over time when con-
sidering factors of climate change and their con-
sequences on the future of the coral reef 
ecosystem. In the early 1990s, the scientifi c com-
munity was considering that the reefs were 
threatened in their very existence for reasons of 
population pressure in developing countries. The 
issue of climate change was announced to debate 
at end of the 1980s with mainly two factors: the 
temperature and sea level rise. It is only later that 
the issue of acidifi cation of marine waters and its 
impact on calcifying organisms with calcareous 
tests appeared. The fi rst publication on the rela-
tionship between aragonite saturation and pH 
dates only from 1992 (Smith and Buddemeier), 
and that was the beginning of the acidifi cation 
problem for coral reefs with the fi rst work of 
Gattuso et al.  1998 . As revealed by two surveys 
conducted in 1993 and 2004 (Kleypas and Eakin 
 2007 ), coral reef scientists were concerned and 
published on usual reef damage, ranking as 37th 
the acidifi cation problem which was just emerg-
ing. However, this factor is now considered the 
fi rst threat to coral reefs and for the future and as 
important enough to create work on its economic 
impact (Brander et al.  2009 ). The advanced and 
pioneer papers (Smith and Buddemeier  1992 ; 
Gattuso et al.  1998 ) are led to completely revise 
the main future causes of degradations of coral 
reefs and prediction. One cannot forget that sci-
ence in progress may bring on the desk other fac-
tors, new or not, with or without interference 
with known or unknown factors, in our ability to 
handle the complexity of nature. 

 Another example of prediction, more than a 
decade ago, was on what was mentioned to hap-
pen for coral reefs when considering the effect of 
the rise of sea surface temperature. Due to eco-

logical observations at that time, some papers 
concluded that bleaching and mortality of corals 
will be very common in 2015 (Hoegh-Guldberg 
 1999 ). This prediction 15 years ago is wrong. 
Moreover, since that time, the scientifi c knowl-
edge is improving on the adaptation or acclimati-
zation of coral species to a rise of sea level 
temperature (Guest et al.  2012 ; Logan et al.  2013 ; 
Palumbi et al.  2014 ). The present knowledge 
does not allow the simple prediction 15 years ago 
considering that elevated temperature induces 
coral mortality. This is not so simply the case. 

 These examples show that we must not forget 
that predictions are only predictions with current 
knowledge and are delivered with some uncer-
tainty to be confi rmed, amplifi ed or denied later 
according to the advancement of knowledge 
showing all the unexpected complexity of organ-
isms and ecosystems. These predictions must be 
considered with caution before concluding that 
the reefs will survive or will exist no more in 
2100. These predictions cannot take into account 
future advances in knowledge that all go towards 
more complexity of interacting factors causing 
change. Scientists cannot imagine and foresee the 
potential of nature to fi nd solutions or the ingenu-
ity of man to fi nd technological parades faced to 
degrading factors.  

7.2     Catastrophism 

 At this stage of thought, it is necessary to con-
sider prediction in an objective analysis consider-
ing what we know, which is far more incomplete, 
and without engaging ourselves in catastrophism. 
Catastrophe and disaster are synonyms (Ramade 
 2006 ) but express an attitude to assume the worst. 
This ambiance of catastrophism that joins many 
myths and legends was back in fashion and 
strength in 1980 when it was popularized that the 
meteorite killed the dinosaurs, explaining the 
massive biological crisis in the late Cretaceous 
(Babin  2007 ). We are informed by the media and 
by all recent means of communication (the 
Internet) of all catastrophic events all over the 
world. Such a situation, globalisation, reinforced 
the ‘catastrophic atmosphere’ in which we are 
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considering global events as well as regional or 
local ones. Catastrophism is inherent in our soci-
ety and science and media have their responsibil-
ity on this atmosphere. Related to the future of 
coral reefs, the catastrophic predictions have 
been a debate among scientisits after some of 
them published worst-case scenarios at the 
expense of truth (Grigg  1992 ; Maynard et al. 
 2008 ; Hoegh- Guldberg  2009 ). Beyond publish-
ing results of their research, scientists entitled 
their papers with a catastrophic resonance for dif-
ferent reasons. One of them is for authors to catch 
the attention of their colleagues and of decision 
makers on the importance of their research which 
needs more support. The example of the out-
breaks of the crown-of-thorns starfi sh on the 
Great Barrier Reef in Australia in the 1960s is 
demonstrative. The consequences of these out-
breaks, which are natural events, caused impor-
tant mortality of the corals. To fi ght against what 
would be a disastrous situation ecologically for 
the barrier reef and economically for the country 
(due to tourism), sensational papers were pub-
lished in science periodicals as well as in news-
papers and amplifi ed by the media with 
subsequent political reaction. It was the start 
point of the important development of Australian 
research on coral reef (Wilkinson  1990 ).   

8     Conclusion 

 It is clear as we wrote before that ‘the future of 
coral reefs is disquieting in the context of global 
change with demographic pressure which will 
increase, especially in coastal areas, and pre-
dictions of climate change at a global scale’. 
Nevertheless, considering the past evolution of 
our knowledge on factors infl uencing the future 
of coral reefs and predictions that have been 
made and overall taking note of all changes that 
occurred in knowledge and predictions over 
time, we cannot conclude that the coral reef 
ecosystem will collapse before the end of this 
century. 

