Strategic Management
of Marine Ecosystems

Edited by

Eugene Levner, Igor Linkov
and Jean-Marie Proth

NATO Science Series



Strategic Management of Marine Ecosystems



NATO Science Series

A Series presenting the results of scientific meetings supported under the NATO Science
Programme.

The Series is published by I0OS Press, Amsterdam, and Springer (formerly Kluwer Academic
Publishers) in conjunction with the NATO Public Diplomacy Division.

Sub-Series

I. Life and Behavioural Sciences 10S Press

Il. Mathematics, Physics and Chemistry Springer (formerly Kluwer Academic Publishers)
lll. Computer and Systems Science 10S Press

IV. Earth and Environmental Sciences Springer (formerly Kluwer Academic Publishers)

The NATO Science Series continues the series of books published formerly as the NATO ASI Series.

The NATO Science Programme offers support for collaboration in civil science between scientists of
countries of the Euro-Atlantic Partnership Council. The types of scientific meeting generally supported
are “Advanced Study Institutes” and “Advanced Research Workshops”, and the NATO Science Series
collects together the results of these meetings. The meetings are co-organized by scientists from
NATO countries and scientists from NATO’s Partner countries — countries of the CIS and Central and
Eastern Europe.

Advanced Study Institutes are high-level tutorial courses offering in-depth study of latest advances
in a field.

Advanced Research Workshops are expert meetings aimed at critical assessment of a field, and
identification of directions for future action.

As a consequence of the restructuring of the NATO Science Programme in 1999, the NATO Science
Series was re-organized to the four sub-series noted above. Please consult the following web sites for
information on previous volumes published in the Series.

http://www.nato.int/science
http://www.springeronline.com
http://www.iospress.nl

1
S| N
N4
!

Series IV: Earth and Environmental Series —Vol. 50



Strategic Management of Marine
Ecosystems

edited by

Eugene Levner

Holon Academic Institute of Technology,
Holon, Israel

|gor Linkov

Cambridge Environmental Inc.,
Cambridge, MA, U.S.A.

and

Jean-Marie Proth
INRIA, Metz, France

@ Springer



Proceedings of the NATO Advanced Study Institute on
Strategic Management of Marine Ecosystems

Nice, France

1—-11 October 2003

A C.I.P. Catalogue record for this book is available from the Library of Congress.

ISBN 1-4020-3158-0 (PB)
ISBN 1-4020-3157-2 (HB)
ISBN 1-4020-3198-X (e-book)

Published by Springer,
P.O.Box 17, 3300 AA Dordrecht, The Netherlands.

Sold and distributed in North, Central and South America
by Springer,
101 Philip Drive, Norwell, MA 02061, U.S.A.

In all other countries, sold and distributed

by Springer,
P.O.Box 322, 3300 AH Dordrecht, The Netherlands.

Printed on acid-free paper

All Rights Reserved

© 2005 Springer

No part of this work may be reproduced, stored in a retrieval system, or transmitted in any
form or by any means, electronic, mechanical, photocopying, microfilming, recording or
otherwise, without written permission from the Publisher, with the exception of any
material supplied specifically for the purpose of being entered and executed on a
computer system, for exclusive use by the purchaser of the work.

Printed in the Netherlands.



Table of contents

Preface ... e 5
Acknowled@ments ..ot 7
Chapter 1. Disturbance of Marine Ecosystems: Problems and Solutions .............. 9
Meta-analysis of the radioactive pollution of the ocean .............cccevevieiiiieninienne. 11

Alexey V. Yablokov

Marine protected areas: a tool for coastal areas management .............ccoccveeveerverveenennn. 29
C. F. Boudouresque, G. Cadiou, L. Le Diréac'h

Damage control in the coastal zone: improving water quality by harvesting aquaculture-
dEriVed MULTIENIES ..e.viieiiiiieiieicite ettt sttt sttt et eae s 53
Dror L. Angel, Timor Katz, Noa Eden, Ehud Spanier, Kenny D. Black

A modular strategy for recovery and management of biomass yields in large marine
CCOSYSTEINIS ..uvvieurierieeereereeteesstessseeseesseesseessseeseeseessseanseesseesssesssessseesseesssessseensessseessseans 65
Kenneth Sherman

Express methods of nondestructive control for physiological state of algae ................ 81
T.V.Parshikova

Chapter 2. Modeling Approaches and Mathematical Foundations of
Environmental Management ...............c..cccoooieiiiiiiiiiiiniinieneeeeeeeeee e 93

Strategic management of ecological systems: a supply chain perspective .................. 95
E. Levner, J.-M. Proth

Modelling the environmental impacts of marine aquaculture ..............ccoceeveeveeiennenne 109
William Silvert

Addressing uncertainty in marine ecosystems modelling ...........ccccooceeeoniiniiniininenne 127
Lyne Morissette

Environmental games and queue models ........c..cceoveirininiininiinineicicece e 143
Charles S. Tapiero

Computational complexity of modeling €COSYStemS .........cccevvevverrenierieienieieinenenaens 159
Vladimir Naidenko, Inna Bouriako and Jean-Marie Proth



4
Chapter 3. Policy/Stakeholder Process in Marine Ecosystem Management ....... 167

Performance metrics for oil spill response, recovery, and restoration: a critical review
and agenda for rESCATCH ..........ciiiiiiiiiiiicice et e 169
T.P. Seager, 1. Linkov, C. Cooper

The challenges to safety in the east mediterranean: mathematical modeling and risk
management 0f MAarine ECOSYSEIMS ......c.ceeruireruerierieieieeetentenienteseeteteeeseeieeesresaenes 179
K. Atoyev

Strategic management of marine ecosystems using whole-ecosystem simulation
modelling: the ‘back to the future’ policy approach ...........ccoccoeviiiiiiniiiiniicnns 199
Tony J. Pitcher, Cameron H. Ainsworth, Eny A. Buchary, Wai Lung Cheung, Robyn
Forrest, Nigel Haggan, Hector Lozano, Telmo Morato and Lyne Morissette

Chapter 4. Management of Contaminated Sediments: Example of Integrated
Management APPIroach ..........coccooiiiiiiiiiiiiniiiiii e 259

Towards using comparative risk assessment to manage contaminated sediments ..... 261
T. Bridges, G. Kiker, J. Cura, D. Apul, I. Linkov

Multi-criteria decision analysis: a framework for managing contaminated
SEAIMEILS ..ttt ettt sttt eb sttt et et ebesae e 271
I. Linkov, S. Sahay, G. Kiker, T. Bridges, T.P. Seager

Barriers to adoption of novel environmental technologies: contaminated
SEAIMEIIES ....vietiiitciitcitt ettt ettt ettt 299
T.P. Seager, K.H. Gardner

INAeX of QUEROLS ... 313



Preface

The demand for advanced management methods and tools for marine ecosystems is
increasing worldwide. Today, many marine ecosystems are significantly affected by
disastrous pollution from industrial, agricultural, municipal, transportational, and other
anthropogenic sources. The issues of environmental integrity are especially acute in
the Mediterranean and Red Sea basins, the cradle of modern civilization. The drying of
the Dead Sea is one of the most vivid examples of environmental disintegration with
severe negative consequences on the ecology, industry, and wildlife in the area.
Strategic management and coordination of international remedial and restoration efforts
is required to improve environmental conditions of marine ecosystems in the Middle
East as well as in other areas.

The NATO Advanced Study Institute (ASI) held in Nice in October 2003 was
designed to: (1) provide a discussion forum for the latest developments in the field of
environmentally-conscious strategic management of marine environments, and (2)
integrate expertise of ecologists, biologists, economists, and managers from European,
American, Canadian, Russian, and Israeli organizations in developing a framework for
strategic management of marine ecosystems.

The ASI addressed the following issues:

= Key environmental management problems in exploited marine
ecosystems;

* Measuring and monitoring of municipal, industrial, and agricultural
effluents;

=  Global contamination of seawaters and required remedial efforts;

=  Supply Chain Management approach for strategic coastal zones
management and planning;

= Development of environmentally friendly technologies for coastal zone
development;

= Modeling for sustainable aquaculture; and

= Social, political, and economic challenges in marine ecosystem
management.

Papers presented in this book were submitted by the ASI lecturers and
participants. In addition, several papers were invited from the leading scientists in the
field. The organization of the book reflects discussions during the meeting. The papers
in the first chapter review and summarize problems related to marine ecosystems. They
provide the background and examples of environmental challenges and potential
solutions. The second chapter provides modeling and mathematical foundations for
specific environmental management methods and tools useful for marine ecosystem
management. These methods provide a means for coordinating technological,
economical, and ecological contradicting demands and offer an exciting prospect for
efficient utilization of environmental resources. For example, Strategic Supply Chain
management methodology permits detailed characterization of the functional and
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structural aspects of ecosystems, assesses the impact of human activity on biological
systems, and evaluates practical consequences stemming from the activity. The third
chapter presents several papers dealing with integration of political and stakeholder
priorities with environmental modeling. A key paper by Pitcher and his colleagues
introduces an integrative approach to the strategic management of marine ecosystems
with policies based on restoration ecology, and an understanding of marine ecosystem
processes in the light of findings from terrestrial ecology. The critical issues include
whether past ecosystems make viable policy goals, and whether desirable goals may be
reached from today’s ecosystem. The final chapter provides another integrated
approach for marine ecosystem management that is based on comparative risk
assessment and multi-criteria decision analysis. Three papers presented in the chapter
illustrate the theoretical foundation of these methods and review applications for a wide
range of issues related to sediment management — from highly technical issues (such as
selection of optimal technology) to political (assessing value judgment for policy
decision makers and stakeholders).

An important objective of the ASI was to identify specific initiatives that could
be developed by those in attendance and their broader network of institutions to
enhance the progress of environmental risk assessment in developing countries.
Consistent with this goal, this book presents the interpretation and perception of issues
related to strategic management of marine ecosystems by individual scientists, while
also illustrating a wide variety of environmental problems in developing countries.

Eugene Levner, Igor Linkov, and Jean-Marie Proth
August 2004.
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Chapter 1

Disturbance of Marine Ecosystems: Problems and
Solutions



META-ANALYSIS OF THE RADIOACTIVE POLLUTION OF THE OCEAN

Alexey V. YABLOKOV
Center for Russian Environmental Polic, Russia, 119991, Moscow,
Vavilova Street, 26, e-mail: yablokov@ecopolicy.ru; www.atomsafe.ru

Abstract

Humans have been altering the marine environment for millennia. Up till now, five
critical environmental issues have affected the oceans: over-fishing, chemical pollution
and eutrophication, habitat destruction, invasion of exotic species and global climate
change. However, one of the major threats the oceans may face in the twenty-first
century is radioactive pollution over the second half of the twentieth century.

1. Introduction

The following may be listed among the main anthropogenic sources of radioactive
pollution of the ocean:

e Dumping of solid (SRW) and liquid radio-wastes (LRW);

e Pollution from underwater N-explosions;

e Radioactive pollution from land (including river run-off and land-based
activities);

e Radioactive fallout from the atmosphere;

e Radioactive pollution originating from accidents (lost N-warheads and
radio-emission from thermo-electric generators, sunken craft and ships,
falling satellites with radioactive materials, etc.);

e Discharge from ships with N-reactors.

In spite of intensive studying [1,2,3,4], we are still far from having established

a really comprehensive inventory of all the anthropogenic radioactive sources of the
Ocean. This is mostly due to the fact that much of this data is connected with military
activities and remains classified. In India — possibly one of the world’s most marine
polluted country — for example, the Nuclear Energy Act prohibits the release of
information related to nuclear facilities [5]. It looks like only the Russian Federation
after the collapse of the USSR have published a more or less complete inventory of
radioactive pollution of adjacent seas [6,7]. These circumstances call for some meta-
analysis, which will include official as well as unofficial data, for a general ecological
understanding of the situation as far as radionuclides pollution of the ocean is
concerned.
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2. Radioactive dumping

Beginning in the late 40s and up till 1983, at least 13 countries with a nuclear industry
(Belgium, Britain, Germany, Japan, Italy, France, the Netherlands, New Zealand, South
Korea, Sweden, Switzerland and the United States) dumped their SRW and LRW into
deep parts of ocean (more than 4 km deep). All these countries (excluding the USSR)
officially reported dumping up to 1,2 million Ci in radioactive materials [7], including
(at time of dumping): USSR — 1 037 kCi; Great Britain - 948 kCi; Switzerland - 119
kCi; USA — 95 kCi; Belgium - 57 kCi; France - 9.6 kCi; the Netherlands — 9.1 kCi;
Japan — 0.4 kCi; Sweden — 88 Ci; New Zealand — 28; Germany - 5 Ci; Italy - 5 Ci
[2]The largest single radioactive object ever dumped into the Ocean over that period of
time was USS Seawolf ‘s sodium-cooled reactor (up to 33 000 Ci) which was scuttled
3000 m deep off the Delaware coast (Maryland) in 1954 [8].

It’s possible to use the USSR’ dumping activity as the most well known case
study [6,7,9]. In 1959, 600 m® of low-level liquid waste (LWR) was discharged in the
White Sea (20 mCi) and in 1960, the Lenin discharged 100 m® of LRW (200 mCi) near
Gogland Island in the Gulf of Finland. The total activity of LRW dumping is 24 kCi
(903 TBq, including 87 TBq for ********! Py): Baltic Sea - 0.2 Ci (0.0007 TBq); White
Sea - 100 Ci (3.7 TBq); Barents Sea - 12153 Ci (450 TBq); Kara Sea - 8500 Ci (315
Tbq). A total of at least 12 335 Ci (456 TBq) of LRW was dumped by the USSR
between 1966 and 1991 in the Sea of Japan and near the southeastern coast of the
Kamchatka Peninsula.

Low- and intermediate-level SRW dumped over 65 operations between 1967
and 1991 in the White, Barents and Kara seas was enclosed into more than 11 000
metal containers, barges, lighters, and tankers (a total of 17 craft). The total activity of
sunken intermediate and low-level SRW, was over 15.5 kCi (574 TBq) in the Kara Sea
and 40 Ci (1.5 TBq) in the Barents Sea. The total activity of intermediate and low-level
SRW (6868 sunken containers, 38 sunken ships, and over 100 other individual sunken
large objects) dumped by the USSR in the Sea of Japan and other areas of the Pacific
was 6 851 Ci (254 TBq). SRW comprised mainly contaminated film coverings, tools,
personal protective devices, uniforms, fittings, pipelines, activity filter boxes, pumps,
steam generators, and various objects contaminated during ship repair work.

Among all RW dumping by the USSR in the ocean, the greatest ecological
hazard is presented by objects with SNF (Table 1).

In total, during the 70s and the-80s the former USSR dumped at least 10
reactors with SNF, two shielding assemblies, and 14 reactors without SNF from N-subs
and 3 — from icebreakers in the North Atlantic, Arctic and Pacific oceans. The
maximum activity of solid radio-wastes that entered seas adjacent to Russia may have
been in excess of 2,5 million Ci (at the time of disposal). The main radionuclides were
134"37Cs, QOSr, 239’240Pu, 63Ni’ 0.

After more precise calculations and accounts [10,11,12] it was revealed that
the activity of the icebreakers’ shielded assembly was 3.5 times higher (not 5600 but
19500 TBq), and the radioactivity of the N-subs’ reactors dumped in the Kara Sea was
4.8 times lower (not 2.25 but 0.46 million Ci). At the same time it was discovered that
data about the dumping of the two N-subs’ reactors in the Sea of Japan. was missing
from the White Book Therefore the total activity of the N-reactors which were dumped
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in the Sea of Japan, was not 1.7 but 396 TBq (940 kCi). According to the new estimate
the USSR dumped not up to 2.5 million Ci, but 1.64 million. Because of natural
decaying, by the year 2000 there are 0.7 millions Ci in the North Pacific’s dumping
sites, and 107 kCi (4 PBq) — in the Kara Sea.

TABLE 1. Objects with Spent Nuclear Fuel Dumped by the USSR in the oceans [6,7]

Object Place, Year Depth, Max. Radionuclides
Meters activity
kCi*

Compartments of NS’s Abrosimov Inlet, 20 1200 Fission products
with 4 reactors, 3 Kara Sea, 1965
containing SNF
Shielding assembly of Tsivolka Inlet, Kara 49 100 7Cs (50 kCi), *Sr (50 kCi),
reactor from icebreaker Sea, 1967 z 8Pu, 24'Am, 244Cm(2 kCi)
Lenin with residual
Reactor from NS Novaya Zemlya’ 300 800 Fission products

Depression, Kara

Sea, 1972
NS with two reactors Stepovoy Inlet, 50 200 Fission products

Kara Sea, 1981
Two NS reactors Sea of Japan, 1978 3000 0,046  [Fission products
Core plate from the East of Kamchatka, 2500 70 Fission products
Reactor of NS No. 714 Pacific, 1989
Total: 8 reactors, two Arctic and Pacific 20 —3000 [Up to 2500 |86% fission products, 12%
shield assemblies activation products, 2%

actinides

*- At the time of dumping

In the Arctic Ocean the reactors were dumped mainly in the shallow fjords of
Novaya Zemlya at a depth ranging from 12 to 135 m and in the Novaya Zemlya Trough
at depths of up to 380 m [6]. Before dumping, the reactor compartments with SNF were
filled with a hardening furfurol-based mixture. This filling was supposed to prevent the
SNF from being in contact with seawater for up to 500 years. The shield assembly with
SNF from the icebreaker was additionally placed in a reinforced concrete container and
a metal shell. Between 1992 and 2000 some studies were carried out around several
dumping places in the Kara Sea. It was revealed that in the Stepovoy Inlet, Abrosimov
Inlet and Tsivolka Inlet, leakage from dumped objects reached worrisome levels of
radioactivity — by '*’Cs up to 109 kBq/kg dry sediment, *° Sr — 3,8 kBq/kg, *° Co — 3,2
kBq/kg, °**° Pu — 18 Bq/kg [4]. There is up to 31 Bg/m® in the surrounding water,
which is six times more than at the surface [13]. As some calculation show, maximum
possible release in the Abrosimov Bay may reach 1 TBq per year of "*’Cs [14]. Similar
investigations carried out in 2003 along the coast of Russia's far eastern Maritime
Territory and Sakhalin island revealed elevated concentrations of Cs-137 in two
locations at depths of 3,000 m [15]. It means, that in spite of the absence of any
immediate danger, it is obvious that the situation is slowly getting out of control. A
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special study of the radiological impact of this dumping [16] revealed that it may be
dangerous to stay on some Novaya Zemlya beaches adjacent to the fjords used as
dumping sites.

Official records from the radioactive dumping into other parts of the ocean are
spotty. The figure of 47 dumping sites in the North Atlantic and Pacific [17] is far from
the truth. The U.S. officially reported on 30 dumping sites in the Atlantic and Pacific
(1946 — 1970). Three of them near the Farallon Isl., off San Francisco Bay, at depths of
90, 900 and 1800 meters, totaling 52 530 55-gallon drums, with a total activity of some
14,7 kCi (540 TBq) [18]. The aircraft carrier Independence used as target in the Bikini
Atoll’s U.S. bomb tests is believed to have been sunk here [19]. 33 998 containers were
dumped by the U.S. between 1951 and 1967 in the West Atlantic, with a total
radioactivity of up to 77,5 kCi at the time of dumping. Total official U.S. dumping
included 52 530 containers with 14,7 kCi [18].

It was not unusual in U.S. and Soviet dumping practice to shoot radio-waste
containers with guns when they would not sink. Now after 40-30 years many
containers can become corroded and cracked and can disintegrate as, for example, in
the Hurd Deep, off the Channel Isl. in UK territorial water (official European dumping
site between 1950 and 1963). The UK dumped 50 570 containers with 44,1 kCi beta-
and 3,3 kCi alfa-emitters here between 1950 and 1967 [20].

In spite of a special international agreement strongly prohibiting the dumping
since 1983 this practice has been continuing up till now in some places, using some
loops in the legislation. For example, every year up to 200 tons of low-grade radio-
wastes generated by the oil industry are pumped out into the Northern Sea from
Scotoil’s purification plant in Aberdeen, Great Britain [21].

3. Radioactive pollution due to military accidents

There were about 90 publicly reported military accidents involving nuclear weapons
(59 American, 25 Soviet/Russian, four French and one British). Most of them involved
N-submarines, but also involved planes, missiles, nuclear-waste storage facilities and
surface ships [22,23,24,18,25]. There are four Russian and two U.S. N-submarines
(with more than half-dozen reactors and nearly 50 nuclear warheads) already at the
bottom of the Ocean. Among them:

e 1963. U.S. NS Thresher, Western Atlantic. In 1990 Co in sediments were
detected near the NS.

o 1968. U.S. NS Scorpion, 400 miles southwest of the Azores Isl., Atlantic,
with two N-warheads on board. In 1990 ®Co in sediments were detected
near the NS.

o 1968. Soviet NS K-129, near Hawaiian Islands, Pacific, more than 6000 m
deep, with five N-warheads (in 1974 U.S. Glomar Explorer retrieved two
N-warheads during operation Jennifer).

e 1970. Soviet NS K-8 (November), Bay of Biscay, 4680 m deep, with two
N- reactors with a total activity of 250 kCi and 10 N-warheads. 1986.
Soviet NS K-219 (Yankee) with two reactors (activity of 250 kCi) and 32
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(50?) N-warheads, 600 miles northeast of Bermuda, 5500 meters deep. The
warheads (total activity about 7 kCi) were scattered on the sea floor and
have surely been leaking **’Pu.

o 1989. Soviet NS K-278 (Komsomoletz) with one reactor and two N-
torpedoes (total activity 150 kCi including 2,9 PBq *° Sr, 3,1 PBq '¥'Cs and
25 TBq for actinides), Norwegian Sea, 1685 m deep. One important
difference between this accident and others, including those involving US
N-subs, is the threat of accelerated release of radionuclides into the marine
environment. The reason is that the Komsomolets has a titanium pressure
hull. The rate of corrosion is increased a thousandfold when titanium reacts
with the ship’s steel components in seawater. In 1993 *’Cs concentration
near the NS was five times higher (10-30 Bq/m3) than on surface [4].

e 2002. Russian NS K-141 (Kursk) with two reactors (activity up 150 kCi),
Barents Sea, 105 m deep (it was later raised).

e 2003. Russian NS K-159 with two reactors (activity about 500 kCi),
Barents Sea, 240 m deep.

e In 1985, while NS K-431 (Viktor) was having its reactor refueled in Soviet
Maritime Territory, Chazhma Bay, an uncontrolled spontaneous chain
reaction occurred. A radioactive fallout occurred on the water surface for
up to 30 km, and the total release of radioactive substances into the
atmosphere was at about 2 000 kCi for short living gases and 5 000 kCi
(185 PBq) for other fissions, mostly iodine isotopes, “°Co, **Mn and other
activation radionuclides [26]. A large part of the water area of Ussury Bay
was radioactively contaminated. One hour after the explosion, the activity
of short-living radionuclides in the seawater reached 2 Ci/l. The
radioactivity of bottom sediments is mainly due to “*Co and to '*'Cs.