 Such an issue will be a ruin and a disaster for 
a million of people in a disordered world, proba-
bly with many other modifi cations. This is the 

challenge for humanity. For the planet, it will be 
one more catastrophic mass extinction according 
to Veron ( 2008 ) since we consider that life 
appeared on our planet. Veron listed the causes of 
past fi ve extinctions and observed that the pri-
mary causes were linked to the carbon cycle and 
concluded that the ‘ocean acidifi cation has the 
potential to trigger a sixth mass extinction’. It    
would take only some million years for a gap on 
the reef phenomenon on our planet, waiting for 
other new extinctions and other gaps until the end 
of its existence – the challenge of life and reefs 
on our planet.     
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       The round table was held as the last and conclud-
ing event of the symposium second session in 
Marseille. The whole session was covered by 
Japan’s national TV channel, NHK, and part of it 
was used in the making of a special program on 
sato- umi nationally broadcasted in March 2014. It 
took place with the participation of a special guest, 
Mr. Gérard Romiti, the President of the National 
Committee of Maritime Fisheries and Marine Fish 
Farms (CNPMEM). Mr. Romiti starts with a pre-
sentation of the role of the Committee. 

 The CNPMEM (National Committee of 
Maritime Fisheries and Marine Fish Farms) is a 
private body with public service responsibilities, 
which represents all professionals in the produc-
tion sector of maritime fi sheries and fi sh farming. 
Apart from the CNPMEM headquarters in Paris, 
this professional body is now organized along the 
coast of mainland France and the overseas terri-

tories in 14 regional committees and 12 depart-
mental or interdepartmental committees. 

 More and more of the work of the CNPMEM 
is devoted to ensuring the responsible and bal-
anced exploitation of the marine resources and 
achieving recognition of the value of the jobs and 
the men and women working in the sector. It is 
responsible for regulating the maritime fi sheries 
and actively participates in drawing up French 
and European regulations for the industry. 

 All of the matters dealt with by the CNPMEM 
pursue the same objective: to gain recognition at 
all levels of French, European, and international 
decision making for the commitment and respon-
sibility of the professionals of the sector, espe-
cially as an example of a “responsible fi shery and 
sustainable development” where fi shermen, 
rather than mere “predators,” appear as the “sus-
tainers” of marine ecosystems functioning. In 
that sense, French coastal fi shermen are much 
interested in developing exchanges and learn 
from the Japanese fi shers’ unique experience in 
marine ecosystem management lastly transcribed 
into the concept of sato-umi. 

 Mr. Romiti’s overall message was then more 
particularly illustrated through (1) Mr. Decugis’ 
presentation of varied initiatives made by the 
local fi sheries association (APAM) from the Var 
department and (2) Prof. Mariojouls’ presenta-
tion of new practices in oyster farming in France. 
These changes are also concerning the fi shers’ 
onboard working conditions for which a good 
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deal of research is now carried out as explained 
by Dr. Takahashi. 

 Literally, “sato” in Japanese means a local 
community or village where people live their life, 
and “umi” is the common word for the sea so that 
the fi rst meaning of sato-umi is the sea associated 
with a local community or village, in other words, 
a symbiotic relationship between human activi-
ties at the seashore and nature in coastal areas. 
Therefore, sato-umi aims at well-balanced sus-
tainable management of coastal seas not only in 
water quality but also in both ecosystem and eco-
system services, while the implementation of the 
sato-umi concept has been promoted in many 
ways and many places in Japan. 

 The concept is derived from a much older one 
that applies to rural land management under the 
term of satoyama. Indeed, both approaches are 
totally interlinked as underlined by Prof. Komatsu 
who presented the traditional and sustainable use 
of the marine eelgrass as a fertilizer for agricul-
ture in the Seto Inland Sea. The land is giving the 
nutrients to the sea and in return, the sea is giving 
the fertilizers for cultivating the land. Everywhere, 
farmers and fi shers have learned to live in har-
mony with nature. In France   , several typical agri-
cultural landscapes may be considered as a kind 
of satoyama and a salt pond marshland as a kind 
of sato-umi. This has been somewhat lost and 
should be regained through local and scientifi c 
knowledge. 

 Sato-umi is deeply rooted in the traditional 
way of coastal management where community 
efforts were undertaken in a comprehensive and 
integrated manner from upland forest and rivers 
to coastal seas. In that regard, sato-umi may be 
regarded as based on traditional methods of sus-
tainable community-based management of the 
coast and the sea. 

 However, the period of high economic growth 
has induced important social and natural condi-
tion changes that lead to the degradation and loss 
of natural capital (environment, landscape, and 
resources). In reaction, the term sato-umi became 
the mark of a kind of “rebirth” to restore once lost 
rich and healthy coastal seas using community- 
based participatory activities as a concept incor-
porated into offi cial institutional systems of 

national policies such as the Basic Ocean Plan 
(2008) based on the National Ocean Policy (Basic 
Ocean Act, 2007) and other environmental strate-
gies. Among others, it is worth mentioning the 
Act for the Promotion of Nature Restoration 
(2003) based on the unprecedented idea of 
 initiating nature restoration projects involving 
governments and municipalities based on the ini-
tiatives of local organizations rather than govern-
ments or municipalities’ regular plans. 

 At the local level, municipalities from the Seto 
Inland Sea also introduced the concept of sato- 
umi as an offi cial policy. One of the participants 
to the round table, Mr. Tanaka, introduced one 
successful example in the municipality of Hinase, 
Okayama prefecture. 

 There    are about 200 fi shing families who 
make their living from coastal fi sheries. Like in 
many other places in the Seto Inland Sea, indus-
trialization and land reclamation severely dam-
aged the coastal ecosystem.    Many species of 
marine life disappeared as swaths of natural habi-
tat, including mud fl ats and eelgrass beds, were 
mostly destroyed and as the water quality highly 
degraded by river runoff polluted by household 
sewage and toxic chemicals from industrial 
plants. As a result, fi shers have seen their fi sh 
stock more and more depleting, shifting to oyster 
farming for a good number of them. In the 1960s 
and onward, a governmental project to enhance 
local fi sh stocks (“from catching fi sh to cultivat-
ing fi sh”) was implemented in the Seto Inland 
Sea. It involved releasing cultured juvenile fi sh 
and shellfi sh stock (sea bream, shrimps, crabs, 
etc.) into the coastal enclosed sea in order to 
enhance stocks of commercially valuable fi sh. 

 But after several attempts to increase fi sh 
stocks that way, the fi shing community (about 
200 families) in Hinase recognized that it would 
not be possible to recover fi sh stocks simply by 
artifi cially increasing the number of juveniles. 
Something was missing, in particular, one of the 
main habitats, i.e., the sea grass beds or amamo-
 ba, the area of which declined drastically from 
590 ha in the 1940s to just 15 ha in 1985. 

 In 1985, the Hinase Fisheries Cooperative 
Association (FCA) initiated the project to restore 
the eelgrass beds. Through observation from fi sh-
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ers and with the help of local fi shery offi cials 
including Mr. Tanaka, they found that in some of 
the areas where the eelgrass beds were before, 
water salinity and seabed conditions had been 
deeply changed. The local fi shery offi cials then 
helped in artifi cially adjusting the seabed 
 conditions and salinity by carpeting the seabed 
fl oor with grinded oyster shells and mitigating 
the wave movements through the use of fl oating 
wave-dissipating devices. 

 As a consequence of a long-term effort, the 
amamo-ba in Hinase increased from just 12 ha in 
1985 to almost 100 ha in 2009. The recovery is 
still in progress, but so far, the application of both 
local and scientifi c knowledge has been highly 
positive in recreating the habitat and in orches-
trating cooperation by the government sector 
(prefecture), scientifi c experts, and the fi shing 
community. 

 Still today, as it is the case in some highly 
urbanized areas in France, connectivity between 
the land and the sea has been lost. In that regard, 
one may say that the recent, devastating earth-
quake and tsunami have restored the Tohoku area 
to the state it was in before the era of Japan’s high 
economic growth. But the government’s basic 
principle is not only to rebuild the once existing 
seawalls but to build a continuous wall along the 
entire Tohoku coast in Fukushima, Miyagi, and 
Iwate prefectures. In Kesennuma, this seawall 
will be a giant structure (almost 15 m!), over 
three times as high as the previous one, and it will 
be sloped (i.e., 91 m wide concrete structure as its 
base). 

 Clearly for Dr. Seino, such a structure stand-
ing right at the boundary between land and sea 
will destroy the wetlands and tidal fl ats, making 
it impossible for them to function again. 
Unfortunately and in spite of local opposition, it 
looks like the government has no time for discus-
sion (deadline for construction is the fi scal year 
2015, i.e., in between April 2015 and March 
2016), making it a matter of disaster reconstruc-
tion hence not needing any kind of environmental 
assessment. 

 As already highlighted by Prof. Komatsu, the 
“forest is the lover of the sea” (Mori wa umi no 
koibito), and this was applied as well after the 

great Tohoku earthquake in Kesennuma, Moune 
Bay, with tree-planting activities. 

 Prof. Koike proposes to expand these activi-
ties further to other Tohoku bays (Mangoku-ura 
Bay, Ishinomaki Bay, Matsushima bay, etc.). 
After the fi rst 3 years of “repair,” the 4th year of 
“expansion” should lead to the multiplication of 
sato-umi-related initiatives by local fi shery coop-
eratives and municipalities. 

 Considering these kinds of environmental 
degradation and thus losses in natural capital 
leads to the question of the values underpinned in 
the satoyama and sato-umi approach. For 
instance, the ecosystems provide direct use val-
ues such as food, fi ber, fuelwood, and water 
among others. At the same time, satoyama and 
sato-umi also produce a number of indirect val-
ues that include fl ood and water regulation, nutri-
ent recycling and temperature regulation, carbon 
sink, and transport of larvae through currents or 
pollination on land. Then, one may consider the 
option values, which will include the mainte-
nance of the satoyama or sato-umi harmonious 
arrangement for future generations as a basic ele-
ment of their cultural heritage. 

 But Dr. Pioch states that values are not abso-
lute numbers since they differ depending on 
social groups. For example, local communities 
(fi shers) value many of the direct uses like rice 
production, fi shery production, and water/nutri-
ents regulation much higher than residents who 
might be able to acquire these services from other 
sources. Urban residents, on the other hand, 
might place high values on the indirect uses such 
as climate regulation and cultural services. 

 These different values of ecosystem services 
held by different social groups infl uence the per-
ceptions and attitudes toward satoyama and 
 sato- umi and their use in preserving biodiversity 
and enhancing a sustainable supply of different 
ecosystem services. These differences in percep-
tion are true between social groups but also in 
different cultural context, in different countries. 
The real and common challenge lies in whether 
or not satoyama and sato-umi can be scaled up so 
that they can deliver these economic and human 
development opportunities to local communities 
in developed and developing countries. 