At least five other accidents involving N-subs and ships resulted in the release

of radionuclides into the ocean:

e 1966. Soviet NS, NS base in Poliarny, Kola Bay, Barents Sea;

1971. U.S. NS SSN-583 (Dase), Western Atlantic;
1986. Soviet NS K-175, Kamran’ Bay, South China Sea;
1989. Soviet NS K-192 (Echo-2), Barents Sea;
1989. Soviet NS, Ara Bay, Barents Sea; released up to 2 kCi (74 TBq)
LWR;
1993. Russian icebreaker Arctic, Kara Sea;
e 1997. Russian vessel Imandra (floating storage for SNF), Kola Bay,
Barents Sea.

Sunken N-bombs are one of the serious sources of radioactive pollution.
Although this information was always kept top-secret (and never officially reported),
several (from many?) cases like this are known [27,28,29,25]:

e 1950. A U.S. B-36 dropped the N-bomb off the coast of British Columbia;

o 1952. U.S. C-124 "Globemaster" transport aircraft with three N-bombs and
“nuclear capsule” jettisoned two of the bombs east of Rehobeth, Delaware,
and Cape May, Wildwood, New Jersey. In spite of an intensive search,
they are still there at the bottom of the ocean;1956. the U.S. Air Force lost a
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bomber with two nuclear-weapon cores in their carrying cases over the
Mediterranean Sea;

1958. A U.S. B-47 bomber collided with another jet near the U.S. Air
Force’s base on Tybee Island, Georgia; An H-bomb was jettisoned into
water several miles off the mouth of the Savannah River in Wassaw Sound
off Tybee Beach, Georgia. In spite of an intensive search it was never
found.;

1959. A U.S. Navy P-5M aircraft carrying a nuclear depth charge (without
fissile core) crashed into Puget Sound near Whidbey Island;

1965. U.S. A-4E bomber Skyhawk loaded with a N-bomb B-43 rolled off
an elevator on aircraft carrier Ticonderoga (CVA-14) and fell into the sea
several miles off the Ryakyu Islands, Japan;

1966. A U.S. B-52 aircraft carrying four multi-megaton N-bombs crashed
into an Air Force KC-135 refueling tanker and dropped all its weapons
near Palomares, Spain (two of the bombs off shore; two bombs ruptured,
scattering radioactive particles over 100 km* The 3™ bomb landed
instantly, and the 4™ was lost 19 km off the coast (It was found after 870
days of intensive search, involving about 80 ships and thousands of
servicemen);

1968. A U.S. B-52 aircraft with four N-bombs crashed 7 miles south of the
Thule Air Force Base, Bylot Sound, Greenland; 239.240241py from the
bombs spread over the ice (up to 11 TBq) and sank to the bottom ( *°***Pu
concentration in sediments in 2000 had reached 7600 Bqg/kg);

1977. A N-warhead was dropped into the ocean from Soviet NS K-171
(Delta-1) in the Western Pacific, near the Kamchatka Peninsula; it was
successfully found and recovered.

Special assessment [30] revealed that 27 types of N-sub failure at sea or in
base, 3 types of failure of other ships and 4 types of failures connected with storing and
transporting nuclear weapons have radiological consequences.

At least in one case the ocean was polluted by a missile: in 1962 a nuclear test
device atop a Thor rocket booster fell into the Pacific near Johnston Atoll.

4. Pollution from underwater N-explosions

Underwater and close-to-surface (above-water) N-explosions are a very serious source
of radioactive contamination of the Ocean. There are several places where such
pollution occurs:

Bikini atoll, Marshall Islands (one underwater, 13 above-water U.S. N-
explosions);

Enewetak atoll, Marshall Islands (two underwater, 18 above-water U.S. N-
explosions);

Pacific Ocean (two underwater U.S. N-explosions);

Christmas Island, Polynesia (several U.S. and British underwater and
above-water N-explosions);
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e South Atlantic, between 38 and 49° S.L. and between 8 and 11° W.L
(three U.S. above-water N-explosions);
e Moruroa and Fangataufa atolls, Tuamotu Archipelago, French Polynesia
(four above-water French N-explosions).
e Chemaya Bay, South-Eastern Barents Sea (three underwater and three
above-water USSR N-explosions).
Now several thousand square kilometers of the bottom of the South Barents
Sea are the most Pu-polluted place in the ocean — up to 15 kBg/kg in sediments [31].
There are also here **' Am, "*’Cs, *°Cr, *’Eu and other radionuclides (Table 2).

TABLE 2. Distribution of Radionuclides (Bq/kg dry weight) in Surface Bottom
Deposits of the Southeastern Barents Sea, 1992 [32]

Chernaya Bay Karskie Vorota strait | Pechora Gulf | Of Vaygach Island
1 Am 2622.0 0.0 0.0 0.0
7 Cs 1444.2 9.4 23.8 6.7
*Co 618.0 0.0 0.0 0.0
5 Ey 344.4 0.0 0.0 0.0
22 pp 298.5 25.1 66.2 24.1
22 Bi 260.9 0.0 22.8 24.3
»* Ra 206.4 62.2 0.0 0.0
24 ph 170.0 30.1 45.8 27.7
> Ra 139.9 7.6 22.4 26.9
" Bo 131.7 26.5 39.4 22.6
208 i 89.6 8.8 19.2 8.6
2 4c 33.5 18.7 51.3 16.6

The total amount of the radionuclides concentrated in the Chernaya Bay area is
about 3x10'> Bq or 81 kCi [33]. Some of them could be diffused all over the Eastern
part of the Barents Sea over the course of this Century with a potential negative impact
on Norwegian and Russian fisheries and marine life. Through differences in the
concentration of Pb, Cs, Pu, Co radionuclides in the sediment profiles, it is possible to
calculate when the pollution started (depths of 10 to 15 ¢cm), and when it maximized (3-
4 cm depth [34]). Even 40 year after the N-explosions, levels in bottom sediments here
were up to 200 mCi/kg >*****Pu, and in water — " Cs up to 200 Bg/m™>** Sr up to 140
Bg/m’ [4]. Chernaya Bay may now be one of the most radioactive polluted places in the
Ocean, only comparable with the waters of the Enewetok atoll.

5. Radioactive fallout from the atmosphere.

Atmospheric deposition of radionuclides originating from more than 500 atmospheric
N-tests and N-industry activities in the 1960s and 1970s were the main sources of
radioactive pollution of the Ocean. Before 1980, the following was released into the
atmosphere from N-tests [29,25]: 140Ba — 732 Ebq; Bly 651 Ebq; Ml ce - 254 Ebq; SH
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— 240 Ebq; '“Ru —238 Ebq; *Zr — 143 Ebgq; *'Y — 116 Ebg; ¥'Sr — 91.4 Ebq; "*Ce —
29.6 Ebg; '"Ru — 11.8 Ebq; *’Cs — 0.912 EBq, *Sr — 0.604 Ebq, %" *!pu — (0.151
—0.375) Ebgq, etc, for an overall total of more than 2 510 Ebq. Although the USSR, the
USA, France and Great Britain stopped atmospheric tests after 1963 (China — after
1983), the fallout of fission residuals (mostly *’Cs, *Sr, #°**°py, ', "C, *H) with an
activity of many millions Ci from the atmosphere to the Ocean will continue for many
centuries to come.

The second a source of radioactive pollution of the ocean from the atmosphere
after N-tests is accidental and regular discharges from Nuclear Power Plants. If N-test
pollution is steadily declining with time, the level of NPP pollution due to annual
emission is increasing. Some calculations [35] indicate that due to the activities of the
2000 NPPs (now — 440) that produce about 1000 GWt annually the individual effective
dose will soon reach 1 mSv annually.

The Chernobyl catastrophe (the atmospheric discharge was about 50-250 MCi)
immediately resulted in the serious radioactive pollution of the North Atlantic (Baltic,
Norwegian, North and Irish Seas) and the Mediterranean (especially the Black Sea).
(s concentrations in the Baltic’s waters were up to 6 000 Bq/m’, in dry alga Fucus
vesiculosus they reached 4900 Bq/kg ("*"J - up to 29 kBg/kg), *’Cs and in dry plankton
they came up to 2500 Bqg/kg [4]. These characteristics are three times higher than pre-
Chernobyl levels. In the Black Sea the highest '*'Cs radioactivity from Chernobyl was
about 500 Bg/m’, i.e. 30 times higher than pre-accident levels [36]. It must be noted
that in the days and weeks following the catastrophe the levels of tens of other
radionuclides were hundreds to thousands of times higher than the level of *’Cs: this
was bound to have an enormous negative impact on the marine environment.

The atmospheric radioactive fallout which was collected by pack and floating
sea-ice can be transported over long distance, for instance from the Kara shelf to the
waters off Greenland and Norway [4].

6. Radioactive pollution from land

The man-originated radioactive flow from land to the seas includes two main sources:
river runoffs and direct discharges from land-based activities.

Radioactive river runoff to the Ocean mainly consists of atmospheric fallout
and direct radioactive discharges into the rivers. Atmospheric fallout results from N-
tests, Chernobyl and other radioactive catastrophes, and is also due to “permissible”
everyday discharges into air from up to 440 commercial Nuclear Power Plants, from
hundreds of scientific N-reactors and from several reprocessing facilities. As a result
the soils of the Northern Hemisphere contain "*’Cs at a level of about 40 mCi/km?, and
“Sr at about 30 mCi/km* on average. These radionuclides collected by catchment
areas are slowly moving to the ocean. Entries of *’Sr and "*’Cs to the Barents Sea from
river runoff between 1961 and 1989 were about 6 kCi (200 TBq). The total entry of
"Cs and *Sr to the Barents Sea from the atmosphere with global fallout of the
products of nuclear explosions over the same period is estimated at approximately 100
kCi (3700 TBq). Calculations for the Kara Sea give corresponding values of 33 kCi
(1200 TBq) and 70 kCi (2600 TBq).
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During the production of the USSR’s nuclear arsenal (up to 40 000 N-
warheads) three USSR uranium/plutonium plants, “MAYAK” in South Ural (Tobol —
Irtysh — Ob’ river system), Siberian Chemical Combine in Western Siberia (Tom’ —
Ob’ river system), and Mining Chemical Combine in Eastern Siberia (Enysey river
system) produced up to 2.71 billion Ci LRW. From these 1.61 billion Ci are stored in
surface water bodies. Sooner or later,a considerable part of these radionuclides will go
to the Arctic Ocean due to the Northern Asia Slope. According to expert estimate, the
radioactive discharge to the Ob-Irtysh river system alone was up to 63 PBq [4]. There
are concentrations of these “weaponry” radionuclides in the sediments of the Enisey
and Ob’ deltas: up to 100 Bg/kg by "*” Cs, and up to 16 Bg/m’ by *° Sr (in sediments). In
the 1960s and 70s, the Kara Sea waters had *°Sr up to 85 Bq/m’, *’Cs up to 40 Bq/m’
and 2***°Py up to 16 mBq/m’ [4]. It is reasonable to calculate that for their production
of 30 000 N-warheads, the USA must have produced similar amounts of LRW (about 2
billion Ci). North American lakes Ontario and Erie were radioactively contaminated
from the West Valley N-reprocessing plant in 1972. 400 millions m® from a liquid
radioactive uranium mill tailing were sent to Church Rock, New Mexico after breaking
the dam in 1979 [8]. Over their 40 years of producting fissile material for the U.S.
nuclear arsenal, the Hanford Engineering Works discharged many billions of m® of
radioactive water directly into the Columbia River. The same phenomenon occurred at
the Savannah River production plant in the southeast of the USA, and at the Sequoiah
Fuel Corp. uranium processing plant, which contaminated the Arkansas River. Through
the rivers, a considerable part of these “military” radionuclides were transported to the
ocean.

Mining is an additional source of inland radioactive water pollution. It never
released any new manmade radionuclides, but introduced large amounts of natural
uranium, radium (like in the Pechora River, North Ural, Russia), and thorium isotopes
from the deep geological formations into surface ecosystems.

Direct discharges from land-based activities even caught the attention of the
UN General Assembly, which in December 1996 adopted Resolution 51/189 about the
Global Programme of Action for the Protection of the Marine Environment from Land-
Based Activities.

France and Great Britain discharged large amounts of LRW to the ocean, from
Sellafield in England (the nuclear fuel production and reprocessing facility) and from La
Hague (France’s similar plant in Normandy) through long pipes (in La Hague - 1700 m
from the shore): 1.1 million Ci "’ Cs, 0.5 million Ci **' Pu, 0.5 million Ci * H, about 0.3
million Ci '% Ru, about 0.5 million Ci of other radionuclides [11]. The peak of the
Sellafield beta-nuclides discharge was reached in 1975, when a total of more than 9000
TBq (including more than 5200 TBq by "*’Cs) were released. Discharges by alpha-
emitters peaked in 1973— up to 180 TBq. Between 1966 and 1984, Sellafield discharged
20 821 TBq (566 kCi) **'Pu and up to 631 TBq *** Pu [37]. In 1991, a total of were 100
Euii for Z*Pu, 610 TBq for 239240py and 945 TBq for #Am [25] were discharged. In
1980-1984 7 Cs concentration in Scotland’s coastal waters was up to 400 Bq/m’ [4].
The Irish Sea sediments near Sellafield had "’Cs up to 5.5 kBq/kg, ** Sr — 2 kBq/kg,
239240 py — 34.8 kBq/kg, Z*Pu — 9.6 kBq/kg, **'Am — 2.2 kBq/kg [4,38,39]. Between
1968 and 1979 about 180 kg of Pu was discharged from Sellafield. In 1983 the GB
Ministry of Environment closed off more than 20 km of the beach area near Sellafield
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due to dangerous levels of radioactive contamination [40]. In 1999 - 2000 Sellafield
discharged about 130 GBq alpha-nuclides, and La Hague — 40 GBq [29]. In a single
year, La Hague discharges five times more '*’O than was released during all N-tests
worldwide [41].

Till now radioactive discharge from Sellafield and La Hague have polluted not
only the Irish Sea and the Channel, but also Northern Seas like the Barents and even the
Kara Sea and could have contributed about 200 kCi (7400 TBq) - up to 7% of the
whole anthropogenic radionuclides budget here: up to 20% "*’Cs and 30% °°Sr from
Sellafield ended up in the Barents Sea [42]. Since the 1990s, detectable increases in the
concentrations of '], and 99Tc have been revealed in the North Sea near Norway
[43,44,45]. In 2003 *Tc (up to 20 Bq/Kg) were found in smoked and fresh farmed
salmon sold in Sweden’s six leading supermarkets [46]. in 2001, The Nordic Council
(Finland, Sweden, Denmark, Norway, Iceland) wrote to Britain over continuing
radioactive emissions (especially *Tc and '*Sb) from Sellafield. In 2001 Norway
initiated a lawsuit against Britain, insisting that Sellafield’s discharge release represents
a serious threat to the Norwegian Fishing industry [47]. Official sources (review see:
[4]) insist that Sellafield and La Hague discharged no more than 1.1 mIn Ci **” Cs, 0.5
min Ci 241 Pu, 0.5 mln Ci *H, 0.3 mIn Ci '®Ru and more than 0.1 mln Ci other long-
living radionuclides into the North Atlantic

There are three Indian re-processing plants use water from THE Arabian Sea
as a secondary coolant, AND discharge radioactive wastes back into the Sea (Trombay
in Bombay Harbour and Tarapur, about 80 km to the North West). These places are
called the “radiation coast” due to high levels of radioactivity directly discharged into
the sea by these reprocessing plants [48]. The third Indian reprocessing plant,
Kalpakkam, is located on the Tamil Nadu shore, on the Bengal Bay coast. Due to state
secrecy it is impossible to detect the real scale and radionuclide composition of the
Indian Ocean’s pollution, but it can reasonably be supposed that it may compare with
the North Atlantic’s pollution.

Numerous NPPs located on the shores of the the USA, Great Britain, South
Africa, Japan etc, regularly discharge radionuclide. There are some examples of illegal
discharges or LRW dumping from such NPPs. One of the latest happened in October
2002 on Scotland’s North Sea coast from NPP Torness [49].

There are three coastal radioactive waste storage facilities for Russian N-sub
SNF assemblies (Andreev Bay, on the Barents Sea; Vilyuchinsk, on the Okhotsk Sea
and Bol’shoi Kamen’, on the Sea of Japan). Beginning in the 60s, some nuclear fuel
assemblies were just set right on the ground without even a roof [50,51]. The total
activity of the SNF in the Kola Peninsula is about 10 000 kCi [52]. All such coastal N-
installations are potential (and real) sources of serious local pollution. In 1996-1998 the
sediment of the Kola Peninsula water contained: *” Cs up to 115 Bg/kg; ® Co — up to
74 Bg/kg, *****° Pu up to 9 Bq/kg [53]. The Kola peninsula N-icebreakers base annually
discharges about 1.6x10” of "’Cs, 7.6x107 of *Sr and even some Plutonium —1998
figures reached 70 mBq/m’ *°** Pu, which is 5 to 6 times higher than local
background concentration [53]. The amount of '** Eu, ** 7 Cs, ® Co in the algae
Laminaria digitata and Fucus vesiculosus is several times higher than in other places
along the Barents Sea shelf [53]. At least seven types of failures on coastal objects are
connected to radioactive waste storing and conditioning [30].
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7. Pollution from Radioisotope Thermal Generators

There are two types of thermal radioisotope generators: the more powerful are based on
up to 90% > U enriched N-reactors (for satellites), and the others are Radioisotope
Thermal (Thermoelectric) Generators (RTGs), which are used to supply power to
lighthouses and meteorological posts and in deep sea acoustic beacon signal
transmission, and also for satellites. RTGs have either a *°Sr or a ***Pu core. Since
1960, nine models of RTGs have been developed in the USSR (for a total number of up
to 1500 RTGs with a total *° Sr activity of up to 1.5 Ebq). The most common is the
Beta-M type (230 Watts of power, 35 to 40 kCi of activity). The radioactivity of an
RTG at a distance of 0.5 meters is up to 800 roentgens per hour.
There are at least six cases when RTGs were sources of radioactive sea
pollution [54,22,55,56]:
e 1987. An RTG was lost at sea during transportation near the eastern coast
of Sakhalin Island, in the Okhotsk Sea, with an activity of up to 750 kCi
(27.8 PBq);
e 1997. An RTG was lost at sea during transportation near the eastern coast
of Sakhalin Island, in the Okhotsk Sea, with an activity of about 35 kCi
(1.3 PBq);
e 2003. The disintegrated core of an RTG (up to 40 kCi or 1.5 PBq) was
found in the waters of the Finnish Bay, in the Baltic Sea;
e 2003. Two disintegrated RTGs were found underground on the coast of the
Laptev Sea, Yakutia;
e 2003. RTG Beta-M type # 255 was found completely dismantled in Olenya
Bay lighthouse # 414.1, the Kola Harbor; the radioisotope core was found
in the water near the shore, 1.5 to 3 meters deep.
e 2003. RTG Beta-M type # 256, which powered lighthouse No 437 was
found completely dismantled on Yuzhny Goryachinksy island, the Kola
Harbor; its radioisotopes core could not be found.
Satellite RTGs usually have a plutonium core. The following are among the
accidents involving satellites with RTGs falling into the ocean :
o 1964. US. satellite Transit SNB-3, with SNAP-9A RTG, *** Pu 16 kCi
(629 TBq); burned up upon reentering the atmosphere over the West Indian
Ocean north of Madagascar;
e 1968. U.S. Nimbus B-1, with two SNAP-19 RTGs, *** Pu total up to 1265
TBq, in the Santa Barbara Channel, on the Californian shore (was
recovered);
e 1970. Parts of U.S. station Appolo-13 with SNAP-27 RTG, ** Pu up to
1.63 PBq, re-entered the atmosphere over the South Pacific and fell into
the ocean south the Fiji Islands, in the vicinity of the Tonga Trench;
e 1973. USSR satellite with RTG, into the Western Pacific north of Japan;
e 1983, Part of the USSR satellite Cosmos-1402 with reactor core >° U, *° Sr
and %7 Cs (up to 1 PBq) re-entered the atmosphere and fell into the South
Atlantic, 1600 km East of Brazilia;
e 1996. Russian space station Mars-96, 18 RTGs ***Pu total activity 174 Ewi
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(4.7 kCi), fell into the South Pacific between the Easter Isl. and the Chilean
shore.
RTGs are not such an important source of radiation compared with many
others, but they can be a reason for heavy local pollution in any part of the Ocean.

8. Sunken ships with radioactive materials

In 1996 six members of the U.S. Congress sent President Bill Clinton a letter
expressing deep concern over the existing practice of shipping radioactive waste by sea
[57]. There are at least three cases when commercial cargo ships transporting
radioactive material sank:

e 1984. Cargo “Mont-Louise” (France), transporting 350 t uranium
hexafluoride from France to the USSR (30 containers), sank after a
collision with a ferry 15 km off the coast of Ostende (where the sea is 15 m
deep). All the containers were successfully found and raised within the
next 40 days.

e 1997. Cargo MSC “Karla” (Panama) transporting 5 cesium chloride
sources (*’Cs up to 9 kCi or 330 TBq) from France to the USA ran into
heavy sea, split in two and sank 70 nautical miles off the Azores islands
where the sea is 3 000 m deep.

e August 2003. Cargo “Sealand Express” (US Ship Management)
transporting 56 t uranium dioxide ("yellow cake") from South Africa to the
US ran aground in Table Bay about 150 m off Sunset Beach in Milnerton,
Cape Town [58]. The shipment was headed to a uranium processing plant
in Newport News, Virginia. AngloGold Co., a subsidiary of London-based
Nuclear Fuels Corporation (Nufcor) transport a thousand tons of uranium
oxide (a by-product of gold mining) from South Africa each year.

Statistically, there is one serious accident during sea transportation for each 10

million ship/km [59]. The world’s annual maritime traffic of radioactive materials is
about 3 to 5 million ship/km. It means that one serious shipwreck involving radioactive
material may occur every 3 to 4 years.

9. Discussion

ADD - dangerous consequences of previous irradiations.
Up to 10 000Bq/kg in plankton everywhere from underwater N-explosions/
And 2500 Bq/kg in the Finnish Bay several weeks after the Chernobyl catastrophe.

The above-mentioned facts are only a part of the real picture of radioactive
marine pollution from anthropogenic sources.

Emission of radionuclides from underwater sources instrumentally detected in
a radius of 10 to 70 km after 30 years, which represents several hundred meters to
several km per year. Some data indicate that the steel corpus of the nuclear warhead has
now disappeared and that “’Pu is escaping into the Norway Sea. This process of
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plutonium escape could create a zone of contamination by **’Pu corrosion products
(which are both highly active and chemically toxic). 6.4 kilograms of ***Pu from two
N-warheads (total activity at 430 Ci) are enough to poison the local fishing grounds in
the Norway Sea.

The common feeling [1,3,11,13,60,61,62,4] that the level of anthropogenic
radioactive pollution of the world’s ocean is not so serious is only justified according to
modern average levels of '“’Cs concentration in surface water 2-6 Bg/m’, * Sr
concentration at 1 — 4 Bq/m’, *****Pu concentration at 5 — 30 mBq/m’ ., **'Am — 1-2
mBg/m’. It is well known that the total radioactivity of naturally occurring
radionuclides *’K, *°Ra, **Th and *'°Po in the ocean is many times higher than that of
anthropogenic ones. But it would be a mistake to conclude that the level of
anthropogenic radioactive pollution of the Ocean is “negligible”. Natural background
radiation is like a ship filled to the brim with water. The tiniest additional drop
(hundreds of thousands of times smaller than the volume of water in the ship) can
initiate an overflow. This analogy leads to the conclusion that even comparatively small
additional amounts of manmade radionuclides in the ocean can have some negative
consequences for ecosystems and humans. Through bioaccumulation, manmade
radionuclides in the water can concentrate in marine animals and plants up to many
thousands of times (Table 3).

TABLE 3. Maximal Concentration factors for radionuclides (concentration in tissues
compared with concentration in water) in some Marine Organisms [63,11,25]

Invertebrates Fish
P-32 100 000
7Zn-65 50 000 87 200
2po 50 000 26 500
Cs-137 200 17 580
Fe-55 30 000 3 000
“Am 20 000 2500
21 pp 837 1600
Cm 30 000 3000
Pu 10 600 300
2Ra 1000 100
‘H 10 10

From a biological point of view, it is impossible to carry out an exhaustive
study of all the consequences, such as bio-concentration for all marine ecosystems, and
it is impossible to study the specific radiotoxic impact of each radionuclide on all
species. What is known about Tc influence on many thousands of marine species of the
North Atlantic? But namely Tc has now become a more detectable pollutant originating
from Sellafield. Outside the food-chain concentration, there are also numerous natural
processes including horizontal and vertical water transportation, different sediment
concentrations, resuspensions, etc. All these can result in manifold concentration of
different radionuclides in some unpredictable places.

Another important reason for disillusion about the safety of existing ocean
radioactive pollutions is a methodologically wrong conclusion on safety based on
statistical average data. Like averaging temperature for hospital patients has nothing to
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do with each particular person’s real health condition, the average concentration of
radionuclides in the ocean has nothing to do with the real radiological situation in
particular places. Dumping and lost radioactive objects, including nuclear reactors and
N-warheads, can and do create thousandfold concentration in hundreds of places all
over the ocean.

The third reason for serious concern about the ocean’s radioactive pollution is
the lack of real data and the continuing secrecy on the subject. The known cases of
radioactive pollution seem to be just the tip of the iceberg. Who could predict 20 years
ago that the USSR would secretly dump radioactive waste whose total activity reaches
several million Ci in the Arctic seas? When Russia published all the data and called for
all other countries to open their secret files [6,7] they never did. In the words of Ph. M.
Klasky, director of the Bay Area Nuclear Waste Coalition (California, USA) : "For
years, we have asked ... to conduct a survey so that we know how much radioactive
waste is being produced ... Without this information and oversight, abuses do occur"
[64].
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Abstract

Marine biodiversity is threatened by human impact. Though few marine species are
regarded as being extinct due to Man, many species are critically endangered (e.g.
the monk seal Monachus monachus), endangered (e.g. the Mediterranean giant
limpet Patella ferruginea) or vulnerable, i.e. dwindling rapidly, although not
threatened with extinction in the immediate future (e.g. the large mollusk Pinna
nobilis). There are also threats to ecosystems (ecodiversity), such as, in the
Mediterranean, the Lithophyllum byssoides rim and the seagrass Posidonia ocea-
nica meadow. Marine Protected Areas (MPAs) were initially established to protect
biodiversity via the removal of human exploitation and occupation. However, since
the 1970s, the notion of MPA has moved on to a more general concept of nature
conservation, then to a more dynamic one of nature management, within the
framework of sustainable development. Today, the aims of MPAs are therefore six-
fold: nature conservation, public education, reference areas for scientific research,
tourism, export of fish eggs, larvae and adults to adjacent areas and finally
management of the various uses of the sea (e.g. commercial fishing, recreational
fishing, pleasure boating and tourism) in such a way that they do not conflict with
each other or with conservation aims. Mediterrancan MPAs, especially the Port-
Cros National Park, illustrate the fact that they are rather characterized by the
management of human activities than by a set of prohibitions and that there is no
negative interaction between biodiversity conservation and artisanal fishing (i.e.
small-scale commercial fishing), at least in the way it is done (i.e. with additional
constraints to general regulations: mesh size, prohibition of trawling and long-
lining, etc.). Consequently, MPAs are generally of benefit to the economy (e.g.
commercial fishing and tourism industry), not only within MPAs but also in
adjacent areas. They therefore constitute a powerful tool for integrated coastal
management.
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1. Introduction

The erosion of biodiversity (e.g. species diversity and ecosystem diversity) constitutes a
major concern, both in the terrestrial and marine realm. The establishment of protected
areas banning human activities was, from an historical point of view, the earliest res-
ponse to their impact.

Today, especially with regard to the marine environment, the approach has
totally changed. In the present paper, on the basis of examples mainly drawn from the
experience of a Mediterranean Marine Protected Area (MPA), the Port-Cros National
Park, we show that the efficiency of MPAs does not lie in the a priori prohibition of
human activities but in their management, in such a way that they no longer conflict
with each other or with nature conservation goals.

In the mind of the general public, MPAs are still often perceived as arcas
preserved from human presence. Here, we show that they actually constitute powerful
economic tools, both for artisanal (i.e. small-scale) commercial fisheries and for the
tourism industry.

2. The need for Marine Protected Areas
2.1. Marine biodiversity

Biological diversity (biodiversity) means the variety among living organisms from all
sources including, inter alia, terrestrial, marine and other aquatic ecosystems and the
complexes of which they are part. This includes: diversity within species, diversity bet-
ween species, genera, families, phyla, etc., diversity between ecosystems, diversity bet-
ween landscapes and functional diversity. Ecosystem diversity is often referred to as
"ecodiversity". Within species diversity, one may distinguish point diversity (species
number within a sample), a diversity (species number within a habitat or ecosystem in
a given region), 3 diversity (the species turnover between adjacent habitats or sections
of coastline), y diversity (the number of species of a region, either defined on a poli-
tical, geographical or biogeographical basis) and & diversity (the number of species of a
large geographical area, e.g. the Mediterranean basin) [62, 63]. There is no link between
these levels of species diversity. For example, a diversity may be high and y diversity
low. Human impact may locally increase o diversity while diminishing y diversity [81].

The overwhelming value of biodiversity, as an indication of environmental health
and for the functioning of the biosphere, is now widely recognized, not only by academic
scientists, but also by the mass media, decision makers and public opinion [82, 116].

Unfortunately, marine biodiversity has received only a very small fraction of
the attention devoted to terrestrial environments. Not only do the species definitely
recorded clearly represent only a small part of those that actually occur [46, 88, 107,
108], but the present status (how many? where? on the increase or on the decrease?) of
most of them is poorly known [20, 23], with the exception of a few emblematic taxa
(e.g. sea mammals, sea turtles, seagrasses, some fishes).

Rating the relative importance of human impact on biodiversity requires
that the time needed for the impact to be reversed be taken into account (Alexandre
Meinesz in [24]): one day to one month, one month to one year, one year to ten
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years (e.g. most of pollution events, including oil spills), ten years to one century (e.g.
destruction of long-living species), one century to one millennium (e.g. destruction of
the seagrass Posidonia oceanica meadow in the Mediterranean Sea) and finally more
than one millennium, i.e. irreversible at human scale. Coastal development, species
introduction and species extinction are so the greatest cause of concern, due to their
irreversibility [25, 114].

2.2. Erosion of marine species diversity

The realization that marine species may become extinct is relatively recent. For exam-
ple, in 1809, the French naturalist Jean-Baptiste de Lamarck wrote: "Animals living in
the water, especially the sea waters, are protected against the destruction of their spe-
cies by man. Their multiplication is so rapid and their means of evading pursuit or
traps are so great that there is no likelihood of his being able to destroy the entire
species of any of these animals" (translated from French). Along the same lines, in
1883, Thomas Huxley said (Address to the International Fisheries Exhibition in Lon-
don): "Any tendency to overfishing will meet with its natural check in the diminution of
the supply (...), this check will always come into operation long before anything like
permanent exhaustion has occurred” [26, 61, 141]. Yet several marine species had al-
ready become extinct by that time (see below).

Species are classified as follows: extinct, extinct in the wild (only present in
zo0os or botanical gardens), threatened (either critically endangered, endangered, vulne-
rable or rare), of lower concern (i.e. whose populations seem to be in a normal state)
and data deficient (i.e. whose present day status is unknown) [86, 87].

Modern day extinctions (neoextinctions) are for the most part due to human
impact, as opposed to geological "natural" extinctions (paleoextinctions) [43]. A taxon
is considered to be extinct when there is no reasonable doubt that the last individual has
died, i.e. when individuals have not been located in the wild over a period of 50 years
[86, 110].

Recent extinction rates in well documented groups (mammals and birds) are
one hundred to one thousand times faster than the average background rates [10, 108].
Looking towards the immediate future, likely extinction rates of a factor of ten thousand
above background can be expected. This represents a sixth great wave of extinction,
fully comparable with the five major mass extinctions (the "Big Five") of the geological
past: late Ordovician, late Devonian, late Permian, late Triassic and end-Cretaceous.
However, this time it is different in that it results from the activities of a single other
species, rather than from external environmental changes [16, 17, 108].

In contrast with terrestrial environments, very few marine species are regarded
as being extinct. Examples are the Rhodobionta Vanvoorstia bennetiana, the eelgrass
limpet Lottia alveus, the rocky shore limpet Colisella edmitchelli, the periwinkle Litto-
raria flammea, the horn snail Cerithidea fuscata, the Galapagos damselfish Azurina eu-
palama, the auk Pinguinus impennis, in the North Atlantic ocean (extinct in 1844),
Steller's sea cow Hydrodamalis gigas in the eastern Pacific (extinct in 1768) and the
Caribbean monk seal Monachus tropicalis [11, 40, 43, 65, 105, 115, 123, 141].

However, it is of interest to note that, if the definition of extinct species is
applied (species that have not been located in the wild over a 50 year period), there
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may be hundreds of species of invertebrates or macrophytes that have not been
recorded since the 19™ century or the early 20™ century. Are these species extinct, or is
it simply an artefact due to the poor knowledge of many groups of marine organisms?
We may have lost many more species than we suspect ("cryptic extinctions" [43]), and
the expected extinction of the systematists will not make it easy to answer this question.
As foretold by Carlton [43], "the future historians of science may well find that a crisis
that was upon us at the end of the 20" century was the extinction of the systematist, the
extinction of the naturalist, the extinction of the biogeographer — those who would tell
the tales of the potential demise of global marine diversity".

The Mediterranean monk seal Monachus monachus was formerly widespread
around the whole Mediterranean Sea, the Black Sea and the Western Atlantic. It has
become extinct in most of its range area. To date, according to the WWF, it is one of the
ten species in the world that are most threatened with extinction (critically endangered
species). It shares this status with inter alia the tiger Panthera tigris, the giant panda
Airulopoda melanoleuca, the Javan rhinoceros Rhinoceros sondaicus and the Indus river
dolphin Platanista minor. During the last 25 years, the total number of monk seals has
dropped from 1 000 to about 300 individuals, and of these 150-200 (a rather optimistic
census) are in the Mediterranean [3, 102, 103, 128, 131]. The reasons for the monk seal's
decline are (i) the reduction of its natural habitat (beaches, caves) because of coastal
development and tourism [119], (ii) overfishing of the fish stock on which it feeds,
which leads to individuals being scattered and stealing fish from fishers' nets [31, 32],
and (iii) its being destroyed by fishers [89]; this destruction is a consequence of the
previous point. Despite hundreds of public awareness leaflets, legal protection in most of
the Mediterranean countries and an impressive series of international Conventions aimed
at its protection (e.g. Washington, Bern and Barcelona Conventions), the monk seal is
still on the decline in the Mediterranean. This emphasizes the limited efficiency of legal
protection of a species, when habitat and feeding resource are not preserved. The only
site where a small population is on the increase is the Portuguese Island of Madeira,
within a Marine Protected Area [42, 48, 124].

Endangered species are species which have disappeared from fairly extensive
sectors and are threatened with extinction. However, in contrast with critically endan-
gered species, strong protection measures are likely to save them. For example, a mol-
lusk, the giant limpet Patella ferruginea, is on the brink of extinction. Formerly wide-
spread throughout the western Mediterranean, where it is an endemic, it now only sur-
vives in sparse populations in Corsica, Sardinia, Tunisia, Algeria and southern Spain
[30, 95, 96, 97, 126, 145]. Its decline has accelerated over the last 15 years. The reason
for the disappearance of this large species (sometimes over 10 ¢cm in diameter), which
lives in the midlittoral zone (i.e. slightly above mean sea level), is its being gathered by
humans either for consumption or for use as bait. In addition, individuals are male up to
4 cm in diameter and then become female; human gathering mainly hits larger indI-
viduals, i.e. female ones [57]. Finally, juvenile individuals often settle on adults, so
that gathering adults may also remove juveniles [94]. In the Scandula marine
Reserve (Corsica), the decline of Patella ferruginea is still going on (Table I). The
reason might be that the prevailing current, running south to north, which comes from
areas devoid of giant limpets, does not brings larvae into the reserve. As far as
larvae produced by the individuals harbored by the reserve are concerned, they are
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swept along by the current to outside the reserve [98]. The fate of P. ferruginea
illustrates the fact that protection of the habitat may prove to be inefficient, if the size of
the protected area is small, which is the case of the Scandula marine Reserve.

Table I. Decline over time of the mean density of the giant limpet Patella ferruginea in two sites of the
Scandula marine Reserve (Corsica). md = missing data. From [98].

Year Mean number of individuals per 100 m of shoreline
Northern shore of Gargallu cape Litizia cove
1983 md 25
1984 56 19
1987 md 21
1992 24 2

Vulnerable species are species which are still relatively common but whose
populations are dwindling rapidly, although not threatened with extinction in the
immediate future. Examples of species experiencing a steady and severe decline, at
least in some parts of the Mediterranean, are the Stramenopiles (Fucophyceae)
Cystoseira amentacea, C. mediterranea, C spinosa and C. zosteroides [9, 13, 18, 38],
the Mollusks Pinna nobilis, especially in the north-western Mediterranean [146], Luria
lurida and Zonaria pyrum, the seahorses Hippocampus ramulosus and H. hippocampus
[38, 106], the dusky grouper Epinephelus marginatus in the north-western
Mediterranean [44] and the sea-turtle Caretta caretta [64].

The noble pen shell Pinna nobilis is the largest Mediterranean mollusk: it can
reach a size of up to 100 cm and its life span exceeds 20 years [146, 147, 152]. In the
north-western Mediterranean, large adults are exceedingly rare, with mean densities of
less than one individual per hectare [134]. The reasons for the decline of P. nobilis are:
(i) Collection by divers for souvenirs. (i) Gathering for human consumption (locally)
and to feed fishes in fish farms (in Turkey). (iii) Breaking of shells by trawling. (iv) The
decline of its main habitat, the meadows of the seagrass Posidonia oceanica (see below)
[38, 146, 152].

The dusky grouper Epinephelus marginatus is unquestionably the most popular
of littoral fish along the western Mediterranean coasts [70]. In the north-western Mediter-
ranean, from Catalonia to Italy, it was common until the 1950s, but subsequently und-
erwent a dramatic decline. In the 1980s, a very few individuals (only adults) survived in
this area, probably migrants from southern areas [44]. Spear fishing and life traits were
clearly the main reasons for this local near-extinction: (i) Epinephelus marginatus is rather
easy to spear, due to its escape behavior to crevices, and is therefore very vulnerable to
spear fishing. (ii) It is a long living species: up to 50 years. First sexual maturity is reached
when individuals are 5 years old (40-50 cm long). (iii) It is a proterogynous hermaphrod-
ite. Young individuals are female. Sex reversal occurs mainly when they are 14-17 years
old (80-90 cm long): so older individuals are male. (iv) Finally, spawning is a very comp-
lex process which requires many individuals (reproductive aggregations) [38, 39, 44, 150,
151]. Since the late 1980s, some marine protected areas (MPAs; e.g. Medes Islands, Port-
Cros, Scandula and Lavezzi Islands) have made possible the recovery of dense populations
of E. marginatus, harboring both females and males, so that since the early 1990s,
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spawning events have been not uncommon within these MPAs. In addition, the spear
fishing of this species has been prohibited in France since 1993. Since then, juveniles
and subsequently adult dusky grouper have been observed outside the MPAs. Spear
fishermen often say: "The dusky grouper's recovery is not a consequence of the banning
of spear fishing, but of the current warming of the Mediterranean Sea". The surface
temperature of the Western Mediterranean did indeed rise (0.5-1.0°C) between the early
1960s and the late 1990s [19]. However, the dusky grouper was fairly common along
the French coasts before the current warm climatic episode, which means that warming
cannot explain its recovery, even if it may contribute to enhancing it.

2.3. Erosion of the marine ecodiversity

In the Mediterranean, the main threatened communities are the intertidal rims built by
Lithophyllum byssoides (Rhodobionta), the Neogoniolithon brassica-florida (Rhodobi-
onta) reefs, the vermetid (Gatropoda) platforms, the subtidal Posidonia oceanica sea-
grass meadow, several particular types of the Posidonia oceanica meadow (in particular
barrier-reefs) and the coralligenous, a deep sciaphilous community built by encrusting
calcareous Rhodobionta [28, 33, 34, 92, 112, 114].

The Lithophyllum byssoides rim is sensitive to pollution (especially hydrocar-
bons). The rims have died in French Catalonia, in the area of Marseilles (France) and in
the Gulf of Palermo (Sicily): bio-erosion (perforating organisms) no longer being
compensated for by bio-construction, the rims are progressively eroded and end up dis-
appearing [93, 135]. Bearing in mind the slowness with which they are built up, this
disappearance must be considered irreversible from the human point of view (even
when the causes of its death are believed to have been removed).

Vermetid platforms are vulnerable to domestic pollution, low salinity rain-
water and oil slicks. Sediment laden waters, as a consequence of coastal development
(urbanization or construction of coastal roads), may kill vermetid formations by
siltation [28, 92]. In addition, over-frequent walking over by tourists and amateur
fishermen damage the vermetids [28].

The Posidonia oceanica meadows have dwindled considerably, in particular in
the vicinity of the large urban centers. They are dwindling both at their lower limit (ri-
sing because of the water turbidity and the resulting deficit in light) and at intermediate
depths. In Italy, Ligurian meadows have lost about 10-30% of their surface area [21]. In
the Alicante region (Spain), 52% of the surface area has been lost [130]. In Marseilles
(France), close to 90% of the meadows mapped by Marion in 1883 [104] have today
disappeared. The causes are as follows [33, 34, 120, 121]: (i) Industrial and urban pol-
lution (P. oceanica is very sensitive to this), in particular detergents and nutrients [6]. (ii)
Turbidity, in reducing the limpidity of the water and the penetration of light to the deep.
Phytoplanktonic blooms, whose intensity is accentuated by eutrophy, have the same
impact. The result is a rising of the lower limit. (iii) Mooring of small boats [27]. (iv)
Trawling. In the area of Alicante (Spain), it is responsible for almost half the surface
area diminution in the meadow [130]. (v) Coastal development: ports, artificial beaches
and reclamations over P. oceanica meadows [113]. (vi) Alteration of the sediment flow.
A groyne perpendicular to the coastline results (in relation to coastal drift) in upstream
hypersedimentation and a shortage in sediment (with baring of the rhizomes)
downstream. The average maximum growth of orthotropic rhizomes being around
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5-7 cm per year [29], the vegetative apexes are buried and die if the annual sediment
input exceeds 5-7 cm. On the other hand, the bared rhizomes are vulnerable to water
movement and to trawling. In both cases, the P. oceanica meadows can be destroyed.

Reduction in limpidity in waters (pollution, turbidity) and silting constitute the
main threats to the coralligenous community. It is worth adding, locally, the over-fre-
quent visits by scuba divers: erosion by contact of coralline Rhodobionta and Bryozoa
(Retepora in particular), non-intentional breaking of gorgonians by beginners and deli-
berate tearing off of the red coral Corallium rubrum and the gorgonians Eunicella and
Paramuricea [71, 76, 142].