Sato-umi, the Wealth of the Commons: Moderator’s Summary
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 Overall, the round table discussion clearly 
showed that in Japan, the sato-umi concept and 
practice cannot be disconnected from a unique 
and very original trait of fi shing right where local 
communities and fi shermen comanage their 
coastal and marine resources through fi sheries 
and/or aquaculture (e.g., oyster farming) activi-
ties. Successful community-based management 
or comanagement, when it involves both local 
communities and local governments, has evolved 
in many parts of the world including France 
though in a much less systematic way. If tradi-
tional socioeconomic systems governed by cus-
tomary practices and laws are allowed to 
determine fi shery management plans and policies, 
some of the environmental damage of large- scale, 
industrial, mixed-stock fi sheries could be avoided. 

 In conclusion, going back to Gerard Romiti’s 
statement at the opening of this round table, 

because the protection of marine resources is an 
integral part of overall environmental conserva-
tion including restoration, and because it is a par-
ticularly vital issue for fi sheries, the very 
operators who are the fi shers must be cast as 
major players in the environmental conservation 
struggle. 

 In other words, fi shermen must realize that 
they are the main components in the marine 
resource use system and that they therefore must 
actively participate in ecosystem-based fi shery 
based on mutual agreements through existing or 
to-be-created governance forms and procedures. 
Because this issue concerns all the fi sheries 
around the world and because of the unique sys-
tem of fi shing rights in Japan, this is a model that 
could inspire the French fi shery cooperatives 
while developing sato-umi-like approaches in 
marine and coastal waters.     

Y. Hénocque
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1          The Strategic Areas 

 The “Pôle Mer Méditerranée” stimulates and 
encourages innovation through collaboration 
around six strategic business areas (see Fig.  1 ).  

1.1     Key Figures 

•     360 members  
•   ¾ of industry (more than 160 SMEs)  
•   ¼ of research and training  
•   More than 200 labeled projects for a total 

amount of 546 M€  
•   200 granted projects     

1.2     Our “Ambition” 

 To contribute to the sustainable development of 
the maritime and coastal economy.  

1.3     Our “Job” 

 To encourage the innovation between our 
member- associating companies    and research lab-
oratories. Promote the results at the international 
level.   

2     History of the Cluster 

•     2004: The French government set a call for 
tender for the constitution of competitiveness 
clusters.  

•   Phase 1:
   2005: Creation of two competitiveness cluster 
“Mer Bretagne” and “Mer  Provence-Alpes- Côte 

        G.   Herrouin      (*) 
     Pôle Mer Méditerranée ,   La Seyne-sur-Mer ,  France   
 e-mail: herrouin@polemermediterranee.com  ; 
 http://www.polemermediterranee.com  

      Pôle Mer Méditerranée 

           Guy     Herrouin    

    Abstract  

  Created in 2005, the “Pôle Mer Méditerranée” is a business and innovation 
world-class sea cluster located in the South of France. Its ambition is to 
contribute to the sustainable development of the maritime and coastal 
economy in the Mediterranean basin, in Europe, and more widely at an 
international scale. The network of the “Pôle Mer Méditerranée” involves 
360 members including major companies, SMEs, research institutes, and 
academic structures.  
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d’Azur.” Awarding of the label competitive-
ness cluster with world vocation  
  2008: First evaluation – classifi ed in A cate-
gory. All objectives of Phase 1 were reached     

•   Phase 2: Innovation oriented
   2009: Contract of performance for the period 
2009–2012  
  2012: Second evaluation – classifi ed in A cat-
egory as highly performant cluster     

•   Phase 3: Business oriented
   2013: Signature of new contract of perfor-
mance 2013–2018, extension in Languedoc- 
Roussillon area, and change of the name “Mer 
PACA” in “Mer Méditerranée”        

3     Focus on Two  Market- 
Oriented Programs 

3.1     Sustainable Coastal 
Development and Ecological 
Engineering 

 –     R&D on Marine ecological restoration 
solutions  

 –   Multifunctional, integrated, and eco-designed 
ports  

 –   Key fi gures: 13 labeled projects and 14 M€ 
total budget       

Maritime security
andsafety

Naval & yachting

Energy marine ressources & off-
shore mining

Biological marine ressources

Environment and
Coastal management

Ports, maritime infrastructures and
transports

  Fig. 1    The six strategic 
business areas       

 

G. Herrouin



3.2        Sea and Coastal Environment 
Service Providers 

•     Services for tourist use
   Service information  
  Management service environmental data  

  Aid services to marine management  
  Prevention and management of environmental 
risks including climate change     

•   Key fi gures: 51 labeled projects for a total 
budget of 92 M€              
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      Satellite Tagging of Blue Sharks 
( Prionace glauca ) in the Gulf 
of Lions: Depth Behaviour, 
Temperature Experience 
and Movements – Preliminary 
Results 

           F.     Poisson     ,     Y.     Mitsunaga    ,     T.     Kojima    ,     S.     Torisawa    , 
    B.     Séret    ,     H.     Demarcq    ,     A.     Banègue    , and     J.    M.     Groul   