Outside the Mediterranean, major threats concern tropical mangroves and coral
reefs [58, 141, 143].

3. The early concept of protected areas

. . Incompatible uses
Protected Regional climate

Area 1 chanae
\ Invasive species
Altered /

nutrient Protected No gene-flow Protected

cycle —> Area 2 4—» Area 3

Fig. 1. Protected areas (e.g. 1 through 3) seen as "islands" of nature and tranquility surrounded by incom-
patible resource uses. Black arrows: negative impacts.

Until the late 1960s, the key concept behind protected areas was that they were areas
not materially altered by human exploitation or occupation, and that steps should be
taken by the competent authority to prevent or eliminate exploitation or occupation. So
protected areas were seen as "islands" of nature and tranquility surrounded by
incompatible resource uses [109, 127]. Yet such an "island" mentality is fatal in the
long term because protected areas will not be able to conserve biodiversity if they are
surrounded by degraded habitats that limit gene-flow, alter nutrient cycles, provide
invasive species and cause regional climate change which may ultimately lead to the
disappearance of these "island parks" (Fig. 1) [109].

Invasive species clearly illustrate this problem. The park boundary of the Port-
Cros National Park (France) offered no protection from the immigration of Caulerpa
taxifolia (Chlorobionta, Plantae), once it was present along the coasts of the French Ri-
viera [35, 49, 137, 138].

4. The modern concept of protected areas

Since the 1970s, the notion of protected areas has moved on to a more general
concept of nature conservation, then to a more dynamic one of nature
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management. Protected areas therefore need to be part of a broader regional approach
to land (and sea) management [2, 26, 109, 127]. Furthermore, it is recognized that cons-
erving nature requires a flexible approach in which local people should not to be
excluded a priori. This new perspective was first given full legitimacy in the World
Conservation Strategy [85] and was developed into practical advice at the 3™ World
National Parks Congress, held in Bali, Indonesia, in October 1982. The title of the
congress proceedings ("National parks, conservation and development: the role of
protected areas in sustaining society") gives a clear indication of the new direction
being advocated [109]. This approach (sustainable development) was then popularized
and formalized at the United Nations Conference on Environment and Development
(UNCED) in Rio de Janeiro in June 1992: "That range of activities and development
which enables the needs of the present generation of humans and all other species to be
met without jeopardizing the ability of the biosphere to support and supply the
reasonably foreseeable future needs of humans and all other species". Sustainable
development is thus a 4-corner concept (Fig. 2)

Future needs of other Needs of the future
species generations of humans

t t

Present needs of other _> Needs of the present

species generation of humans

Fig. 2. The 4-corner concept of sustainable development. There is a symbiosis between meeting the needs of
humans and those of other species, i.e. meeting the needs of other species helps supply those (economic,
sociological and cultural) of humans.

Nowadays, the aims of the Marine Protected Areas (MPAs) are six-fold. (i) To
set up conservatories for threatened species and habitats. (ii) To provide sites for public
education on the environment (e.g. underwater nature trails, public information
leaflets). (iii) To provide reference areas for scientific research. (iv) To provide
attractive landscapes for tourism (bathing, pleasure craft, snorkeling, diving). (v) To
establish no-take areas where fish density and sex-ratio make mating and spawning
possible, and which subsequently export eggs, larvae and adults to surrounding
unprotected areas and therefore enhance catches by fishermen. (vi) To manage the
different uses of the sea (e.g. commercial fishing, recreational fishing, pleasure boating
and tourism) in a rational way, so that they do not conflict with each other or with
conservation aims [2, 26, 52, 56, 101, 140, 144].

Marine Protected Area are often perceived by the public at large as well as
by the stakeholders and other users of coastal areas as a burdening collection of
prohibitions. Possible constraints generated by a MPAs are as follows: (i)
Prohibition of non-commercial collecting of fauna and flora. (ii) Prohibition of
spear fishing. (iii) Prohibition of recreational angling. (iv) Prohibition of all forms,
or only some forms (e.g. trawling), of commercial fishing. (v) Prohibition of scuba
diving. (vi) Prohibition of pleasure craft mooring and anchoring. (vii) Prohibition
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of boating. (viii) Prohibition of bathing [24]. According to these constraints, 5 levels
can be distinguished (Table II). Usually, the area of a MPA is zoned in such a way that
most MPAs include several levels (Fig. 3). It is worth noting that, even when there are
no apparent differences in the regulations existing inside (level 1) and outside (level 0)
an MPA, a major difference does exist: MPAs are usually the only sites where existing
legislation is enforced (e.g. mesh size and prohibition of trawling close to the shore).

Table II. The levels of constraints outside (level 0) and within (levels 1 through 5) Marine Protected Areas. +
= prohibited. - = non-prohibited. From [24].

Prohibition

Collection of fauna and flora
Spear gun fishing
Recreational angling
Commercial fishing

Scuba diving

Pleasure craft mooring and anchoring + - - - - -
Boating +/- - - - - _
Bathing +/- - - - - -
(a) Depending upon local or national legislation. (b) Trawling sometimes prohibited.
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Fig 3. An MPA with zones at different levels of constraints (1 through 5).

In fact, with the exception of spear fishing, prohibitions usually concern only a
small part of the MPA surface area. For example, if we consider the French Medi-
terranean Marine Protected Areas, commercial fishing is only banned in 7% of the total
MPA surface area (Table III). This is the case in the Port-Cros National Park: artisanal
fishing (i.e. small-scale commercial fishing) is possible in most of the area (1 380 ha),
with the exception of a few hectares (Fig. 4, 5) [26].
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Fig. 4. Regulation in the Marine Protected Area of Port-Cros National Park (Provence, France,
Mediterranean Sea). Spear fishing is prohibited in the whole area. Artisanal fishing authorized
everywhere, with the exception of bathing areas. Constraints to artisanal fishing: general legislation +
wider mesh size, limited number of gear types per fisher, prohibition of trawling and restriction of hook
use (long-lining included) to some sites and places. From Parc national de Port-Cros in [26].

Fig. 5. Localization (red lines) of fishing nets in the Port-Cros National Park, between March and September
2001. Cumulated data from 63 daily surveys. From [41].
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Table I1I. Main prohibited activities within French Mediterranean Marine Protected Areas, as a percentage of
the total surface area (nearly 9 000 ha). From [79].

Prohibited activity Percentage of the total surface area
Anchoring of pleasure boats 7%

Artisanal commercial fishing 7%

Scuba diving 17%

Recreational fishing (angling) 20%

Recreational fishing (spear fishing) 100%

5. Marine protected areas and coastal management

As far as fisheries are concerned, Marine Protected Areas can provide four basic bene-
fits [91, 148]: (i) Protection of critical functions (such as spawning grounds, feeding
grounds), (ii) protection of specific life stages (juvenile settlement, nursery grounds),
(iii) provision of spillover of exploited species and (iv) provision of dispersion centers
for supply of eggs and/or larvae (stock enhancement).

5.1. Interactions between artisanal fishing and nature conservation

The question which arises is twofold. Firstly, taking into account the constraints that
characterize the practice of artisanal fishing within an MPA like Port-Cros National
Park, does this activity threaten one of the major MPA's aims, nature conservation?
Answering this question is of great concern since artisanal fishing is an activity that is
profoundly rooted in Mediterranean customs and traditions. Secondly, do the
constraints imposed on artisanal fishing hinder that activity, for example reduce the
fishing effort, catch per unit effort (CPUE) and/or catch per surface area unit?

Benthic ecosystems in the Port-Cros National Park are healthy and habitat
diversity is well preserved: e.g. meadows of the seagrass Posidonia oceanica, the cor-
alligenous and sea-cave communities, and Cystoseira forests [5, 15, 73, 74, 83, 100].
Species diversity of macrophytes, invertebrates and fish is high [14, 55, 69, 80, 83,
118]. Of course, natural fluctuations may affect these populations, as a result of e.g.
warm water episodes and diseases [7, 36, 59, 76, 122]. As far as emblematic species are
concerned, the brown meager Sciaena umbra is not uncommon (1-4 individuals/ha)
though less abundant than in other Mediterrancan MPAs [75]. The population of the
dusky grouper Epinephelus marginatus is in steady expansion' (Table IV) [72, 77, 78].
The mean density of the noble pen shell Pinna nobilis is 9-11 individuals/ha (adults),
with much higher density, 100 individuals/ha, within its preferred habitat, the Posidonia
oceanica meadow [111]. In non-protected areas of the north-western Mediterranean,
mean adult density is less than one individual per hectare [134]. The success of Port-
Cros as a hot-spot for scuba diving confirms the quality of its species, habitat and
landscape (seascape) diversity, in particular fish density, which is particularly appealing
for divers. All in all, on the basis of present day knowledge of Port-Cros biodiversity, it
cannot be claimed that artisanal fishing, in the way it is done (see caption to Fig. 4),
seriously hinders one of the aims of the MPA, biodiversity conservation.

' Clearly, the prohibition of spear fishing, together with restriction of long-lining and the banning of trawling
play a major role in the expansion of Epinephelus marginatus population.
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Table IV. Patterns of change over time of the population (number of individuals) of the dusky grouper
(Epinephelus marginatus) of the Port-Cros National Park (ca 14 km?, France, Mediterranean Sea), censused
visually by snorkeling and scuba diving. md: missing data.

Year Gabiniére Island | Other sites | Total References
1973 7 8-11 15-18 unpublished data in [72]
1983-1987 23-28 md md [139]
1988-1989 29-34 md md [66]
1993 34 52 86 (1009 [72,77]
1996 84 76 160 [72,77]
1999 156 143 299 [77]
2002 210 200 410 [78]
 Estimate.

To answer the question in reverse (i.e. do the constraints imposed on artisanal
fishing within an MPA hinder that activity?) is more difficult. In the northwestern Medi-
terranean Sea, as well as in most coastal arcas worldwide, quantitative data on artisanal
fishing are scarce and quite difficult to compare, due e.g. to differences in the methods
used, the sampling season, the type of gear taken into account, the target species and to
the importance, usually unknown, of other catches (recreational fishing, trawling) and
the target stock. In addition, the surface area of the regions studied is not a reliable da-
tum, since it may include areas not suitable for artisanal fishing. In Port-Cros waters, the
mean number of fishers was, in summer, 1.8/d in 2000 and 2.8/d in 2001 [41]. The fis-
hing effort can be better estimated on the basis of the length of nets, or the number of
100 m net sections, per day and per ha (Table V). Comparison between Port-Cros MPA
and the non-protected surrounding area shows that fishing effort is not lower, and may
be higher, within the former than in the latter [41, Guerin, unpublished data]. As far as
CPUE (catch per unit effort) is concerned, on the basis of available data, fish yield
cannot be considered as lower at Port-Cros than in non-protected areas (Table V).

As a result, as far as the Port-Cros MPA is concerned, it seems that there is no
negative interaction between biodiversity conservation and artisanal fishing within a
MPA, at least in the way it is done there (see constraints in the caption to Fig. 4). This
may be also the case in other Mediterranean MPAs (Table V).

5.2. Possible reasons for the absence of negative interaction

In the Mediterranean, which accounts for one third of total world tourism, recreational
fishing catches, whether it be by spear fishing or angling, are far from negligible (2.8-
8.4 t/km?/a; Table VI) as compared to those of the artisanal fishing industry (1.9-6.2
t’/km?/a) [1, 18, 50, 51, 60], even if it must be emphasized that recreational fishing con-
cerns a much smaller surface area than artisanal fishing. The overlap between the
catches from spear fishing and angling is usually weak. In contrast, the overlap between
recreational and artisanal fishing may be significant [51, but see 53].

At Port-Cros Island, spear fishing has been prohibited since the
establishment of the National Park in 1963. Since 1999, angling has been
prohibited from the coast to the offshore limit of the park marine area (East and
South) and from the coast to 50 m offshore (North and West) (Fig. 4). If one
considers catches from recreational fishing in other coastal areas, this prohibition
can be seen to significantly relieve the fishing pressure on the Port-Cros fish stock.
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Table V. Data on artisanal fishing in some localities of the French Mediterranean coast. Fishing effort:
number of 100 m net sections per ha and per year (or day). CPUE: catch per unit effort, i.e. kg per 100 m of
fishing net and per day (= per outing). md: missing data. upd: unpublished data.

Locality MPA Surface Fishing CPUE Total catch | References
area effort

Cote Bleue No® | cal3km? | 0.07/ha/d 0.7-2.5 kg/ md [53]

(Provence) (summer) 100 m/d (summer)

Cote Bleue No* - md 0.7 kg/100 m/d md [90]

(Provence) (summer)

Riou Archipelago | No 21 km? 13.3/ha/a® md md [18]

(Provence)

Port-Cros (French | Yes 14 km? 5.4/ha/a ¢ 1.2 kg/100 m/d * 1.9-3.2 [41, 67,

Riviera) 0.8-1.2 kg/100 m/d © kg/ha/a " | Guerin,
1.4-1.5 kg/100 m/d upd]

Galeria-Ghjiru- Yes md md 1.1 kg/100m/d (April) md [99]

lata (Corsica) No* md md 1.0 kg/100 m/d (July) md

NW Corsica No md md 0.9 kg/100 m/d md [136]

Lavezzi Islands Yes 37 km? 7.9/ha/a 0.8-0.9 kg/ 6.2 kg/ha/a | [50]

(Corsica) 100 m/d

Bonifaziu straits Yes 800 km? md 1.4-2.9 kg/100 m/d md [54]

(Corsica)

* An MPA is present in the vicinity ("Parc Marin de la Cote Bleue"). ® Calculated from the author's data.
¢ Based upon [67]. ¢ Year 2001. ¢ Only target species. Conger conger and Muraena helena, for example, are
not taken into account. © Under-evaluation: value based upon the fishing log books of 6 out of the 9 fishers
who were observed fishing in Port-Cros waters.

Table VI. Catches from recreational fishing. The studied surface area or shore length are mentioned (in
brackets). md: missing data.

Locality Spear Angling Angling Total References
fishing from the | from a boat | recreational
shore (t/km*a fishing
(t/km?/a) (t/km/a) (t/km?/a)
Rayol-Canadel (French Riviera) 1.3 <0.1*" 0.2 28° [45]
(24km?) | (7.5km) (7.5 km?)
Port-Cros MPA (French Riviera) | Prohibited 02 0.4 % 8.4° [47]
(6km) | (14 km?)
Riou Archipelago (Provence) 1.3 0.1 1.3 63" [51]
(8.5 km?) (26 km) (21 km?)
Riou Archipelago (Provence) md md 1.1°¢ md [22]
(21 km?)
Cerbére-Banyuls MPA (French Prohibited 0.1¢ 0.5-1.1°¢ 45-51° [4]
Catalonia) (5 km) (5.8 km?)

a

Exact value: 0.033 t/km/a. ® At places where the different types of recreational fishing coexist, and
assuming that angling from the shore concerns a 25 m wide littoral belt. ¢ Calculated from the author's data. ¢
Later on (1999), angling from the shore was banned and angling from a boat restricted to some areas (see Fig.
4). © A lower value is mentioned by [51], due to miscalculation.

Furthermore, it must be emphasized that an apex predator, the monk seal Mon-
achus monachus, was formerly present in the area of Port-Cros National Park [102,
103]. In the absence of this fish-eating seal, a no-take area for artisanal fishermen would
not represent a natural environment since the seal's preys could proliferate and cause a
shift in the natural equilibrium. Fishermen may therefore contribute to mitigating the
ecological impact of the monk seal's local extinction.

Finally, the actual implementation of the general legislation within an MPA,
and the additional fishing constraints specific to the MPA (wider mesh size, banning of
trawling, etc.), put an end to overfishing increase the fish stock and subsequently cat-
ches [e.g.149].



42

5.3. Marine Protected Areas enhance fishery yield in adjacent areas

A large number of littoral fish species undergo a sex change over time. Some of these are
male when young, then become female. In contrast, others are initially female and subse-
quently become male. A consequence of these features is that, in overfished populations
(Fig. 6, left), one of the sexes can either become scarce or even absent. In addition, large
individuals may be lacking; the number of eggs laid by fish steadily increases with size
and age, so that a young female may lay up to 200-fold less eggs than an old one. Within
MPAs (Fig. 6, right), the simultaneous presence of females and males makes sexual
reproduction possible and old females are present. In addition, in some species, nuptial
pairing not only involves a mating pair but also requires the participation of a large
number of individuals, both adults and juveniles, a process only possible when fish
density is high and all age classes are present (i.e. diversified demographic structure). As
a consequence, MPAs export huge amounts of eggs and larvae to neighboring areas (Fig.
6, left and center). Furthermore, due to overpopulation, individuals continuously leave the
MPA to occupy unprotected adjacent areas (spillover), where they can be caught by
fishermen. In this way, MPAs can substantially contribute to maintaining profitable yields
in the regional fishing industry [8, 12, 37, 68, 91, 117, 125, 148]. In the Mediterranean, it
has been estimated (or hypothesized) that a large number of small MPAs, 200 to 1 000
ha, spaced 10 to 20 km apart, has a more positive effect than a few very large MPAs [24].
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Fig. 6. Reproduction of fish, as a function of the population demographic structure in an overfished area, a
Marine Protected Area (MPA) and an adjacent area. The MPA exports adults (spillover), eggs and larvae.
From [37], redrawn.

Is this a more or less theoretical view, or does this work? Many concrete exa-
mples suggest that this definitely works. In Spain, three years after the establishment of the
Tabarca no-take MPA (Alicante, Mediterranean), catches of high selling price fish species
(e.g. Sparus aurata) increased twofold (Fig. 7) [129]. On St Lucia (Caribbean), the
Soufriére Marine Management Area was set up in 1995. It encompassed a network of no-
take areas (35% of coral fishing grounds). Six years later, in 2001, catch per unit effort
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(CPUE) increased by 80% for small traps and by 36% for large traps; mean catch per trip
increased respectively by 90% and 46%, though fishing effort remained stable [140].

Marine 25 Catches
protected (t/year)
Area
2.0 mmm
1.5 L l
1.0

0.5

1984 1985 1986 1987 1988 1989
Fig. 7. Left: Catches of artisanal (commercial) fishing in an overfished area near Alicante (Spain). Center:
catches in the remaining fished area after the establishment of a no-take MPA. Right: change over time of cat-
ches of Sparus aurata. Arrow: the year of establishment of the MPA. From [129], redrawn.

The effectiveness of larvae exportation by a MPA was evidenced by Francour
and Le Diréac'h (in [79]) downstream of the Scandula MPA, Corsica (Table VII). The
analysis of harvesting models shows that no-take MPAs are part of an optimum harvest
designed to maximize yield [e.g. 68, 117].

Table VII. Evidence of fish larvae (Diplodus annularis) exportation from the Scandula MPA (Corsica, Medit-
erranean Sea). From Francour and Le Diréac'h (in [79]).

Current Locality Protection level Mean juvenile density/10m?*
North ‘ Galeria Gulf Unprotected 1.12

Elbu Bay MPA (no recreational fishing) 0.47

Gargalu No-take MPA 0.34
South Portu Gulf Unprotected 0.22

5.4. Marine protected Areas: a tool for integrated coastal management

Within an MPA, the zoning of the human activities, i.e. the separation of
conflicting activities in specialized zones (e.g. bathing, scuba diving, pleasure boat
mooring, recreational fishing) makes it possible to manage user conflicts and results in an
optimization of human activities for the benefit of both stakeholders and nature
conservation (Fig. 8). In this way, an MPA constitutes a scale model of what should be a
regional integrated coastal management policy, including MPAs and unprotected areas.

Obviously, MPAs, together with regional integrated management of user
conflicts, result in economic benefits, both for fishermen and the tourism industry,
in such a way that there should no longer be a need to try to set off environmental
values against economic values [8, 24, 129, 132, 133, 148]. For example, it has
been estimated that the tiny (20 km? of land and sea) Port-Cros National Park,
French Riviera, produces, directly and indirectly, a mean annual turnover of 300
ME per year [26, 84]. The total gross revenue generated by the Bonaire Marine
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Park (Caribbean Sea) was estimated at 23 M€ per year in 1991. This Park also
generated substantial employment with up to 750 local workers and 240 foreign
workers in park associated activities [91]. In Australia, the Great Barrier Reef attracts
about 1.8 million tourists valued at over $A 1000 million per year, compared to
estimates of $A 360 million for the annual worth of Great Barrier Reef fisheries [91].
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Fig. 8. Integrated management of user (yellow boxes) conflicts and nature conservation within a Marine
Protected Area, the Port-Cros National Park. Red arrows: negative interactions. Blue arrows: positive
interactions. Black arrows: management. 1: Dissemination of introduced species (e.g. Caulerpa taxifolia); 2:
Localization of introduced species stands; 3: Impact of mooring (e.g. on the seagrass Posidonia oceanica and
the coralligenous community); 4: increase of fish stock; 5: competition for fish stock harvesting; 6: effect on
Scuba divers safety. From [26].

6. Conclusions

The concept of sustainable development means that there is a symbiosis between
supplying the needs of humans and nature conservation. Accordingly, man, especially
local people, should not be excluded a priori from Marine Protected Areas (MPAs).

Although present day scientific data related to MPAs deal more with nature
conservation than with the economy, there is growing evidence that MPAs constitute a
powerful tool not only for natural heritage conservation but also for economic deve-
lopment (tourism industry, artisanal fisheries) and regional integrated management of
user conflicts, at least in temperate and warm seas.

The a la mode new concept of the Ecosystem Approach of Fisheries (EAF)
may be considered as an offshore generalization of the MPA's experience and success
story worldwide.

Many more MPAs should therefore be set up, for the benefit both of nature
conservation and of economic development.



45

7. Acknowledgements

The authors are indebted to Nicolas Gérardin and Philippe Robert (Port-Cros National
Park) for providing regulation data concerning the Port-Cros National Park, and to
Michael Paul for improving the English text.

8. References

1.

2.

10.

12.

13.

15.

16.

17.

18.

19.

Aboussouan, A. and Boutin, C. (1993) La péche professionnelle dans les eaux du Parc national de
Port-Cros. Parc national de Port-Cros et GIS Posidonie publ., Marseilles, 16 pp + Appendices 1-3.
Agardy, T.S. (1997) Marine protected areas and ocean conservation. Academic Press publ., San
Diego, 244 pp.

Anselin, A., Van Der Elst, M. des N., Beudels, R.C. and Devillers P. (1990) Analyse descriptive et
projet pilote préparatoire a une stratégie pour la conservation du phoque moine en Méditerranée
(Monachus monachus). Commission des Communautés européennes, Environnement et Qualité¢ de
vie, Rapport EUR 13448 FR, 62 pp.

Athias-Binche, F. (1996) Impact d'une réserve marine sur les zones périphériques. Domaine public
maritime et littoro-bathyal. Programme NATMAR (1992-1996), rapport final, Banyuls-sur-Mer,
Fr., 27 pp.

Augier, H. and Boudouresque, C.F. (1976) Végétation marine de I'ile de Port-Cros (Parc national).
XIII. Documents pour la carte des peuplements benthiques. Trav. sci. Parc nation. Port-Cros, Fr. 2,
9-22.

Augier, H., Monnier-Besombes, G. and Sigoillot, G. (1984) Influence des détergents sur Posidonia
oceanica (L.) Delile, in C.F Boudouresque., A. Jeudy de Grissac and J. Olivier (eds.), First
International Workshop on Posidonia oceanica beds, GIS Posidonie publ., Marseilles, pp. 407-418.
Azzolina, J.F., Boudouresque, C.F. and Nédélec, H. (1983) Seasonal and year-to-year changes of
the edible sea-urchin Paracentrotus lividus populations in the bay of Port-Cros (Var, France). Rapp.
P.V. Réun. Commiss. internation. Explor. sci. Médit 28 (3), 265-266.

Badalamenti, F., Ramos, A.A., Voultsiadou, E., Sanchez-Lizaso, L.J., Danna, G., Pipitone, C., Mas-
Fernandez, J.A.R., Whitmarsh, D. and Riggio, S. (2000) Cultural and socio-economic impacts of
Mediterranean marine protected areas. Environmental Conservation 27, 110-125.

Ballesteros, E., Sala, E., Garrabou, J. and Zabala, M. (1998) Community structure and frond size
distribution of a deep water stand of Cystoseira spinosa (Phaeophyta) in the Northwestren
Mediterranean. Eur. J. Phycol. 33, 121-128.

Balmford, A. (1996) Extinction filters and current resilience: the significance of past selection
pressures for conservation biology. Trends Ecol. Evol. 11 (5), 193-196.

Barber, B.J. (1997) Impacts of bivalve introductions on marine ecosystems: a review. Bulletin
nation. Res. Inst. Aquac., suppl. 3, 141-153.

Bell, J.D. (1992) The use of marine protected areas to enhance fisheries, in Economic impact of the
Mediterranean coastal protected areas, Ajaccio, 26-28 Septembre 1991, Medpan News, Fr. 3, 33-39.
Bellan-Santini, D. (1966) Influence des eaux polluées sur la faune et la flore marines benthiques
dans la région marseillaise. Techn. Sci. municipales, Fr. 61 (7), 285-292.

Belsher, T., Augier, H., Boudouresque, C.F. and Coppejans, E. (1976) Inventaire des algues
marines benthiques de la rade et des iles d'Hyéres (Méditerranée, France). Trav. sci. Parc nation.
Port-Cros, Fr. 2, 39-89.

Belsher, T. and Houlgatte, E. (2001) Carte de l'herbier a Posidonia oceanica et des principaux
faciés sédimentaires des fonds sous-marins du Parc national de Port-Cros (France). IFREMER
Publ., Brest, 1 map.

Benton, M..J. (1994) Palaeontological data and identifying mass extinctions. Trends Ecol. Evol. 9
(5), 181-185.

Benton, M..J. (1995) Diversification and extinction in the history of life. Science 268, 52-58.
Bernard, G., Bonhomme, P. and Daniel B. (1998) Archipel de Riou: étude socio-économique sur la
péche, la plaisance, la plongée et la chasse sous-marine. Périodes estivale et hivernale. Ville de
Marseille and GIS Posidonie, GIS Posidonie publ., Marseilles, 154 pp + Appendices.

Béthoux, J.P., Gentili, B. and Tailliez, D. (1998) Warming and freshwater budget change in the
Mediterranean since the 1940s, their possible relation to the greenhouse effect. Geophysical Res.
Letters 25 (7), 1023-1026.



46

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bianchi, C.N. and Morri, C. (2000) Marine biodiversity of the Mediterranean Sea: situation,
problems and prospects for future research; Mar. Poll. Bull. 40 (5), 367-376.

Bianchi, C.N. and Peirano, A. (1995) Atlante delle Fanerogame marine della Liguria. Posidonia
oceanica ¢ Cymodocea nodosa. Centro Ricerche Ambiente Marino, ENEA publ., La Spezzia, 146
pp-

Bonhomme, P., Bernard, G., Daniel, B. and Boudouresque, C.F. (1999) Archipel de Riou: édude
socio-économique sur la plaisance, la péche amateur, la plongée et la chasse sous-marine. Période
de printemps. Synthese sur un cycle annuel juillet 97-juin 98. Ville de Marseille and GIS Posidonie,
GIS Posidonie publ., Marseilles, 83 pp.

Boudouresque, C.F. (1995) The marine biodiversity in the Mediterranean: status of species,
populations and communities. United Nations Environment Programme, Mediterranean Action
Plan, Regional Activity Centre for Specially Protected Areas, Expert Meeting on endangered
species in the Mediterranean, Montpellier, France, 22-25 November 1995, UNEP(OCA)MED WG
100/inf.3, 46 pp.

Boudouresque, C.F. (1996) Impact de 'nomme et conservation du milieu marin en Méditerranée.
GIS Posidonie publ., Marseilles (ISBN 2-905540-21-4), 243 pp.

Boudouresque, C.F. (2002a) The spread of a non native species, Caulerpa taxifolia. Impact on the
Mediterranean biodiversity and possible economic consequences, in F. Di Castri and V. Balaji
(eds.), Tourism, Biodiversity and Information, Backhuys publ., Leiden, pp. 75-87.

Boudouresque, C.F. (2002b) Concilier protection et usages du milieu marin: I'expérience du Parc
national de Port-Cros. La Jaune et la Rouge, Fr. 575, 31-35.

Boudouresque, C.F., Arrighi, F., Finelli, F. and Lefévre, J.R. (1995a) Arrachage des faisceaux de
Posidonia oceanica par les ancres: un protocole d'étude. Rapp. P.V. Réun. Commiss. internation.
Explor. sci. Médit. 34, 21.

Boudouresque, C.F., Ballesteros, E., Ben Maiz, N., Boisset, F., Bouladier, E., Cinelli, F., Cirik, S.,
Cormaci, M., Jeudy de Grissac, A., Laborel, J., Lanfranco, E., Lundberg, B., Mayhoub, H., Mei-
nesz, A., Panayotidis, P., Semroud, R., Sinnassamy, J.M., Span, A. and Vuignier, G. (1990) Livre
rouge "Gérard Vuignier" des végétaux, peuplements et paysages marins menacés de Méditerranée.
Programme des Nations Unies pour I'Environnement publ., 250 pp.

Boudouresque, C.F., Jeudy de Grissac, A. and Meinesz, A. (1984) Relations entre la sédimentation
et l'allongement des rhizomes orthotropes de Posidonia oceanica dans la baie d'Elbu (Corse), in
C.F. Boudouresque, A. Jeudy de Grissac and J. Olivier (eds.), First International Workshop on
Posidonia oceanica beds, GIS Posidonie publ., Marseilles, pp. 185-191.

Boudouresque, C.F. and Laborel-Deguen, F. (1986) Patella ferruginea, in C.F. Boudouresque, J.G.
Harmelin and A. Jeudy de Grissac (eds.), Le Benthos marin de l'ile de Zembra (Parc National,
Tunisie). UNEP-IUCN-RAC/SPA, GIS Posidonie publ., Marseilles, pp. 105-110.

Boudouresque, C.F. and Lefevre, J.R. (1988) Nouvelles données sur le statut du phoque moine
Monachus monachus dans la région d'Oran (Algérie). GIS Posidonie publ., Marseilles, 30 pp.
Boudouresque, C.F. and Lefévre, J.R. (1992) Ressources alimentaires, phoque moine (Monachus
monachus) et stratégie de protection, in Environmental Encounters, Antalya, Turkey, 1-4 May
1991, Council of Europe publ., 13, pp. 73-78.

Boudouresque, C.F. and Meinesz, A. (1982) Découverte de l'herbier de Posidonie. Cah. Parc
nation. Port-Cros, Fr. 4,3 +79 pp.

Boudouresque, C.F., Meinesz, A., Ledoyer, M. and Vitiello, P. (1994) Les herbiers a phanérogames
marines, in D. Bellan-Santini, J.C. Lacaze and C. Poizat (eds.), Les biocénoses marines et littorales
de Meéditerranée, synthése, menaces et perspectives. Muséum National d'Histoire Naturelle publ.,
Paris, pp. 98-118.

Boudouresque, C.F., Meinesz, A., Ribera, M.A. and Ballesteros, E. (1995b) Spread of the green
alga Caulerpa taxifolia (Caulerpales, Chlorophyta) in the Mediterranean: possible consequences of
a major ecological event. Scientia marina 59 (suppl. 1), 21-29.

Boudouresque, C.F., Nédélec, H. and Shepherd, S.A. (1981) The decline of a population of the sea-
urchin Paracentrotus lividus in the bay of Port-Cros (Var). Rapp. P.V. Réun. Commiss. internation.
Explor. sci. Médit. 27 (2), 223-224.

Boudouresque, C.F. and Ribera, M.A. (1995) Les especes et les espaces protégés marins en
Méditerranée. Situation actuelle, problémes et priorités, in Les zones protégées en Méditerranée:
espaces, especes et instruments d'application des conventions et protocoles de la Meéditerranée,
Tunis, nov. 1993, CERP-CEM-ISPROM publ., Tun., pp. 93-142.



38.

39.

40.

41.

42.
43.
44,

45.

46.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

47

Boudouresque, C.F., Van Klaveren, M.C. and Van Klaveren, P. (1996) Proposal for a list of
threatened or endangered marine and brackish species (plants, invertebrates, fish, turtles and
mammals) for inclusion in appendices I, II and III of the Bern Convention. Council of Europe,
Document S/TPVS96/TPVS4SE, 964, 138 pp.

Bruslé, J. (1985) Exposé synoptique des données biologiques sur les mérous Epinephelus aeneus
(Geoffroy Saint Hilaire, 1809) et Epinephelus guaza (Linnaeus, 1758) de I'Océan Atlantique et de
la Méditerranée. Synopsis sur les péches, FAO publ., Rome, 129, 64 pp.

Busch, B.C. (1985) The war against the seals, a history of the north American seal fishery. McGill-
Queen's University Press, Kingston and Montreal, 374 pp.

Cadiou, G., Le Direach, L., Bernard, G. and Boudouresque, C.F. (2002) Suivi de I'effort de péche
professionnelle dans les eaux du Parc national de Port-Cros. Année 2001. Parc national de Port-
Cros and GIS Posidonie, GIS Posidonie publ., Marseilles, 42 pp. + Appendices.

Caltagirone, A. (1995) The Mediterranean monk seal. RAC/SPA publ., Tunis, 71 pp + 7 pl.

Carlton, J.T. (1993) Neoextinctions of marine invertebrates. Amer. Zool. 33, 499-509.

Chauvet, C. (1991) Statut d'Epinephelus guaza (Linnaeus, 1758) et éléments de dynamique des
populations méditerranéenne et atlantique, in C.F. Boudouresque, M. Avon and V. Gravez (eds.),
Les espeéces marines a protéger en Méditerranée, GIS Posidonie publ., Marseilles, pp. 255-275.
Chavoin, O. and Boudouresque, C.F. (1997) Données préliminaires sur la fréquentation
plaisanciére, la péche amateur, la plongée et le tourisme balnéaire au Rayol-Canadel-sur-Mer et a
Cavalaire (Var, France). GIS Posidonie publ., Marseilles, 98 pp + 7 Appendices.

Clark, J.A. and May, R.M. (2002) Taxonomic bias in conservation research. Science 297, 191-192.
Combelles, S. (1991) Péche amateur dans les eaux du Parc national de Port-Cros; Rapport
d'enquéte. Document préalable au rapport final. Contrat d'Etude Parc national de Port-Cros N°
8604983400 PC, Hyeres, 16 pp.

Costa Neves, H. (1992) The monk seal (Monachus monachus). Conservation and monitoring on the
Desertas Islands, Madeira, in Environmental Encounters, Antalya, Turkey, 1-4 May, 1991, Council
of Europe publ., 19, pp. 21-24.

Cottalorda, J.M., Robert, P., Charbonnel, E., Dimeet, J., Menager, V., Tillman, M., Vaugelas, J. de
and Volto, E. (1996) Eradication de la colonie de Caulerpa taxifolia découverte en 1994 dans les
eaux du parc National de Port-Cros (Var, France), in M.A. Ribera, E. Ballesteros, C.F.
Boudouresque, A. Gémez A. and V. Gravez (eds.), Second international workshop on Caulerpa
taxifolia, Univ. Barcelona publ., pp. 149-155.

Culioli, J.M. (1995) La péche professionnelle dans la réserve naturelle des iles Lavezzi (Corse):
efforts de productions. Mémoire DES, University of Montpellier 11, Fr., 148 pp.

Daniel, B., Bonhomme, P., Guillaume, B. and Boudouresque, C.F. (1998) La péche amateur dans
l'archipel de Riou (Marseille, Méditerranée occidentale). Analyse des pratiques. Essai de
quantification de l'effort de péche et des captures. Ville de Marseille and GIS Posidonie publ.,
Marseilles, 63 pp + Appendices.

Dayton, P.K., Sala, E., Tegner, M.J. and Thrush, S. (2000) Marine reserves: parks, baselines, and
fishery enhancement. Bull. mar. Sci. 66 (3), 617-634.

Delaunay, A. (2003) La péche professionnelle "aux petits métiers" et la péche amateur autour de la
réserve marine de Carry-le-Rouet (Bouches-du-Rhone, France). Mémoire DESS Economie et
Environnement, University of Aix-Marseille 2, Fr., 72 pp.

Ehlinger, L. (2001) Rendement des filets trémails dans la Réserve naturelle des Bouches de
Bonifacio (Corse). Evolution et optimisation. Mémoire Dipléme Etudes sup. approf., University of
Corsica, 50 pp. + Appendices.

Francour, P. and Chauvet, C. (1993) Présence de Epinephelus alexandrinus (Valenciennes, 1828)
dans la zone maritime du Parc national de Port-Cros. Sci. Rep. Port-Cros nation. Park, Fr. 15, 279-
283.

Francour, P., Harmelin, J.G., Pollard, D. and Sartoretto, S. (2001) A review of marine protected
areas in the northwestern Mediterranean region: siting, usage, zonation and management. Aquatic
Conserv.: mar. freshw. Ecosyst. 11, 155-188.

Frenkiel, L. (1975) Contribution a I'étude des cycles de reproduction des Patellidae en Algérie.
Pubbl. Staz. zool. Napoli 39 (suppl.), 153-189.

Gardner, T.A., Coté, LM., Gill, J.A., Grant, A. and Watkinson, A.R. (2003) Long-term region-wide
declines in Caribbean corals. Science 301, 958-960.



48

59.

60.

61.

63.
64.
65.

66.

68.
69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Garrabou, J., Perez, T., Sartoretto, S. and Harmelin, J.G. (2001) Mass mortality event in red coral
Corallium rubrum populations in the Provence region (France, NW Mediterranean). Mar. Ecol.
Progr. Ser. 217,263-272.

Geronimi, 1. (1988) Introduction a la péche artisanale de la région Calvi-Galeria. Présentation de
l'activité et étude de la production halieutique. Etude des paramétres de croissance de trois espéces
d'intérét économique. Mémoire de Maitrise, University of Corsica, 30 pp + 8 pp.

Gould, S.J. (1991) On the lost of a limpet. Natural History 100, 22-27.

Gray, J.S. (2000) The measurement of marine species diversity, with an application to the benthic
fauna of the Norwegian continental shelf. J. exp. mar. Biol. Ecol. 250, 23-49.

Gray, J.S. (2001) Marine diversity: the paradigms in patterns of species richness examined. Scientia
marina 65 (suppl. 2), 41-56.

Groombridge, B. (1990) Les tortues marines en Méditerranée: distribution, populations, protection.
Conseil de I'Europe publ., Strasbourg, 116 pp.

Groombridge, B. (1993) 1994 IUCN red list of threatened animals. IUCN publ., Gland,
Switzerland, lvi + 286 pp.

Groupe d'Etude du Mérou (1996) Le mérou brun en Méditerranée. GEM publ., Hyéres, Fr., 28 pp.
Guerin, B. (2003) Approche descriptive de 'activité de péche aux "petits métiers". Le cas des iles
d'Hyéres (Var, France). Mémoire Diplome Agronomie Approfondie, Spécialité halieutique, Univ.
Rennes, Fr., 50 pp.

Hall, S.D. (1998) Closed areas for fisheries management. The case consolidates. Trends Evol. Ecol.
13 (8), 297-298.

Harmelin, J.G. (1973) Bryozoaires de I'herbier de Posidonies de I'ile de Port-Cros. Rapp. P.V. Réun.
Commiss. internation. Explor. sci. Médit. 21 (9), 675-677.

Harmelin, J.G. (1993) Invitation sous I'écume. Cah. Parc nation. Port-Cros, Fr. 10, 1-83.

Harmelin, J.G. (1995) Gorgones. Les plus beaux ornements de Méditerranée sont-ils menacés?
Océanorama, Fr, 24, 3-9.

Harmelin, J.G. (1999) Visual assessment of indicator fish species in Mediterranean Marine
Protected Areas. Naturalista sicil. 23 (suppl.), 83-104.

Harmelin, J.G. (2003) Biodiversité des habitats cryptiques marins du parc national de Port-Cros
(Méditerranée, France). Assemblages de bryozoaires d'une grotte sous-marines et des faces
inférieures de pierres. Sci. Rep. Port-Cros nation. Park, Fr. 19, 101-115.

Harmelin, J.G., Boury-Esnault, N., Fichez, R., Vacelet, J. and Zibrowius, H. (2003a) Peuplement de
la grotte sous-marine de 1'lle de Bagaud (Parc national de Port-Cros, France, Méditerranée). Sci.
Rep. Port-Cros nation. Park, Fr. 19, 117-134.

Harmelin, J.G. and Marinopoulos, J. (1993) Recensement de la population de corbs (Sciaena umbra
Linnaeus, 1758: Pisces) du Parc national de Port-Cros (Méditerranée, France) par inventaires
visuels. Sci. Rep. Port-Cros nation. Park, Fr. 15, 265-276.

Harmelin, J.G. and Marinopoulos, J. (1994) Population structure and partial mortality of the
gorgonian Paramuricea clavata (Risso) in the North-Western Mediterranean (France, Port-Cros
Island). Marine Life 4 (1), 5-13.

Harmelin, J.G. and Robert, P. (2001) Evolution récente de la population du mérou brun (Epine-
phelus marginatus) dans le Parc national de Port-Cros (France, Méditerranée). Sci. Rep. Port-Cros
nation. Park, Fr. 18, 149-161.

Harmelin, J.G., Robert, P. and Cantou, M. (2003b) Recensement de la population de mérou brun
(Epinephelus marginatus) du Parc national de Port-Cros: premiers résultats de la campagne
"Philippe Tailliez" du 7 au 11 octobre 2002. Parc national de Port-Cros and Groupe d'Etude du
Mérou, Fr., 11 pp.

Harmelin, J.G., Sartoretto, S., Francour, P., Boudouresque, C.F., Bellan-Santini, D. and Vacelet, J.
(1998) Création d'une aire marine protégée dans l'archipel de Riou: proposition de plans de gestion.
Direction de I'Environnement et des Déchets, Ville de Marseille and Centre d'Océanologie de
Marseille, 198 pp.

Harmelin-Vivien, M. (1982) Ichtyofaune des herbiers de Posidonies du Parc national de Port-Cros.
1. Composition et variations spatio-temporelles. Trav. sci. Parc nation. Port-Cros, Fr. 8, 69-92.
Harmelin-Vivien, M., Francour, P. and Harmelin, J.G. (1999) Impact of Caulerpa taxifolia on Me-
diterranean fish assemblages: a six year study, in Proceedings of the workshop on invasive
Caulerpa in the Mediterranean. Heraklion, Crete, Greece, 18-20 March 1998. UNEP publ., Athens,
Greece, pp. 127-138.



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

49

Henry, M., Stevens, H. and Carson, W.P. (2001) Phenological complementarity, species diversity
and ecosystem function. Oikos 92, 291-296.

Hereu, B., Zabala, E. and Ballesteros, E. (2003) On the occurrence of a population of Cystoseira
zosteroides Turner and Cystoseira funkii Schiffner ex Gerloff et Nizamuddin (Cystoseiraceae,
Fucophyceae) in Port-Cros National Park (Northwestern Mediterranean, France). Sci. Rep. Port-
Cros nation. Park, Fr. 19, 93-99.

IRAP, 1999. Etude des retombées du Parc national sur 'activité économique et sur I'emploi. Parc
National de Port-Cros and IRAP publ., Annecy, Fr., 76 pp.

TUCN, 1980. The World Conservation Strategy: living resource conservation for sustainable
development. [UCN/UNEP/WWF, IUCN publ., Gland, Switerland.

IUCN, 1994. Catégories de I'TUCN pour les Listes Rouges. IUCN Species Survival Commission,
TUCN publ., Gland, Switerland, 21 pp.