    Abstract  

  The lack of reliable fi shery- dependent data and fundamental understand-
ing of the biology of most shark species causes concern for the sustainable 
management of shark populations in the Mediterranean Sea. The blue 
shark ( Prionace glauca ), a wide- ranging shark occurring in all tropical 
and temperate seas, is also one of the most heavily fi shed sharks in the 
world and so in the Mediterranean. In other oceans, its distribution is 
depicted as complex with spatial and temporal segregation by sex and size. 
In the Mediterranean Sea, movements and behaviours of this species are 
poorly known. The study aims at investigating on habitat occupancy, resi-
dency times and migratory pathways as well as providing behavioural data 
on temperature experience and swimming depth of the blue shark. This 
study strives to identify habitats and regions that are essential for the sur-
vival of sharks, while also determining when and where sharks are most 
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  Fig. 1    Kernel density plot showing the major areas of prolonged residency and monthly movement patterns of a female 
shark (fork length: 130 cm)   
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vulnerable and will assist in the conservation of the species. The use for 
the fi rst in the Mediterranean Sea of different types of satellite tags is pro-
posed to investigate the ecology of this species. The preliminary results of 
the “smart tags” deployed on eight individuals are presented.              
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      Around the world we can fi nd lots of different 
species with high importance in the ecosystem 
network. However, in every sea or ocean, certain 
species are considered as relevant or emblematic 
species. These specimens are part of the tradition 
and represent the culture of a determinate region. 
One of these specimens is the bivalve  Pinna 
nobilis . This endemic species has inhabited the 
Mediterranean Sea before hominids begin to 
walk upright since fossils have been found from 
the Miocene-Pliocene. Later, their populations 

have been used by Egyptians and Romans to 
manufacture clothes using their byssus threads 
known as “sea silk” due to its high quality and 
smoothness. The Muslims have used the nacre of 
their shells in the nineteenth century to fabricate 
jewelry, clothing buttons, or knife handles, and 
some Mediterranean regions such as Croatia, 
Turkey, or Greece continue to eat its meat. 

 Fortunately,  P. nobilis  is currently protected 
by the European legislation since 1992. Despite 
these regulations, lots of different actions such as 
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      Embryological Development 
of  Pinna nobilis  in Controlled 
Conditions 

           S.     Trigos     ,     N.     Vicente    ,     J.    R.     García-March    ,     J.     Torres    , 
and     J.     Tena   

    Abstract  

  The Mediterranean fan mussel  Pinna nobilis  has been long time used for 
culinary, decorative, or textile purposes. For this reason their populations 
have been reduced over a large part of the Mediterranean Sea.  Pinna nobi-
lis  is an iconic species and develops vital ecosystem functions, such as 
substrate fi xation or recovering of suspended particles in the water col-
umn. Moreover, it supports a large number of species enhancing biodiver-
sity. This study will present the fi rst experiments tested in laboratory in 
order to complete the larval cycle of this species. The experiments were 
carried out in collaboration between the Paul Ricard Oceanographic 
Institute (France) and the IMEDMAR (Spain).  
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the use of trawls and anchors by boats; the regres-
sion of sea grass meadows, where they usually 
live; or their capture by scuba divers who com-
mercialize the shells for ornamentation have 
increased the pressure on their damaged popula-
tions (Vicente  1991 ; Vicente and Moreteau 
 1991 ). Thus, it is necessary to develop new strat-
egies which contribute to reinforce damaged 
populations which are under high risk of disap-
pearance and to restore ecosystems degraded 
largely by human activities. Therefore, the pro-
posal of this work intends to constrain the 
methodology to obtain juvenile specimens of 
 P. nobilis  in laboratory conditions in order to 
supply harmed environment with new cohorts 
increasing their population density and conse-
quently favoring the conservation of natural 
environments. It could suppose the solution to 
ensure the durability of this emblematic species 
in the Mediterranean Sea (Garcia-March  2005 ). 

 In this work the fi rst data on the hatchery of 
 P. nobilis  are shown. We have carried out numer-
ous essays to develop the best hatchery protocol 
for this endangered bivalve. In order to obtain 

healthy gametes, 22 adult fan mussels  collected 
(Fig.  1 ) during summer months (July to 
September) in 2012 and spawning induced by 
thermal shock (Helm et al.  2006 ).  

 A variation of 10 °C in water temperature was 
enough to easily induce spawning in all individu-
als > 44.5 cm. The egg mass was non-buoyant 
and larvae started swimming only 1 day after fer-
tilization, which indicates that females could 
maintain eggs in the body cavity until they are 
fecundated and larvae start swimming. An aver-
age of 725,000 were obtained from adults and 
some fan mussels were able to spawn repeatedly 
during several days. Some individuals changed 
from producing sperm to eggs in a few days. 
Interestingly, some individuals spawned simulta-
neously eggs and sperm, inducing self-fertiliza-
tion. We were able to maintain the larvae alive for 
25 days, but the vellum was destroyed, likely by 
bacteria, and the offspring stopped swimming 
and feeding and then died. Future experiments 
will consist fi rstly in improving the survival of 
larvae. After solving this question, other subjects 
such as the  selectivity of different substrates for 

  Fig. 1    Adult individual of  Pinna nobilis  collected in the natural environment. Picture: N. Vicente       
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larvae settlement or gonadal maduration in 
 captivity will be also tested.    
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    Abstract  

  Mangrove forests provide several important ecosystem services including 
(1) storage of high quantities of organic materials and nutrients; (2) sources 
of organic material supply to coral reefs; (3) environmental purifi cation 
functions via feeding behaviors of benthic animals; (4) refuge for young 
coral reef fi sh; (5) sites for marine leisure activities such as kayaking; (6) 
habitat provision to birds, insects, and other animal species; (7) opportuni-
ties for food resources; and (8) opportunities for environmental education 
including ecotours; and others. To clarify these services, a preliminary 
survey was conducted in Palau, where mangroves connected to coral reefs 
are dominant along the coast. 