IUCN, 2000. TUCN guidelines for the prevention of biodiversity loss caused by alien invasive
species. SSC Invasive Species Specialist Group. Univ. Auckland publ., New-Zealand, 15 pp.
Jackson, J.B.C. and Johnson, K.G. (2001) Measuring past biodiversity. Science 293, 2401-2404.
Jacobs, J. and Panou, A. (1988) Conservation of the Mediterranean monk seal, Monachus
monachus, in Kefalonia, Ithaca and Lefkada Isl., Ionian Sea, Greece. Institut royal des Sci. nat.
Belgique, Projet ACE 6611/28, 221 pp.

Jouvenel, J.Y. and Bachet, F. (2002) Programme de suivi des peuplements ichtyologiques de la
réserve marine Richard Fouque du Cap Couronne. Rapport final, bilan 1995 a 2001. Aquafish
Technology and Parc marin de la Cote Bleue, Fr., 25 pp.

Kenchington, R., Ward, T. and Hegerl, E. (2003) The benefit of marine protected areas. Common-
wealth of Australia publ., 20 pp.

Laborel, J. (1987) Marine biogenic constructions in the Mediterranean. Sci. Rep. Port-Cros nation.
Park, Fr. 13, 97-126.

Laborel, J., Boudouresque, C.F. and Laborel-Deguen, F. (1994) Les bioconcrétionnements littoraux
de Méditerranée, in D. Bellan-Santini, J.C. Lacaze and C. Poizat (eds.), Les biocénoses marines et
littorales de Meéditerranée, synthése, menaces et perspectives, Muséum National d'Histoire
Naturelle publ., Paris, pp. 88-97.

Laborel-Deguen, F. (1985) Biologie et répartition de Patella ferruginea. Trav. sci. Parc nat. rég.
Rés. nat. Corse, Fr. 2, 41-48.

Laborel-Deguen, F. and Laborel, J. (1990) Nouvelles données sur la patelle géante Patella fer-
ruginea Gmelin en Méditerranée. 1. Statut, répartition et étude des populations. Haliotis 10, 41-54.
Laborel-Deguen, F. and Laborel, J. (1991a) Statut de Patella ferruginea Gmelin en Méditerranée, in
C.F. Boudouresque, M. Avon and V. Gravez (eds.), Les espéces marines a protéger en
Méditerranée, GIS Posidonie publ., Marseilles, pp. 91-103.

Laborel-Deguen, F. and Laborel, J. (1991b) Nouvelles observations sur la population de Patella
ferruginea Gmelin de Corse, in C.F. Boudouresque, M. Avon and V. Gravez (eds.), Les espéces
marines a protéger en Méditerranée, GIS Posidonie publ., Marseilles, pp. 105-110.

Laborel-Deguen, F., Laborel, J. and Morhange, C. (1993) Appauvrissement des populations de la
patelle géante Patella ferruginea Gmel. (Mollusca, Gasteropoda, Prosobranchiata) des cotes de la
Réserve marine de Scandola (Corse du Sud) et du Cap Corse (Haute Corse). Trav. sci. Parc nat.
rég. Rés. nat. Corse 41, 25-32.

Le Diréach, L., Cadiou, G. and Boudouresque, C.F. (2002) Mise en place d'un suivi de l'effort de
péche professionnelle dans la réserve naturelle de Scandola (Corse). Données 2000-2001. Parc
naturel régional de Corse and GIS Posidonie, GIS Posidonie publ., Marseilles, 63 pp.

Loques, F., Bellone, E., Meinesz, A. and Villette, M. (1995) Cartographie sous-marine du Parc
national de Port-Cros (Var, France). II. La zone protégée de la baie de La Palud. Sci. Rep. Port-
Cros nation. Park, Fr. 16, 129-133 + 1 map.

Malakoff, D. (2001) Reserves found to aid fisheries. Science 294, 1807-1809.

Marchessaux, D. (1989a) Recherches sur la biologie, 1'écologie et le statut du phoque moine
Monachus monachus. GIS Posidonie publ., Marseilles, 280 pp.

Marchessaux, D. (1989b) Distribution et statut des populations du phoque moine Monachus
monachus (Hermann, 1779). Mammalia 53 (4), 621-642.

Marion, A.F. (1883) Esquisse d'une topographie zoologique du golfe de Marseille. Ann. Mus. Hist.
nat. Marseille 1, 6-108.



50

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

Marion, R. and Sylvestre, J.P. (1993) Guide des Otaries, Phoques et Siréniens. Delachaux and
Niestlé publ., Switzerland, 159 pp.

Maurin, H. and Keith, P. (1994) Le livre rouge. Inventaire de la flore menacée de France. Nathan
publ., Paris,: 175 pp.

May, R. (1997) L'inventaire des espéces vivantes. L'évolution. Dossier Hors-série Pour la Science,
Fr., 40-47.

May, R.M. (1999) What we do and do not know about the diversity of life on Earth in A. FARINA
(ed.), Perspectives in Ecology, Backhuys publ., Leiden, pp. 33-40.

McNeely, J.A. (1994) Protected areas for the twenty-first century: working to provide benefits for
Society. Unasylva 176, 45, 3-7.

McNeely, J.A., Miller, K.R., Reid, W.V., Mittermeier, R.A. and Werner, T.B. (1990) Conserving
the world's biological diversity. IUCN publ., Switzerland.

Medioni, E. and Vicente, N. (2003) Cinétique des populations de Pinna nobilis dans les zones
interdites au mouillage et des zones autorisées. Parc national de Port-Cros and University of Aix-
Marseille I, Fr., 15 pp. + 4 pl.

Meinesz, A., Astier, J.M., Bodoy, A., Cristiani, G. and Lefévre, J.R. (1982) Impact de
l'aménagement du domaine maritime sur 1'étage infralittoral des Bouches du Rhone (France,
Méditerranée occidentale). Vie Milieu 32 (2), 115-124.

Meinesz, A. and Lefevre, J.R. (1978) Destruction de l'étage infralittoral des Alpes-Maritimes
(France) et de Monaco par les restructurations de rivage. Bull. Ecol. 9 (3), 259-276.

Meinesz, A., Lefévre, J.R. and Astier, J.M. (1991) Impact of coastal development on the infra-
littoral zone along the southern Mediterranean shore of continental France. Mar. Poll. Bull. 23, 343-
347.

Millar, A.JK. (2001) The world's first recorded extinction of a seaweed, in 17" international
Seaweed Symp., Cape-Town, South Africa. Abstracts, 94.

Naeem, S. and Li, S. (1997) Biodiversity enhances ecosystem reliability. Nature 390, 507-509.
Neubert, M.G. (2003) Marine reserves and optimal harvesting. Ecology Letters 6, 843-849.

Noél, P. (2003) Les crustacés du Parc national de Port-Cros et de la région des iles d'Hyeres
(Méditerranée), France. Etat actuel des connaissances. Sci. Rep. Port-Cros nation. Park, Fr. 19,
135-306.

Oztiirk, B. (1992) Adeniz foku Monachus monachus. Anahtar KITAPLAR publ., Istanbul, 215 pp.
Paillard, M., Gravez, V., Clabaut, P., Walker, P., Blanc, J.J., Boudouresque, C.F., Belsher, T.,
Urscheler, F., Poydenot, F., Sinnassamy, J.M., Augris, C., Peyronnet, J.P., Kessler, M., Augustin,
JM., Le Drezen, E., Prudhomme, C., Raillard, J.M., Pergent, G., Hoareau, A. and Charbonnel, E.
(1993) Cartographie de I'herbier de Posidonie et des fonds marins environnants de Toulon a Hyeéres
(Var, France). Reconnaissance par sonar latéral et photographie aérienne. Notice de présentation.
IFREMER and GIS Posidonie publ., Marseilles, 36 pp. + 3 maps.

Péres, .M. (1984) La régression des herbiers a Posidonia oceanica, in C.F. Boudouresque, A.
Jeudy de Grissac and J. Olivier (eds.), First international Workshop on Posidonia oceanica beds,
GIS Posidonie publ., Marseilles, pp. 445-454.

Perez, T., Garrabou, J., Sartoretto, S., Harmelin, J.G., Francour, P. and Vacelet, J. (2000) Mortalité
massive d'invertébrés marins: un événement sans précédent en Méditerranée nord-occidentale. C.R.
Acad. Sci., Life Sci. 323, 853-865.

Phillips, J.A. (1998) Marine conservation initiatives in Australia: their relevance to the conservation
of macroalgae. Botanica marina 41, 95-103.

Pires, R. and Costa Neves, H. (2000) Monk seal sightings on open beaches in the Desertas Islands,
Madeira Archipelago. Monachus Guardian, Canada 3 (1), 70-71.

Planes, S., Galzin, R., Garcia-Rubies, A., Goni, R., Harmelin, J.G., Le Diréach, L., Lenfant, P.and
Quetglas, A. (2000) Effects of marine protected areas on recruitment processes with special
reference to Mediterranean littoral ecosystems. Environmental Conservation 27 (2), 126-143.
Porcheddu, A. and Milella, 1. (1991) Apergu sur I'écologie et sur la distribution de Patella ferru-
ginea (L.) Gmelin 1791 en mers italiennes, in C.F. Boudouresque, M. Avon and V. Gravez (eds.),
Les espéces marines a protéger en Méditerranée, Gis Posidonie publ., Marseilles, pp. 119-128.
Raffin, J.P. (2001) De la "mise a part" au "vivre avec": approche d'une histoire des concepts de
protection de la nature. La Jaune et la Rouge, Fr. 566, 45-47.

Ramade, F. (1990) Conservation des écosystémes méditerranéens: enjeux et perspectives.
Fascicules du Plan Bleu, PNUE-CAR/PB, Diff. Economica, Paris, xvi + 144 pp.



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

51

Ramos, A.A. (1992) Impact biologique et économique de la réserve marine de Tabarca (Alicante,
Sud-Est de 1'Espagne). Economic impact of the Meditarranean coastal protected areas, Mepan
News, Fr. 3, 59-66.

Ramos-Espla, A.A., Aranda, A., Gras, D. and Guillén, J.E. (1994) Impactos sobre las praderas de
Posidonia oceanica (L.) Delile en el SE espailol: necesidad de establecer herramientas de ordena-
miento y gestion del litoral, in Actes du colloque scientifique "Pour qui la Méditeranée au 21° sie-
cle? Villes des rivages et environnement littoral en Méditerranée”, Okéanos, Montpellier, pp. 64-
69.

Reijnders, P.J.H. (1997) Seal specialist group. Species 29, 49-50.

Ribera Siguan, M.A. (1992a) Réserve des iles Medes et fréquentation touristique régionale. Econo-
mic impact of the Mediterranean coastal protected areas, Ajaccio, 26-28 September 1991, Medpan
News, Fr. 3, 51-57.

Ribera Siguan, M.A. (1992b) La réserve marine des iles Medes: bilan d'un succes imprévu, in Atti
del 2° Convegno internazionale "Parchi marini del Mediterraneo, Problemi e Prospettive”, San
Teodoro, 17-19 May 1991, Ital., pp. 152-161.

Richardson, C.A., Kennedy, H., Duarte, C.M., Kennedy, D.P. and Proud, S.V. (1999) Age and
growth of the fan mussel Pinna nobilis from south-east Spanish Mediterranean seagrass (Posidonia
oceanica) meadows. Marine Biology 133, 205-212.

Riggio, S., Calvo, S., Frada-Orestano, C., Chemello, R. and Arculeo, M. (1994) La dégradation du
milieu dans le golfe de Palerme (Sicile Nord-Ouest) et les perspectives d'assainissement, in Actes
du colloque scientifique "Pour qui la Meéditerranée au 21° siecle? Villes des rivages et
environnement littoral en Méditerranée”, Okéanos, Montpellier, pp. 82-89.

Riutort, J.J. (1989) Premiere estimation des captures et de I'effort de péche déployé par les "petits
métiers" sur le littoral Nord-Ouest de la Corse. Etude de la biologie des principales espéces cibles.
Station de recherche sous-marine et océanographique Stareso publ., Calvi, Corsica, 133 + 18 pp.
Robert, P. (1996) Recherche de I'algue Caulerpa taxifolia dans les eaux du Parc National de Port-
Cros, in M.A. Ribera, E. Ballesteros, C.F. Boudouresque, A. Gomez and V. Gravez (eds.), Second
international workshop on Caulerpa taxifolia, Univ. Barcelona publ., Spain, pp. 99-100.

Robert, P. and Gravez, V. (1998) Controle de l'algue Caulerpa taxifolia dans le Parc National de
Port-Cros (Var, France), in C.F. Boudouresque, V. Gravez, A. Meinesz and F. Palluy (eds.), Third
international workshop on Caulerpa taxifolia, GIS Posidonie publ., Marseilles, pp. 79-87.

Robert, P., Perrocheau, D., Gerardin, N. and Vix, J.M. (1987) Comptage des mérous de 1'1lot de La
Gabiniére, Parc national de Port-Cros, été 1983. Trav. sci. Parc nation. Port-Cros, Fr. 13, 129-131.
Roberts, C.M., Bohnsack, J.A., Gell, F., Hawkins, J.P. and Goodridge, R. (2001) Effects of marine
reserve on adjacent fisheries. Science 294, 1920-1923.

Roberts, C.M. and Hawkins, J.P. (1999) Extinction risk in the sea. Trends Ecol. Evol 14 (6), 241-
246.

Sala, E., Garrabou, J. and Zabala, M. (1996) Effects of diver frequentation on Mediterranean
sublittoral populations of the bryozoan Pentapora fascialis. Mar. Biol. 126, 451-459.

Salvat, B., Haapkild, J. and Schrimm, M. (2002) Coral reef protected areas in international
instruments. World Heritage Convention, World network of Biosphere Reserves, Ramsar
Convention, CRIOBE-EPHE, Moorea, French Polynesia, xi + 196 pp.

Sumaila, U.R., Guénette, S., Alder, J.and Chuenpagdee, R. (2000) Addressing ecosystem effects of
fishing using marine protected areas. /CES J. mar. Sci. 57, 752-760.

Templado, J. (1995) La conservacion del medio marino en Espafia. Fronteras Ciencia Tecnol,

Spain 9, 22-26.

Vicente, N. and Moreteau, J.C. (1991) Statut de Pinna nobilis L. en Méditerranée (Mollusque
Eulamellibranche), in C.F. Boudouresque, M. Avon and V. Gravez (eds.), Les espéces marines a
protéger en Méditerranée. GIS Posidonie publ., Marseilles, pp. 159-168.

Vicente, N., Moreteau, J.C. and Escoubet, P. (1980) Etude de I'évolution d'une population de Pinna
nobilis L. (Mollusque eulamellibranche) au large de I'anse de la Palud (Parc national sous-marin de
Port-Cros, France). Trav. sci. Parc nation. Port-Cros, Fr. 6, 39-67.

Ward, T. and Hegerl, E. (2003) Marine Protected Areas in ecosystem-based management of
fisheries. Natural Heritage Trust, Commonwealth of Australia publ., 66 pp.

Welcomme, R.L. (1999) A review of a model for quantitative evaluation of exploitation levels in
multispecific fisheries. Fisheries Managem. Ecol. 6, 1-19.



52

150.

151.

152.

Zabala, M., Garcia-Rubies, A., Louisy, P. and Sala, E. (1997a) Spawning behaviour of the
Mediterranean dusky grouper Epinephelus marginatus (Lowe, 1834) (Pisces, Serranidae) in the
Medes Islands Marine Reserve (NW Mediterranean, Spain). Scientia marina 61 (1), 65-77.

Zabala, M., Louisy, P., Garcia-Rubies, A. and Gracia, V. (1997b) Socio-behavioural context of
reproduction in the Mediterranean dusky grouper Epinephelus marginatus (Lowe, 1834) (Pisces,
Serranidae) in the Medes Islands marine reserve (NW Mediterranean, Spain). Scientia marina 61
(1), 79-89.

Zavodnik, D., Hrs-Brenko, M. and Legac, M. (1991) Synopsis on the fan shell Pinna nobilis L. in
the eastern Adriatic Sea, in: C.F. Boudouresque, M. Avon and V. Gravez (eds.), Collogue
international "Les espéces marines a protéger en Méditerranée”. GIS Posidonie publ., Marseilles,
pp. 169-178



DAMAGE CONTROL IN THE COASTAL ZONE: IMPROVING WATER
QUALITY BY HARVESTING AQUACULTURE-DERIVED NUTRIENTS

Dror L. Angel

Woods Hole Oceanographic Institute
Woods Hole, Massachusetts, USA
dror@mit.edu

Timor Katz and Noa Eden
Interuniversity Institute of Eilat
P.O.B 469, Eilat 88103 Israel

Ehud Spanier
The Leon Recanati Centre for Maritime Studies
University of Haifa, 31905 Israel

Kenny D. Black
Scottish Association for Marine Science
Oban PA37 104, UK

Abstract

There is a clear relationship between nutrient enrichment and the eventual deterioration
of coastal water quality (eutrophication). Eutrophication occurs when the rate of
nutrient supply exceeds its transformation or removal rate and excess nutrients
stimulate excess biological production. This imbalance may be corrected to varying
degrees by enhancing certain natural biological/ecological attributes (ecosystem
services), such as the removal of particles by means of filter feeding animals. This topic
is addressed by means of a case study - aquaculture in coastal waters. We begin by
examining the impacts related to the release of nutrient-rich effluents from a
commercial fish farm in the oligotrophic Gulf of Aqaba. This is followed by
description of 3 approaches that have been tested as means to capture and remove
aquaculture effluents, as an example of how we may enhance the sustainability or
reduce the environmental impacts of commercial activities. These approaches include
placement of detritus feeding grey-mullets in benthic enclosures on the organically
enriched seafloor below commercial fish cages, mooring artificial reefs as benthic
biofilters next to fish farms and deployment of pelagic biofilters in the water column,
adjacent to fish cages.
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Introduction

The most heavily populated areas worldwide are the coastal regions and the
environmental implications of such human density are manifold (Small and Nicholls,
2003). Nutrient enrichment, eutrophication and such phenomena as water column
hypoxia, benthic anoxia and harmful algal blooms are among the biggest problems
confronting managers in estuarine and coastal waters (Bricker et al. 1999, NRC 2000).
Among the various activities contributing nutrients to the coastal nutrient pool, fish
farming has been implicated as an increasingly important factor (McGinn 1998).
Although the scale of marine aquaculture in most European waters is small, relative to
other nutrient-producing activities, it is a rapidly growing industry and must be
considered and monitored, alongside other nutrient-emitters in the coastal zone.
Aquaculture may serve as a good model to quantitatively examine the in-situ, large-
scale environmental impacts of marine nutrient enrichment. Most fish farms accurately
document their feed inputs and for many of the commercial feeds the nutrient release
rates have been determined. Thus, aquaculture is very conducive to the study of point-
source nutrient inputs and implications. In the following we will use a case study -
aquaculture in the Gulf of Aqaba - to explore some ways in which effluents released
from cage aquaculture affect their surroundings. Moreover, we will describe several
approaches whereby these effluents may be captured and harvested, thereby reducing:
a) their flux into the marine environment and b) their environmental impacts.

Study area and site

The Gulf of Agaba is a semi-enclosed sea extending northeastward from the Red Sea
and surrounded by deserts. Four countries share this unique body of water: Saudi
Arabia, Jordan, Israel and Egypt. The Gulf is very narrow, reaching only 26 km wide at
its widest point, and very deep, with an average depth of 800 m, and reaching 1,800 m
deep in some areas. The waters of the Gulf of Aqaba are warm (annual range is 20 - 26
C) and highly saline (41 psu), due to the high evaporation rates (1 cm/d) (Reiss &
Hottinger 1984). The Gulf boasts some of the most diverse, complex and attractive
coral reefs worldwide, consisting of more than 300 sub-species of coral, over 1,000
species of fish and many more invertebrate taxa. These are also the world's northern-
most coral reef ecosystems, due most likely to the surrounding desert areas. While the
reefs are biologically mature and stable, they are also vulnerable to a number of
environmental hazards. The foreseeable dangers to the Gulf of Agaba reefs include
hydrochemical (oil) spills, organic enrichment (mainly from sewage), inorganic
nutrients (mostly phosphates), tourist activities and coastal development (Atkinson et
al. 2001).

Two commercial net pen fish farms, Ardag and DagSuf, operate at the northern end of
the Gulf of Eilat. In our studies, we have focused the bulk of our work on the Ardag
farm which is closer to shore. The Ardag fish farm is situated 300-500 m from shore
and close to the Israeli-Jordanian border. The mean annual current velocity is less than
10 cm s, though in winter flow rate may occasionally be as rapid as 35 cm s™ (Brenner
et al. 1988, 1991). The dominant component of the flow at the fish farm location is east
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to west, however there are frequent erratic changes in both flow direction and velocity.
The water temperature ranges from 21°C in winter to 26°C in summer (Reiss and
Hottinger 1984). The Ardag farm consists of three parallel pontoons (pontoon length,
150-200m), each with 10 pairs of cylindrical floating net cages (mean dimensions: 13m
diameter, 10m deep), moored perpendicular to the predominant current direction (Katz
et al. 2002, Eden et al. 2003). The major fish species reared in the cages is gilthead

seabream, Sparus aurata, stocked at between 20 to 25 kg-m™ . The natural, unenriched
sediments near the farm consist of fine sand that support a wide variety of invertebrates
and Halophila stipulacea (seagrass) beds (Fishelson, 1971). The organically-enriched
sediments, below the fish cages, are often covered by microbial mats that consist
mainly of benthic sulfur bacteria (Beggiatoa spp.) and cyanobacteria (Angel et al.
1995).

Aquaculture impacts in the Gulf of Aqaba

The influence of the fish farms on the marine environment is largely related to the
effluents released from the cages to the surrounding waters. Between 1996 and 1999,
nutritional studies showed that 1.79 ton of feed were required to produce 1 ton of
gilthead sea bream (Lupatsch and Kissil 1998), however the actual feed conversion
ratio was between 2.3 - 2.6. The nutrient budget calculated from these studies indicated
that 68% of the nitrogen (N), 29% of the phosphorus (P) and 56% of the carbon
provided in the feed was released to the environment as dissolved compounds, while
9% of the N, 42% of the P and 15% of the C in the feed descended to the seafloor as
particulate matter.