 Accumulations of organic materials were conspicuous around a river 
mouth area but were dispersed in coral reef areas. Research into biogeo-
chemical cycles is necessary to clarify the importance of the ecosystem 
services of mangrove forests, and information on the sustainable use of 
mangrove and coral reef ecosystems for tourists is required. Ecosystem 
evaluations should also be conducted through interdisciplinary study.  
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1          Introduction 

 Mangrove ecosystems around river mouths or in 
inner bay areas play important roles in island and 
coral reef ecosystems, forming a bridge for the 
transportation of organic materials and nutrients 
between terrestrial and/or riverine areas and 
coastal ecosystems such as coral reefs, sea grass 
beds, and tidal fl ats. Mangroves also contribute to 
the maintenance of biological communities in the 
coastal zone, as animals in these coastal ecosys-
tems use the organic materials transported from 
terrestrial regions via river systems and plants 
utilize the nutrients. 

 “Ecosystem services” is a relatively recent 
term, proposed by Ehrlich and Ehrlich in  1981 , 
although the concept of nature’s providing benefi ts 
to humans is long standing. The widely accepted 
defi nition of “ecosystem services” is the benefi ts 
provided by ecosystems to humans. As part of the 
current intensive debate about ecosystem services 
(e.g., Costanza et al.  1997 ), mangrove ecosystems 
have been a topic of discussion. Many papers list 
mangrove ecosystem services with information on 
their economic valuation (Bennett and Reynolds 
 1993 ; Tam and Wong  1999 ; Sathirathai and Barbier 
 2001 ; Gunawardena and Rowen  2005 ; Hussain 
and Badola  2008 ; Albert et al.  2012 ; Brander et al. 
 2012 ). When these services are discussed with ref-
erence to those of coral reefs and other ecosystems, 
the importance of mangroves must be clarifi ed, 
and the integrated management of island and coral 
reef ecosystems could be improved by further con-
sideration of ecosystem connectivity. 

 In the tropical and subtropical regions where 
mangrove forests occur, people have traditionally 
collected mangrove crabs and other fi shery prod-
ucts and enjoyed leisure activities among man-
grove forests. Conversely, mangrove areas 
worldwide have been targets for development 
activities such as the construction of shrimp 
ponds and reclamation. Ecosystem services must 
be understood if we are to ensure the sustainable 
use of such environments. This paper examines 
mangrove ecosystem services in Palau.  

2     Study Area and Methods 

 A case study was conducted in Palau. Babeldaob 
Island, the biggest in Palau, is surrounded by 
coral reefs, and mangroves are very abundant 
around the river mouth area (Fig.  1 ). Mangroves 
are found along 80 % of the coastline of the 
island, and the remaining 20 % comprises 
beaches and reefs. The island has 4,025 ha of 
mangroves.  

 On Babeldaob Island, mangrove forests are 
distributed over several hundred meters from riv-
erbanks to inland areas 1 km upstream from estu-
aries. Along the seafront,  Sonneratia alba  and 
 Rhizophora mucronata  are common, whereas  R. 
mucronata  and  R. apiculata  dominate estuarine 
regions.  Xylocarpus granatum  can be observed 
farther inland (upstream), and  Nypa fruticans  can 
be found along riverbanks. 

 To clarify the role of mangroves in the island 
coral reef ecosystems of Palau, a reference sur-
vey of mangrove ecosystem services was con-
ducted. Then, a study of the distribution of 
organic materials around a river mouth area was 
made. 

 Three survey stations, Ngiwal, Ngaremeduu, 
and Airai, were selected. At each station, we vis-
ited the river area, river mouth area, and coastal 
zone in a small boat and collected suspended 
materials using 2-liter plastic bottles. The water 
was fi ltered through a GF glass fi lter, and the 
sediments were rinsed with diluted water, dried, 
and weighed. Sediments scooped directly from 
the bottom were kept in 200-ml glass bottles. 
After the removal of salt, all samples were dried 
and weighed. Then, 0.1 N HCl treatment was 
applied to obtain information on the CaCO 3  con-
tent of each sample. 

 The organic matter contents of these samples 
were measured using a CN analyzer, and stable 
isotope analyses were performed using methods 
described by Shilla et al. ( 2011 ). In this prelimi-
nary report, the results at Ngiwal area, the central 
part of east coast of Babeldaob Island (N7°31′50″, 
E134°36′42″), are shown (Fig.  1 ).  
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  Fig. 1    Study site. Stations ( 1–8 ) for collecting sediment 
and suspended materials at Ngiwal, Babeldaob Island, 
which is surrounded by dense mangrove forests indicated 
by  red color . A road with two culverts divides the bay into 
inside lagoon and outside areas.  1–3  were set outside of 

the road,  4–6  in the enclosed lagoon, and  7  and  8  in the 
river. Scale bar, 100 m. Results of analyses at each station 
were also shown. Content of CaCO 3  in sediments is shown 
in  black  column. ◇and ▲, sediments; ■, suspended 
materials       

 

Mangrove Forest Ecosystem Services with Reference to the Transportation…



376

3     Results and Discussion 

3.1     Biogeochemical Services 

 Mangrove ecosystems are thought to provide the 
following services to humans directly or 
indirectly:
•    Storage of high quantities of organic materials 

and nutrients. Mangroves grow mainly in river 
mouth regions, environments inclined toward 
the accumulation of various types of sub-
stances that fl ow from rivers. Mangroves 
therefore function as warehouses for the stor-
age of high quantities of organic materials and 
nutrients.  