In an attempt to get a general notion regarding the dispersal of dissolved compounds
from the fish farms to the surrounding waters, a hydrodynamic model (Princeton Ocean
Model) was employed with a passive tracer, using data from the Gulf of Aqaba. This
model yielded worst-case scenarios since it focused on dissolved nitrogen which is not
an inert tracer at all (Angel et al. 1998). The model predicted very limited local impact
during the winter months due to high background nitrogen levels in this season (deep
vertical mixing) yet up to a fourfold increase in local N levels during summer, when the
water column is stratified and N levels are barely measureable. The model also showed
that the impact decreases with distance from the fish farms.

The flux of particulate organic carbon (POC) to the sediment, as measured under the
Ardag farm, varied between 4.5-12.7 g C M d”' (Angel et al. 1995, 1998). The input of
particulate organic matter (POM) to the sediment as measured by loss-on-ignition (LOI)
varies seasonally with higher input in summer than in winter months. Unpublished data
indicate that despite increased fish production, there was a decrease in summer LOI
levels between 1990-1999, possibly resulting from improvements in feed quality and
feeding strategies. The studies conducted below the Ardag fish farm indicated that
farm-impacted sediments are restricted to the immediate vicinity of the farm (Angel et
al. 1995, Angel et al. 1998, Eden et al. 2003). Decomposition rates of the organic matter
in the enriched sediments under the Ardag fish cages based on oxygen demand were
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2.740.5, 5.843.1 and 5.4+1.3 gC m? d' for July, August and September 1998,
respectively (Katz 2000), very similar to the mean rate (5.3 g C m™ d™') previously
determined by Angel et al. (1995) based on ammonia flux data. Although
sedimentation rates were higher than decomposition rates, Angel et al. (1995) did not
find accumulation of organic matter in the sediments under the fish farm and they
suggested that occasional strong bottom currents and bioturbation may be responsible
for lateral transport and additional OM decomposition.

Due to the organic enrichment the sediments under the fish cages contain high
concentrations of dissolved nitrogen, phosphorus and hydrogen sulfide and low
concentrations of dissolved oxygen (DO). Concentrations of dissolved nitrogen,
phosphorus and hydrogen sulfide in the sediment porewater decreased while the
concentrations of DO at the sediment surface increased with increasing distance from
the farm (Angel et al. 1995, Eden et al. 2003). In summer (May-October) the porewater
nutrient levels in the sediment below the farms were higher than the winter
concentrations (November-March). Undisturbed sediments did not contain measurable
H,S in the top 3 cm. Ammonia, nitrate, nitrite and phosphate concentrations in the
water column near the fish farms were generally under detection limit (Angel et al.
1998). The ammonia concentrations recorded on the Jordanian side of the northern
shore of the Gulf of Eilat (nearshore) were consistently higher than the concentrations
measured at an offshore reference station during 1994-1995 (Badran and Foster 1998).
Ammonia concentrations at this station reached a peak of 0.12-0.25 uM between March
and June 1995; whereas nitrite and nitrate peaked at 0.25-0.38 pM and 1.2pM,
respectively. Angel et al. (1998) measured 0-40 nM (0 - 0.04uM) phosphate in the
vicinity of the fish farms, which was not significantly higher than that recorded at an
offshore reference station. The phosphate concentrations recorded at a nearby sampling
station on the Jordanian side of the north shore were somewhat higher (100 nM) in
spring and lower again in summer (30 nM) (Badran and Foster 1998).

On several occasions, chlorophyll a concentrations were measured near the fish farms
and these were 2-4 times higher around the fish cages (0.35-0.55 pg/l) as compared
with an open water reference station (0.15-0.35 pg/l) (Angel et al. 1998). In subsequent
diurnal studies carried out in October 2002 and August 2003 there were not significant
differences between chl a concentrations measured at the fish cages and at a reference
site (Angel and Katz, unpublished). Badran and Foster (1998) observed high chl a
concentrations (>0.60 pg 1) towards the end of winter-early spring and low
concentrations during summer at the northern tip of the Gulf of Aqaba, on the
Jordanian side of the border. Similarly high levels of chlorophyll were not detected at
any of the other stations sampled, including the port of Aqaba, the industrial area, an
offshore station and a distant coral reef. Long term monitoring in the middle of the Gulf
of Eilat (this station is located several km south of the north shore where the fish farms
are situated) revealed a gradual increase in chl a concentrations, from 0.1 pg I in 1995
to 0.4 pg 1" in 2000 (Genin and Zakai 2000). It was argued that this increase correlated
well with the increase in commercial fish production from @1000 ton year” in 1995 to
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about 2000 ton year in 2000, but the expansion of the towns of Eilat and Agaba, and
all related activities, during this period were ignored.

The enriched sediments under Ardag fish farm are usually covered by Beggiatoa
(bacterial) mats while the sediments up to 100m away from the farm are covered by
pigmented mats comprised of a complex microbial community, including Beggiatoa
spp., filamentous cyanobacteria, euglenoids, pennate diatoms and ciliates (Angel et al.
1992, 1995). The mats undergo seasonal changes wherein the filamentous
cyanobacteria dominate in summer and fall and Beggiatoa spp. and Euglena spp.
dominate during winter and spring. Occasionally during winter strong bottom currents
erode the mats, strongly reducing the organic content of the surface sediments, however
the mat communities generally reestablish and recover at the begining of spring.

Live benthic foraminifera were found under the Ardag fish farm in the early 1990’s and
peak abundances were recorded near, but not below the farm (Angel et al. 2000). The
abundance of live foraminifera showed negative correlation with sediment porewater
ammonia values but no correlation was found with any of the other geochemical
variables. Strauss (2000) found that meiofaunal assemblages under the Ardag farm
were dominated by Nematoda, although Ciliophora and Turbellaria were also
occasionally abundant. In the unenriched sediments, Nematoda, Harpacticoid
Copepoda and Gastrotricha were the major taxa. The over-all meiofauna density,
taxonomic richness and taxonomic diversity increased with increasing distance from
the fish cages. Increased abundances of the opportunistic mud snail Nassarius
sinusigerus were observed in the vicinity of the Ardag fish farm since 1995 (Eden et al.
2003). A peak in abundance was found some distance from the farm and its position
was apparently related to the geochemical conditions in the sediment. The Eilat net-
cage fish farms attract many pelagic and reef fishes by virtue of the shelter and
nutritional opportunities they provide. Angel et al. (1995) observed large groups of
goatfish (Parupeneus forsskalii) and rabbitfish (Siganus rivulatus) feeding from the
sediment in the highly impacted sediments below the fish cages.

The fish reared in the cages occasionally experience outbreaks of parasitic diseases and
there is concern that these may spread to the wild fish living just outside the net cages
(Diamant et al. 1999). Net cage mariculture may also expose wild fish populations to
new diseases and may amplify existing diseases. The pathogenic Mycobacterium was
not detected among S. rivulatus during studies conducted in the 1970’s and 1980’s.
However, since 1990 when it was first detected in farmed sea bass, Dicentrarchus
labrax (Colorni 1992) the prevalence of the disease increased dramatically in both
farmed fish and in wild rabbitfish (Diamant et al. 2000). The pathogen was identified as
Mycobacterium marinum (Knibb et al. 1993) and may be a local strain (Ucko and Kvitt
2000).

Although there have been numerous "releases" over the past decade (mainly the result
of fish cages breaching during storms, and cage nets being torn by predators and human
poachers) of farm-reared gilthead seabream to the Gulf, it is not clear whether these
fish have had any effect on the icthyofauna or other marine communities in the Gulf of
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Aqaba. Sparus aurata is a native of the Mediterranean Sea and is probably not one of
the Lessepsian migrants that entered the Gulf of Agaba via the Suez Canal (i.e. it is not
endemic to the Gulf of Aqaba).

Reducing aquaculture effects on the environment

As indicated above, most of the nitrogen and phosphorus in the food that is offered to
fish reared in net pens is not retained by the fish, but is released to the surrounding
waters. The bulk of the nitrogen effluent is released as dissolved forms - mainly
ammonia and urea - that are rapidly assimilated by the surrounding biota. The
remainder is released from the fish cages as dissolved and particulate organic N that
may be taken up by suspension and filter feeders or fall to the seafloor, where it may
enter the benthic food web. Phosphorus effluents follow similar pathways and are
partitioned to water column and benthic food webs. In the following, 3 scenarios will
be described wherein fish farm effluents may be captured and harvested in order to
reduce the enrichment of the marine environment in these nutrients.

1. MULLET-ENHANCED BIOREMEDIATION OF AQUACULTURE-ENRICHED
SEDIMENTS

As described above, one of the more prominent effects of intensive fish farming is an
organically-enriched seafloor under the cages. Several approaches have been proposed
to deal with the accumulated organic material (reviewed in Beveridge 1996), including:
a) physical removal by suctioning methods, b) mechanical "harrowing" of the
sediments to oxygenate these and c) site rotation. In the early 1990's, Porter et al.
(1996) carried out preliminary observations on the use of the grey mullet, Mugil
cephalus to reduce the benthic organic load under fish cages and observed that the idea
had merit. This approach was subsequently re-examined in the context of a larger
experimental study. Katz et al. (2002) argued that the grey mullet has commercial value
and by deploying this fish in benthic enclosures on the seafloor, below commercial fish
cages, this detritivore fish may take up sediment organic matter (harvesting the fish
constitutes removal of fish farm effluents) while serving as a supplementary “crop” (i.e.
this may act as an incentive for farmers to deploy them below fish cages).

The aim of this study was to determine whether, and to what extent, mullet activity
(feeding, digging and swimming) could reduce the organic load, diminish sediment
hydrogen sulfide levels and increase the dissolved oxygen level in the seabed, thereby
reducing the impact of fish farms on the benthos. In 1998, four 1 m’ benthic enclosures
(open on the bottom so mullets could feed from the sediments) were stocked with grey
mullets, while 3 identical enclosures without mullets, and three 1 m” patches of bare
sediment, served as references. Sediment cores were taken from the treatments initially
and after 70 days to determine whether there were changes in dissolved oxygen, total
dissolved sulfides, water content and organic matter, and macrofauna abundance, as a
result of mullet presence/activity. Chemical analyses indicated that there was significant
improvement in the sediments (lower sulfide and higher oxygen levels) within the
mullet enclosures in comparison to the references. The benthic chemical changes were
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accompanied by a surprising increase in the population of mud snails (Nassarius
sinusigerus) exclusively within the mullet enclosures; a likely product of improved
sediment conditions, or exclusion of snail predators (or both). Although the mullets
were not fed in the course of this 2-month in sifu experiment, they grew significantly
and clearly ingested and assimilated particulate organic matter from the enriched
seafloor (Lupatsch et al. 2003).

While foraging for food, the mullets stirred up the sediment and ultimately caused the
removal of the upper Scm layer of the organically-enriched sediments. The sediment
removal from the square meter plot was equivalent to 2.6 kg organic carbon and
corresponded to a mean carbon removal rate of 20.6 g m™ d”'. Although this trial has
not been upscaled, the results suggest that deployment of active detritivores, such as
grey mullets, in benthic enclosures under net cage fish farms may be a viable means,
with an important economic spin, to reduce some of the detrimental impacts of
intensive mariculture.

2. BENTHIC BIOFILTERS BELOW FISH FARMS

The seabed under intensive net-cage fish farms is often barren and devoid of macro-
invertebrates (Pearson and Black 2001) in comparison to the nearby unenriched
sediments that support undisturbed endemic invertebrate communities. Whereas this is
generally true of the seafloor under the Ardag farm, structures and surfaces that are
suspended above the seafloor support diverse communities of invertebrates and fish
(cite). These observations served as the basis for an experiment (Angel et al. 2002) to
test the feasibility of creating artificial reefs below fish farms as a means to trap some
of the aquaculture effluents and to boost the locally-depressed biological diversity.

Two triangular-shaped structures (volume 8.2 m’®) constructed from porous durable
polyethylene were deployed in March 1999 at 20 m depth; one below the Ardag farm
and the other 500 m west of this farm in order to monitor the colonization of these reefs
by the local fauna and to determine whether the reef community can remove fish farm
effluents from the water. Both reefs became rapidly colonized by a wide variety of
organisms. Despite the differences between the fish farm and the reference sites, the
communities that developed on the reefs were quite similar. During the first year fish
abundances ranged 518-1185 individuals per reef and the number of species ranged
between 25-42 species per reef. In addition, the reef communities included benthic
algae, bryozoa, tunicates, bivalves, polychaetes, sponges, anemones, crustaceans, sea
urchins, gastropods, crinoids and corals.

The biofiltration potential (ability to trap planktonic particles) of the reefs was
measured by sampling water upstream and downstream of the structures and recording
differences in chlorophyll a concentration in these. Chlorophyll a concentrations were
reduced on the downstream side by as much as 15-35% as compared to ambient
concentrations and the reefs removed particles with highest efficiency at intermediate
current speeds (3-10 cm s™). In conclusion, the reef structures provided a platform for
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settlement and recruitment of a diverse community of benthic and pelagic organisms
that would not have developed on the seabed and thereby boosted local biodiversity.
The reefs also enabled the recruitment of stony corals; a locally-endangered taxon. In
addition, the organisms associated with the benthic structures consumed planktonic
organisms (and probably detrital particles released from the fish farm too; see below)
and as such, served as a barrier reducing the broadcast of organic compounds
associated with fish farm effluents.

Whereas the benthic biofilter concept (Angel et al. 2002) is promising as a means to
limit fish farm impacts, it cannot yield net removal of aquaculture effluent from the sea
because the biomass associated with the artificial structures is not harvested. Once the
associated biomass reaches a steady state, the benthic biofilters serve as a conduit for
carbon, nutrients and energy emitted from the fish cages. This conclusion prompted the
design of a follow-up study to examine the performance of harvestable biofilters
deployed in the water column around fish farms.

3. PELAGIC BIOFILTERS AROUND AQUACULTURE NET CAGES

Although the seafloor under intensive aquaculture cages is often organically enriched,
nutrient budgets indicate that the bulk of the nutrients released from fish farming are
not in the form of large particles but rather as dissolved compound or very fine particles
with a wider range of dispersion (e.g. Lupatsch and Kissil 1998). In order to capture the
aquaculture nutrients before they are dispersed, it is possible to establish biofilters in
the water column, around the fish cages. It was this rationale, as well as the need to
harvest the biofilter biomass (see above) that lead to the formation of the
interdisciplinary project BIOFAQs; a study to examine the use of removable pelagic
structures to harvest aquaculture effluents (Black 2003).

In order to examine this concept along a pan-European transect, 4 study sites were
selected, including Oban, Scotland; Piran, Slovenia; Crete, Greece; Eilat, Israel. At
each of these sites 8 sets of pelagic biofilter arrays were deployed; 4 arrays adjacent to
a fish farm and another 4 arrays at a nearby reference site (Spanier et al. 2003).
Biofilter arrays consisted of a series of net-mesh cylinders attached to a horizontal and
a vertical framework and moored in an upright position in the water column by means
of buoys and floats. The composition and biomass of the communities that developed
on the biofilters were recorded during the first year as well as their biofiltration activity.
In the following, we will only present data from the Eilat study site.

There was a steady temporal increase in biofilter biomass at the fish farm site,
following deployment, up to an upper limit, whereafter excess biomass sloughed off.
From a practical point of view, this finding serves as an indication of the appropriate
time (< 9 months) to harvest the biofilters in order to optimize removal of farm
effluents. It appears that it does not pay to harvest the biofilters prematurely since the
developed communities are more efficient at effluent removal than the "young" ones. In
contrast to the fish farm site, biofilters at the reference site were practically devoid of
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biomass during the first 6 months; probably the result of intense grazing activity
(Spanier et al. 2003). Because we did not quantify grazing rates, it is impossible to
accurately assess biomass accumulation rates. Moreover, it is not clear whether there
were different grazing pressures on the biofouling communities at the fish farm site as
compared to the reference site, but in the absence of any information, we must assume
that the grazing rates were similar. It is also noteworthy that natural grazing on the
biofilter communities leads to loss of harvestable material from these structures to the
surrounding environment.

Biofouling communities on the cylindrical biofilters were very diverse. The community
succession began with macroalgae which eventually became overgrown by successive
layers of sessile invertebrates, including bryozoans, polychaetes, sponges, tunicates,
hydrozoans (Spanier et al. 2003). Motile invertebrates, including sea urchins,
gastropods and crustaceans generally appeared intermittently at later stages, and many
of the biofilters had schools of fish associated with them. Although many of the
biofilters were covered by communities that were predominantly heterotrophic in
composition, there were biofilters that supported considerable macroalgal and coralline
algal biomass, but there was a clear decrease in the relative abundance of algae with
depth.

One of the central questions in this study was whether the biofouling communities
associated with the biofilters consumed fish farm effluents. Short-term grazing
experiments indicated that there was rapid uptake of phytoplankton by the biofilter
communities at both the fish farm and the reference sites. However, the biofouling
growth rate was much higher at the fish farm site. Because there was no difference in
phytoplankton abundance between the fish farm and reference sites, this suggests that
the biofouling communities on the biofilters at the fish farm site thrive on non-living
farm-derived detritus. This deductive evidence was supported by another set of
unrelated data. A stable isotope study was conducted to trace the flow of nitrogen from
the farmed fish to the surrounding environment (Lojen et al. 2003, Lojen et al. 2004).
This study indicated that as much as 60 % of the food assimilated by the biofilter
communities, at the fish farm site originated in the fish farm effluents.

This study has clearly shown that biofilters can trap fish farm effluents, but the question
then is whether the amount of nutrients retrieved is significant relative to the fluxes
released. Division of the fish farm nutrient release rates by the calculated biofilter
uptake/removal rates yields numbers of biofilters that are unwieldy and therefore
impractical, however, this calculation assumes 100% nutrient removal. If we attempt to
remove a more modest proportion of effluent nutrients and couple that effort with
cultivation of economically-lucrative biofiltering organisms (e.g. mussels or seaweeds)
on artificial substrates around fish farms, this may be a more attainable objective with
both environmental value and economic incentive.
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Summary and conclusions

Net cage aquaculture has the potential to impact its surroundings, yet if best-practice
measures are exercised (proper site selection, prudent husbandry, efficient
management, etc.) these impacts may be substantially reduced. In addition to
preventive measures, it is possible to capture the effluents discharged from fish cages
by employing a variety of innovative actions to reduce organic loading in the fish farm
environs, while providing aquaculturists with an economic incentive. Such activities
include the use of detritivorous fish or invertebrates to harvest particulate organic
matter from enriched seabeds; deployment of artificial reefs under fish farms to provide
recruitment surface area and habitat to organisms that can help process the farm
effluents; establishment of harvestable "benthic communities" in the water column
around fish cages to trap and assimilate suspended and dissolved farm effluents. It is
possible, therefore, that the provision of solid substrates (and possibly also seeding
these with desireable biofiltering organisms) to enhance biological filtering activity
around finfish farms, accompanied by harvesting of this biomass, will make coastal
aquaculture a more acceptable and sustainable industry.
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A MODULAR STRATEGY FOR RECOVERY AND MANAGEMENT OF
BIOMASS YIELDS IN LARGE MARINE ECOSYSTEMS
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Narragansett, RI 02882 USA

1. Abstract

During the decade since the 1992 United Nations Conference on Environment and
Development, considerable movement has been made by international organizations
engaged in ocean affairs to move nations toward adopting ecosystem-based assessment
and management strategies. The 191 nations, including 82 heads of state, participating
in the 2002 World Summit on Sustainable Development in Johannesburg agreed to a
plan of implementation (POI) that encourages nations to apply the ecosystem approach
to marine resource assessment and management practices by 2010, and maintain or
restore fish stocks to levels that can produce maximum sustainable yield levels by
2015. To achieve these targets will require an improved understanding and assessment
of the effects of physical, biological and human forcing causing changes in biomass
yields of large marine ecosystems (LMEs). An international financial mechanism, the
Global Environment Facility (GEF), is assisting developing countries in meeting the
Summit targets by supporting LME assessment and management projects. Of the 29
LMEs for which published case study information is available for analyses of principal
forces driving changes in biomass yields, fishing effort was the primary forcing
mechanism in 14 LMEs; climate forcing was the principal factor in 13 LMEs,
eutrophication in one case and the data were inconclusive in another. Fishing effort
was a secondary driver of change in biomass yields in the LMEs driven by climate
forcing. Mitigating actions for reducing fishing effort to promote recovery of lost
biomass yield is proving successful in one case study. Actions for improving forecasts
of oceanographic conditions affecting fish stocks are underway in four GEF supported
LME projects (e.g. Humboldt Current, Canary Current, Guinea Current, Benguela
Current); measures to assess and manage excessive fishing effort are planned for 8
LME projects, eutrophication reduction and control in another, and 6 LMEs with
relatively stable decadal biomass yields appear suitable for mandating precautionary
total allowable catch (TAC) levels. The GEF-LME projects include countries that
contributed to 45% of global marine biomass yields in 1999.
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2. Ecosystem Based Fishery Assessments

Countries around the globe are concerned about the degraded condition of their coastal
ecosystems from excessive fishing effort, degraded habitats, eutrophication, pollution
aerosol contamination, and emerging diseases. To redress these issues, and move
countries toward more sustainable use of ocean resources, 82 heads of state and senior
government representatives from 191 countries attending the World Summit on
Sustainable Development held in Johannesburg in September 2002, agreed to a Plan of
Implementation (POI). One of the more important actions in the Summit POI is the
commitment to move ahead to meet two important fisheries related targets: (1) to
introduce ecosystem-based assessment and management practices by 2010; and (2)
restore depleted fish stocks to maximum sustainable yield levels by 2015. Although
advances were made toward similar objectives in the 10 years since the 1992 UN
Conference on Sustainable Development in Rio (UNCED), the general results, were
limited. Among the most positive outcomes was the establishment of the Global
Environmental Facility (GEF) as a financial mechanism to assist developing nations
address global environmental issues affecting resource sustainability.