•   Sources of organic matter supply. Large 
amounts of leaves, twigs, and fl owers from 
mangrove plants fall to the mangrove forest 
fl oors, eventually breaking down and provid-
ing organic material to surrounding tidal fl ats 
and coastal areas. This material becomes food 
for small animals and serves as an important 
food source for coastal living organisms.    
 These two services can be clarifi ed by future 

research into the dynamics of organic materials 
around mangrove areas. 

 The topography of this area is unique. A road 
named Compact Road, which runs around the 
whole of Babeldaob Island, crosses the bay, 
forming an enclosed lagoon. 

 Two small culverts have been used as pas-
sages for small boats. Waters in the lagoon are 
characterized by poor visibility and were 
observed to contain large amounts of suspended 
matter. Water fl ow and currents are mild. 
However, waters on the opposite side of the road 
were found to be comparatively clear. This sug-
gests that little water exchange takes place 
between the lagoon and outer waters. 

 However, waters surrounding the culverts are 
constantly exchanged due to tidal movements as 
well as outfl ow from the lagoon to the waters 
beyond. Stable isotope analysis has become a 
popular method for understanding food webs in 
aquatic ecosystems because carbon and nitrogen 
stable isotopes can reveal the organic carbon 
sources of primary producers. In this research, 

we analyzed sediments to examine the sources of 
organic materials. Unfortunately, nitrogen levels 
were so low that detection was problematic. 

 In sediments, organic materials from the 
lagoon were derived from mangrove plants, 
whereas those outside the lagoon were derived 
from phytoplankton. The effects of the physical 
structure of this area are clear. 

 Comparatively higher contents of calcium car-
bonate, higher than 80 % in some cases (1–5), 
were found at several stations. Calcium carbon-
ate is considered to be biologically derived from 
corals, shellfi sh, and foraminiferans. As such, the 
above observations showed that, with the excep-
tion of river regions, bottom sediments in the 
marine areas surveyed had been infl uenced 
greatly by coral reefs. 

 Total organic content analysis produced sug-
gests the formation of an environment where 
organic matter outfl ow from rivers tends to accu-
mulate. At some sites inside the lagoon area, 
comparatively higher contents of organic sub-
stances were detected. 

 C/N ratio analysis of sediment samples taken 
from sites located between the estuarine region 
(6) and upper reaches of the river (7 and 8) exhib-
ited higher values. 

 Commonly, high values for sediments con-
taining substances derived from higher plants 
with thick cell walls suggest that a survey site, 
beginning with its mangroves, contains a signifi -
cant accumulation of matter derived from higher 
plants. 

 Early observations of the coral reefs and man-
groves of Palau inspired questions about the 
infl uences of the vast mangrove systems on coral 
reefs. It thus seems clear that massive quantities 
of fallen leaves will affect the quality of sur-
rounding waters and bottom sediments, while 
generating a relationship with the biota inhabit-
ing river mouths and coastal zones. 

 Golbuu et al. ( 2003 ) investigated sediment 
behavior in semi-closed environments of river 
mouths in the Ngerikiil River in Airai State. While 
watersheds in this area maintained comparatively 
good environmental conditions up until the 1970s, 
the construction of the International Airport dur-
ing 1978–1982 and lowland agriculture, which 
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was particularly popular in the 1990s, aggravated 
soil runoff, causing sea bottoms in estuarine 
regions and coastal zones to be covered with fi ne 
sediment. They concluded that only 2 % of sedi-
ment particles that fl ow into estuarine regions are 
transported to the outer seas, with the majority 
remaining within the bay and contributing con-
tinuously to the accumulation of sediment. The 
amount of sediment accumulated was estimated 
to reach 20,000 tons in a year. 

 Golbuu et al. ( 2011 ) researched the sedimenta-
tion processes of fi ne particles and turbidity 
dynamics of watersheds in four terrestrial areas 
under differing degrees of development on 
Babeldaob Island. It was found that fi ne particle 
sedimentation per 1 km 2  ranged between 29.7 and 
216 tons annually, with areas under higher levels 
of development exhibiting more sedimentation. 

 For coral reefs, an example illustrating the 
link between terrestrial areas and coastal zones is 
the death of corals caused by sediment particle 
outfl ow. Some studies have also reported that 
sediment particle outfl ow has an effect on coral 
reef organisms in the Republic of Palau (Fabricius 
et al.  2007 ). During periods when the effects of 
sediment outfl ow on coral reefs were observed, 
the quantity of accumulated microscopic parti-
cles was found to be 39.6 mg/cm2/day, and the 
extent of the sediment’s effects on coral reefs was 
reported to depend on the type and species of 
organism. 

 This network via biogeochemical cycle 
between mangroves and coral reefs should be 
considered in the discussion of coastal manage-
ment in Palau.  

3.2     Environmental Functions 

•     Environmental purifi cation functions    
 Mangroves and tidal fl ats are home to immense 

numbers of crabs and snails. When these animals 
feed, they reduce the amount of organic materials 
in tidal fl ats through their ability to purify their 
own habitats.
•    Refuges for young coral reef fi sh    

 During high tides, it is possible to observe 
small fi sh swimming in from the sea to forage 

among the roots of mangroves. Mangroves are an 
especially important source of shelter for young 
juveniles that live on coral reefs.
•    Provision of habitats to birds, insects, and 

other animal species    
 During low tides, a variety of bird species rest 

and carry out feeding activities on the tidal fl ats 
that extend from mangrove forests. Additionally, 
birds deposit organic matter taken from other 
tidal fl ats in the form of droppings. Such biologi-
cal processes cannot be ignored when large popu-
lations of bird species are present. 

 The diverse types of birds inhabiting tidal fl ats 
are also of interest to bird-watchers. The use of 
tidal fl ats by birds is not random; some bird spe-
cies use shorelines and water edges, and others 
feed with their feet slightly in the water. Although 
tidal fl ats may seem uniform, they should be 
understood as a collection of many different envi-
ronments that are utilized by various types of liv-
ing organisms.
•    Opportunities for food resources    

 To humans, the most important species in 
Palau mangrove ecosystems is the mangrove 
crab, and attempts at crab breeding are currently 
in progress. Land crabs  Cardisoma  spp. are also 
eaten frequently. 

 Although some mangrove species, such as 
mangrove crabs, have been used as food for peo-
ple in Palau, it is diffi cult to obtain fi sh-catch sta-
tistical data for mangrove areas. This is also true 
for information on coral reef fi sh, although data 
spanning a 5-year period starting in 2002 have 
been made public (2006 Statistical Yearbook, 
Republic of Palau, Bureau of Budget and 
Planning, Ministry of Finance).  

3.3     Socioeconomic 
Considerations 

•     Important resources for environmental 
education    
 Because mangroves have been widely used in 

a variety of academic researches, fascinating 
 discoveries have been made, bearing possibilities 
for new academic progress and improvements to 
human life. Such information can be used for 
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environmental education, but it is also important 
to further interpretation of mangrove ecosystems.
•    Sites for recreation, such as ecotourism and 

kayaking    
 Ecosystem health is vital to the establishment 

and maintenance of the tourism industry. Dive 
shops operate because of the presence of healthy 
coral reefs and the opportunity to view corals and 
colorful fi sh. The same is true for tour companies 
that organize mangrove forest and coral reef boat 
tours. 

 In recent years, ecotourism has become 
increasingly popular, functioning as a source of 
revenue as well as contributing to the conserva-
tion of natural environments. However, injudi-
cious ecotourism can undeniably upset the natural 
balance and lead to problems. As such, it is 
important to consider the nature of different types 
of ecotourism as well as their participant 
capacities. 

 Compared with fi gures for 2002, the number 
of tourists in Palau is increasing. Tourist visits in 
2010 were said to number 90,000. Although 
many tourists come to Palau to enjoy coral reef 
seascapes, it is also true that mangrove areas have 
been used for tourist kayaking activities. Careful 
management to ensure the coexistence of tourism 
with nature is thus necessary. 

 In Okinawa, much debate has surrounded pos-
sible ways to increase the number of tourists vis-
iting the prefecture. In 2007, 5.9 million people 
visited Okinawa, and moves to increase tourist 
fi gures to 10 million have been implemented 
since then. 

 Palau has a land area of 487 km 2  and a popula-
tion of 21,000. In comparison, Okinawa has 4.6 
times the land area of Palau (2,276 km 2 ) and a 
population of 1.4 million people, 67 times of that 
of Palau. When considering environmental 
capacities, it is evident that Okinawa has a bigger 
resident population and hosts a larger number of 
tourists compared to Palau. While comparisons 
between Okinawa and Palau should take into 
consideration differences in their natural environ-
ments and the sizes of their ocean areas, it is 
hoped that future approaches may be formulated 
bearing in mind their respective present 
conditions. 

 It is therefore vital to understand that tourism 
industries cannot fl ourish without a healthy natu-
ral environment and attempts toward environ-
mental conservation. Of late, discussions on the 
ways in which tourism and nature may coexist 
have begun in Okinawa, and attention should to 
be paid to the ways in which such discussions are 
converted into practical measures for implemen-
tation. It is hoped that such debates will be useful 
to environmental conservation efforts in Palau. 
Interdisciplinary discussion from natural and 
social science perspectives will be useful in stud-
ies of the carrying capacities of tourist sites in 
Palau for their sustainable use.  

3.4     Economic Evaluation 
of Mangrove Ecosystems 

 To make an economic evaluation of an ecosys-
tem, its value must be divided into two catego-
ries: its market value and its nonmarket value. 
The market value is defi ned as the value of natu-
ral materials and resources in an ecosystem and is 
evaluated as a straightforward market transac-
tion. In mangrove or coral reef ecosystems, for 
example, the prices of resources such as fi sh, 
shellfi sh, and crabs are used in this calculation. 
However, insuffi cient data are available on such 
market transactions. For Palau, statistics on fi sh 
catches are lacking, and personal transactions 
between fi shermen and consumers are common. 
Environmental changes also affect fi sh catches 
and market prices, but such analyses have not 
been conducted. 

 The nonmarket value of mangrove ecosystems 
is also important. This is the value of ecosystem 
and/or cultural services. Environmental purifi ca-
tion functions, values of recreation sites, and so 
on are included in this value. To evaluate this 
nonmarket value, a replacement method must be 
applied because no prices are assignable for these 
values. 

 In order to evaluate the economic values not 
only of mangrove ecosystems but also of any 
natural resource, we must quantitatively recog-
nize the environmental situation of the ecosystem 
in question and its dynamics. Undoubtedly, this is 
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an important interdisciplinary research topic 
involving several scientifi c fi elds, as well as the 
straight relationships between mankind, natural 
environment, and exploitation of marine 
resources.      
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