Following a three-year pilot phase, the Global Environment Facility was formally
launched to forge cooperation and finance actions in the context of sustainable
development that address critical threats to the global environment including:
unsustainable fishing practices, biodiversity loss, climate change, degradation of
international waters, ozone depletion, and persistent organic pollutants. Activities
concerning land degradation, primarily desertification and deforestation as they relate
to these threats, are also addressed. GEF projects are implemented by the United
Nations Development Program (UNDP), UN Environment Program (UNEP), UN
Industrial Development Program (UNIDO) and the World Bank and expanded
opportunities exist for other executing agencies.

During its first decade, GEF allocated $US 3.2 billion in grant financing, supplemented
by more than $US 8 billion in additional financing, for 800 projects in 156 developing
countries and those in economic transition. All six thematic areas of GEF, including
the land degradation cross-cutting theme, have implications for coastal and marine
ecosystems. Priorities have been established by the GEF Council in its Operational
Strategy adopted in 1995. Of the six areas, the biodiversity and international waters
focal areas have been utilized by developing States more than other areas to address
marine resources and environmental issues. The biodiversity programs were
developed with guidance from the Conferences of the Parties (COPs) of the
Convention on Biological Diversity (CBD) while the international waters focal area
was designed to be consistent with Chapters 17 and 18 of UNCED Agenda 21.

In the 2™ report of the UN Consultative Process on Ocean Affairs [1] the GEF’s role in
assisting developing countries to address concerns of the marine environment was
highlighted. Reference was made to the GEF’s use of “Large Marine Ecosystems” for
building capacity of States to utilize sound science in improving management of the
coastal and marine environment. Large Marine Ecosystems (LMEs) are relatively large
regions of ocean space equal to or greater than 200,000 km® characterized by unique
bathymetry, hydrography, and trophically dependent populations [2][3].
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Large Marine Ecosystems of the World
with Linked Watersheds
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Figure 1. Large marine ecosystems of the world and linked watersheds

Since 1993, the National Oceanic and Atmospheric Administration (NOAA-Fisheries) has
been cooperating with the GEF, the International Union for the Conservation of Nature (the
World Conservation Union), the Intergovernmental Oceanographic Commission of
UNESCO (I0OC) and several UN agencies (UNIDO, UNDP, UNEP, FAO) in an action
program to assist developing countries in planning and implementing an ecosystem-based
strategy that is focused on Large Marine Ecosystems (LMEs) as the principal assessment
and management unit for coastal ocean resources. NOAA contributes scientific and
technical assistance and expertise to aid developing countries in reaching the targets of
UNCED and the targets of the Johannesburg Summit. With the evolving movement toward
ecosystem-based management, stimulated by UNCED and reinforced and targeted at the
2002 Summit, there is a shift evolving from relatively short-term single species assessment
and management toward large-scale, multispecies and multi-sectoral long term management
of the goods and services of the world’s LMEs. The geographic area of the LME, its coastal
area, and contributing basins constitute the place-based area for assisting countries to
understand linkages among root causes of degradation and integrating needed changes in
sectoral economic activities. The 64 LMEs, located around the margins of the ocean basins,
serve as global units to initiate capacity building and to bring science to pragmatic use in
improving the management of coastal and marine ecosystems (Figure 1).
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The GEF Operational Strategy recommends that nations sharing an LME begin to address
coastal and marine issues by jointly undertaking strategic processes for analyzing factual,
scientific information on transboundary concerns, their root causes, and setting priorities for
action on transboundary concerns. This process has been referred to as a Transboundary
Diagnostic Analysis (TDA) and it provides a useful mechanism to foster participation at all
levels. Countries then determine the national and regional policy, legal, and institutional
reforms and investments needed to address the priorities in a country-driven Strategic
Action Program (SAP). This allows sound science to become the basis for policy-making
and fosters a geographic location upon which an ecosystem-based approach to assessment
and management can be developed, and more importantly, can be used to engage
stakeholders within the geographic area so that they contribute to the dialogue and in the
end they support the ecosystem-based approach that can be pragmatically implemented by
the communities and governments involved. Without such participative processes to
engage specific stakeholders in a place-based setting, marine science has often remained
confined to the marine science community or has not been embraced in policy-making.
Furthermore, the science-based approach encourages transparency through joint monitoring
and assessment processes, including joint assessment cruises for countries sharing an LME
with a level of transparency that builds trust among nations over time and can overcome the
barrier of false information being reported.

Developing countries and those in economic transition have requested and received
GEF support for LME projects through the International Waters focal area of the GEF.
The approved GEF-LME projects include developing nations and those in economic
transition as well as other OECD countries since the living resources, the pollution
loading and the critical habitats have transboundary implications across rich and poor
nations alike. A total of $500 million in costs from the North and South is currently
being invested in the global Network of LME projects as of July 2003 in 10 projects in
72 countries with $225 million in GEF grant finance. An additional 7 LME projects
are under preparation in 54 different nations. Currently, 126 different countries are
engaged in the LME global Network of projects (Table 1). With OECD countries
involved that share the LMEs with the GEF recipient nations, expectations are that
reforms will take place in both the North and the South in order to operationalize this
ecosystem-based approach to managing human activities in the different economic
sectors that contribute to place-specific degradation of the LME and adjacent waters.

4. LME Modules

A five-module approach to the assessment and management of LMEs has been proven
to be useful in ecosystem-based projects in the United States and elsewhere. The
modules are customized to fit the situation within the context of the transboundary
diagnostic analysis (TDA) process and the strategic action plan (SAP) development
process for the groups of nations sharing the particular LME based on available
information and capacity. These processes are critical to integrate science into
management in a practical way and to establish governance regimes appropriate for the
particular situation. The five modules consist of 3 that are science-based activities
focused on: productivity, fish/fisheries, pollution/ecosystem health; the other two,
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Table 1. Countries Participating in the global Network of GEF/Large Marine Ecosystem Projects where
stewardship ministries have agreed to initiate ecosystem-based LME assessment and management practices.

Approved GEF Projects

LME Countries

Gulfof Guinea (6)............oeveveenirennnnn. Benin, Cameroon, Cote d’Ivoire, Ghana, Nigeria, Togo®

Yellow Sea (2)...ceveveninieiiiiiiiiiiiii China, Korea

Patagonia Shelf/Maritime Front (2).............. Argentina, Uruguay

Baltic (9)....ovieei Denmark, Estonia, Finland, Germany, Latvia, Lithuania,
Poland, Russia, Sweden

Benguela Current (3).........ovueviiiniininananns Angola,” Namibia, South Africa”

South China Sea (7)........ccvvviveriiiiiniannns Cambodia, China, Indonesia, Malaysia, Philippines,
Thailand, Vietnam

Black Sea (6).....cc.ovuviuiiiiiiiiiiiiiiiii Bulgaria, Georgia, Romania, Russian Federation,
Turkey,” Ukraine

Mediterranean (19)...........coeveiiiiiiiiniinn. Albania, Algeria, Bosnia-Herzegovina, Croatia, Egypt,b
France, Greece, Israel, Ttaly, Lebanon, Libya, Morocco,”
Slovenia, Spain, Syria, Tunisia, Turkey, Yugoslavia,
Portugal

Red Sea (7). ..oveeieiieeeieee e Djibouti, Egypt, Jordan, Saudi Arabia, Somalia, Sudan,

Western Pacific Warm Water Pool-SIDS (13)...

Yemen

Cook Islands, Micronesia, Fuji, Kiribati, Marshall
Islands, Nauru, Niue, Papua New Guinea, Samoa,
Solomon Islands, Tonga, Tuvalu, Vanuatu

Total number of countries: 72°

GEF Projects in the Preparation Stage

Canary Current (7)

Bay of Bengal (8).......cvvvniviiiiiiiniiiin

Humboldt Current (2)... s
Guinea Current (16)...........cocoveviiiiiiinnn

Gulf of MeXico (3).vvvvrinireiineieiiiaiaannn.
Agulhus/Somali Currents (8)......................

Caribbean LME (23)......c.ooviviiiiiiiiienn

Cape Verde, Gambia, Guinea,” Guinea-Bissau,”
Mauritania, Morocco, Senegal

Bangladesh, India, Indonesia, Malaysia, Maldives,
Myanmar, Sri Lanka, Thailand

Chile, Peru

Angola, Benin, Cameroon, Congo, Democratic Republic
of the Congo, Cote d’Ivoire, Gabon, Ghana, Equatorial
Guinea, Guinea, Guinea-Bissau, Liberia, Nigeria, Sao
Tome and Principe, Sierra Leone, Togo

Cuba,’ Mexico,® United States

Comoros, Kenya, Madagascar, Mauritius, Mozambique,
Seychelles, South Africa, Tanzania

Antigua and Barbuda, The Bahamas, Barbados, Belize,
Columbia, Costa Rica, Cuba, Grenada, Dominica,
Dominican Republic, Guatemala, Haiti, Honduras,
Jamaica, Mexico, Nicaragua, Panama, Puerto Rico, Saint
Kitts and Nevis, Saint Lucia, Saint Vincent and the
Grenadines, Trinidad and Tobago, Venezuela

Total number of countries: 54°

“The six countries participating in the Gulf of Guinea project also appear in a GEF/LME project in the preparatory

phase

°Countries that are participating in more than one GEF/LME project

“Adjusted for multiple listings
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socio-economics and governance, are focused on socioeconomic benefits to be derived
from a more sustainable resource base and implementing governance mechanisms for
providing stakeholders and stewardship interests with legal and administrative support
for ecosystem-based management practices. The first four modules support the TDA
process while the governance module is associated with periodic updating of the
Strategic Action Program or SAP. Adaptive management regimes are encouraged
through periodic assessment processes (TDA updates) and updating of SAPs as gaps

are filled.

Modular Assessments
Support LME Restoration and Sustainable Development

Y- FOLLUTION & ECOSYSTEM

‘ PRODUCTIVITY MODULE
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Figure 2. The five-module approach to large marine ecosystem assessments and management

Productivity Module

Productivity can be related to the carrying capacity of an ecosystem for supporting fish
resources [4]. Recently, scientists have reported that the maximum global level of
primary productivity for supporting the average annual world catch of fisheries has
been reached, and further large-scale “unmanaged” increases in fisheries yields from
marine ecosystems are likely to be at trophic levels below fish in the marine food web
[5]. Measuring ecosystem productivity also can serve as a useful indication of the
growing problem of coastal eutrophication. In several LMEs, excessive nutrient
loadings of coastal waters have been related to algal blooms implicated in mass
mortalities of living resources, emergence of pathogens (e.g., cholera, vibrios, red tides,
paralytic shellfish toxins), and explosive growth of non-indigenous species [6].

The ecosystem parameters measured in the productivity module are zooplankton
biodiversity and information on species composition, zooplankton biomass, water
column structure, photosynthetically active radiation (PAR), transparency, chlorophyll-
a, NO,, NOs, and primary production. Plankton of LMEs have been measured by
deploying Continuous Plankton Recorder (CPR) systems monthly across ecosystems
from commercial vessels of opportunity over decadal time scales. Advanced plankton
recorders can be fitted with sensors for temperature, salinity, chlorophyll, nitrate/nitrite,
petroleum, hydrocarbons, light, bioluminescence, and primary productivity, providing
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the means for in situ monitoring and the calibration of satellite-derived oceanographic
conditions relating to changes in phytoplankton, zooplankton, primary productivity,
species composition and dominance, and long-term changes in the physical and nutrient
characteristics of the LME and in the biofeedback of plankton to the stress of
environmental change[7][8].

Fish and fisheries module

Changes in biodiversity among the dominant species within fish communities of LMEs
have resulted from: excessive exploitation, naturally occurring environmental shifts in
climate regime, or coastal pollution. Changes in the biodiversity of a fish community
can generate cascading effects up the food web to apex predators and down the food
web to plankton components of the ecosystem. The Fish and Fisheries module includes
fisheries-independent bottom-trawl surveys and acoustic surveys for pelagic species to
obtain time-series information on changes in fish biodiversity and abundance levels.
Standardized sampling procedures, when deployed from small calibrated trawlers, can
provide important information on diverse changes in fish species [9]. Fish catch
provides biological samples for stock assessments, stomach analyses, age, growth,
fecundity, and size comparisons; data for clarifying and quantifying multispecies
trophic relationships; and the collection of samples for monitoring coastal pollution.
Samples of trawl-caught fish can be used to monitor pathological conditions that may
be associated with coastal pollution and can be used as platforms for obtaining water,
sediment, and benthic samples for monitoring harmful algal blooms, diseases, anoxia,
and changes in benthic communities.

Pollution and ecosystem health module

In several LMEs, pollution and eutrophication have been important driving forces of
changes in biomass yields. Assessing the changing status of pollution and health of the
entire LME is scientifically challenging. Ecosystem “health” is a concept of wide
interest for which a single precise scientific definition is problematical. The health
paradigm is based on multiple-state comparisons of ecosystem resilience and stability
and is an evolving concept that has been the subject of a number of meetings[10]. To
be healthy and sustainable, an ecosystem must maintain its metabolic activity level and
its internal structure and organization, and must resist external stress over time and
space scales relevant to the ecosystem [11]). The ecosystem sampling strategies are
focused on parameters related to overexploitation, species protected by legislative
authority (marine mammals), and other key biological and physical components at the
lower end of the food web (plankton, nutrients, hydrography) as noted by Sherman
(1994) [12].

Fish, benthic invertebrates, and other biological indicator species are used in the
Pollution and Ecosystem Health module to measure pollution effects on the ecosystem,
including the bivalve monitoring strategy of “Mussel-Watch;” the pathobiological
examination of fish; and the estuarine and nearshore monitoring of contaminants and
contaminant effects in the water column, substrate, and in selected groups of
organisms. The routes of bioaccumulation and trophic transfer of contaminants are
assessed, and critical life history stages and selected food web organisms are examined
for parameters that indicate exposure to, and effects of, contaminants. Effects of
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impaired reproductive capacity, organ disease, and impaired growth from contaminants
are measured. Assessments are made of contaminant impacts at the individual species
and population levels. Implementation of protocols to assess the frequency and effect
of harmful algal blooms, emergent diseases and multiple marine ecological
disturbances [13] are included in the pollution module.

Socioeconomic module

This module is characterized by its emphasis on practical applications of its scientific
findings in managing an LME and on the explicit integration of economic analysis with
science-based assessments to assure that prospective management measures are cost-
effective. Economists and policy analysts work closely with ecologists and other
scientists to identify and evaluate management options that are both scientifically
credible and economically practical with regard to the use of ecosystem goods and
services.

Designed to respond adaptively to enhanced scientific information, socioeconomic
considerations must be closely integrated with science. This component of the LME
approach to marine resources management has recently been described as the human
dimensions of LMEs. A framework has been developed by the Department of Natural
Resource Economics at the University of Rhode Island for monitoring and assessment
of the human dimensions of an LME and the socioeconomic considerations important
to the implementation of an adaptive management approach for an LME [14]. One of
the more critical considerations, a methodology for considering economic valuations of
LME goods and services has been developed around the use of interaction matrices for
describing the relationships between ecological state and the economic consequences of
change and is included in the framework.

Governance module

The Governance module is evolving based on demonstrations now underway among
ecosystems to be managed from a more holistic perspective than generally practiced in
the past. In projects supported by GEF- for the Yellow Sea ecosystem, the Guinea
Current LME, and the Benguela LME - agreements have been reached among the
environmental ministers of the countries bordering these LMEs to enter into joint
resource assessment and management activities as part of building institutions. Among
other LMEs, the Great Barrier Reef ecosystem is being managed from an ecosystem-
based perspective; the Antarctic marine ecosystem is also being managed from an
ecosystem perspective under the Commission for the Conservation of Antarctic Marine
Living Resources (CCAMLR). Governance profiles of LMEs are being explored to
determine their utility  in promoting long-term sustainability of ecosystem
resources[15].

5. Driving Forces of Biomass Yields in LMEs
To assist stewardship agencies in the implementation of ecosystem-based assessment

and management practices, the transboundary diagnostic analyses (TDAs) are focused
on the root causes of trends in LME biomass yields. In addition, information on
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principal driving forces of biomass yields imbedded in 29 invited LME case studies
conducted by a group of marine resource experts has been analyzed. A list of the
principal investigators constituting an “expert-systems analysis” appearing in 12 peer-
reviewed and published LME volumes is given in Tables 2a and 2b together with
information on the annual biomass yields of the 29 LMEs in millions of metric tons.
The biomass yields are based on the mid-point value in 1995 of a decadal trend in LME
yields compiled by FAO for the period 1990 through 1999 [16]. Biomass yield data for
4 LMEs not included in the FAO report were taken from published LME case studies.
Based on the “expert systems analyses,” principal and secondary driving forces were
assigned to each LME using four categories (climate, fisheries, eutrophication,
inconclusive)(Table 2a).

Of the 29 LME case studies, 13 were assigned to climate forcing as the principal
drivers of change in biomass yield, 14 are listed as fisheries driven, one is principally
driven by eutrophication, and the results of the analysis as presented in another case
study is listed as inconclusive. In all but one case, where climate forcing was the
principal driver of changing biomass yield, fisheries were secondary drivers in 13
LMEs. In the case of the Mediterranean LME, the secondary driver is eutrophication
according to Caddy [17].

The contribution to the annual global biomass yields of the 29 LMEs amounts to 54.4
mmt or 64 percent based on the average annual 5-year yield from 1995 to 1999 of
85mmt [16]. From a global management perspective, it would appear that nearly half
of this LME yield (27.0 mmt) will require significant focus on improvements in
forecasting of the climate signal, whereas an estimated 24.8 mmt. of the biomass yield
will need to be subjected to a principal management focus on catch-control combined
with a secondary effort on forecasting the effects of climate forcing in an effort to
recover depleted fish stocks and achieve maximum sustainable yield levels (Table 3).

The influence of climate forcing in biomass yields based on the expert analysis of
Lluch-Belda et al. (2003)[18] is illustrated in Figure 3 for the California Current LME.
Climate forcing for the Humboldt Current LME is analyzed by Wolff ez al. (2003)[20],
and in the analyses for the Iceland Shelf LME by Astthorsson and Vilhjalmsson
(2002)[21]. In contrast, the argument for urgent reduction in fishing effort is supported
by the data presented for the US Northeast Shelf LME by the NEFSC (1999)[22] and in
the analyses for the Gulf of Thailand presented by Pauly and Chuenpagdee (2003)[23].

The observation that excessive fishing effort can alter the structure of the ecosystem,
resulting in a shift from relatively high-priced, large, long-living demersal species,
down the food chain toward lesser-valued, smaller, short-lived pelagic species [22] is
supported by the LME data on species biomass yields. Evidence from the East China
Sea, Yellow Sea, and Gulf of Thailand, suggests that these three LMEs are approaching
a critical state of change, wherein recovery to a previous ratio of demersal to pelagic
species may become problematic. In all three cases, the fisheries are now being
directed toward fish protein being provided by catches of smaller species of low value
[24][23][25]
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Table 2a. Primary and Secondary Driving Forces of LME Biomass Yields

PRIMARY AND SECONDARY DRIVING FORCES OF LME BIOMASS YIELDS (Annual biomass yield
levels based on 1990-1999 mid-decadal data (1995) from FAO 2003)

LME Primary Secondary Level Expert Assessments Vol.
mmt #
. . Alheit and Bernal 5
Humboldt Current climate fishing 16.0 Wolffet al. 12
South China Sea fishing climate 10.0 Pauly and Christensen 5
East China Sea fishing climate 3.8 Chen and Shen 8
North Sea fishing climate 35 McGlade 11
Eastern Bering Sea - - 2.1 Schumacher et al. 12
Bay of Bengal fishin climate 20 | Dwivid 3
ay of Bengal shing a . Hazizi 7
Okhotsk Sea climate fishing 2.0 Kusnetsov et al. 5
(based on mid-decadal 1972 data
on fishing yields from 1962 to
1982)
Canary Current climate fishing 18 g:z and Cury lg
. . . Ellertsen et al. 3
Norwegian Shelf climate fishing 1.5 Blindheim and Skjoldal 5
Iceland Shelf climate fishing 1.3 Astthorsson and Vilhjalmsson 11
. . Crawford et al. 2
Benguela Current climate fishing 1.2 Shannon and O*Toole 12
Gulf of Thailand fishing climate 1.1 Pauly and Chuenpagdee 12
Mediterranean fishing eutrophication 1.1 Caddy 5
Sea of Japan climate fishing 1.0 Terazaki
( based on mid-decadal data 1985
from Sea of Japan 1980-1990)
Richards and McGowan 2
Gulf of Mexico fishing climate 0.9 Brown et al. 4
Shipp 9
. . . Binet and Marchal 5
Guinea Current climate fishing 0.9 Koranteng and McGlade 1
Baltic Sea fishing eutrophication 0.8 Kullenberg !
Jansson 12
I . . MaccCall 1
California Current climate fishing 0.7 Lluch-Belda ct al. 12
Sissenwine 1
U.S. Northeast Shelf fishing climate 0.7 Murawski 6
Sherman et al. 11
Scotian Shelf fishing climate 0.7 Zwanenburg etal. 1"
Zwanenburg 12
L . Caddy 5
Black Sea zl;tmphlcatl fishing 0.5 Daskalov 12
Skjoldal and Rey 2
. . Borisov 4
Barents Sea climate fishing 0.5 Blindheim and Skjoldal 5
Matishov et al. 12
Caribbean Sea fishing climate 04 Richards and Bohnsack 3
Iberian Coastal climate fishing 0.3 Wyatt and Perez-Gandaras 2
Newfoundland-Labrador fishing climate 0.2 Rice et al. 11
Yellow Sea fishing climate 0.2 Tan 5
(based on mid-decadal data for g
demersal species for the Yellow Tan 12
Sea, 1952 to 1992) 2
Great Barrier Reef fishing climate 0.1 Brodie 12
West Greenland Shelf climate fishing 0.1 Hovgard and Buch 3
i Pederson and Rice 11
Faroe Plateau climate fishing 0.1 Gaard et al. 11
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Figure 3. Historic sardine (upper) and anchovy (middle) catches (1920-2000) from the California
Current System, and the Regime Indicator Series (RIS: lower). Catch data were obtained from Schwarzlose
et al. 1999. RIS is a composite series reflecting synchronous variability of sardine and anchovy populations

of the Japan, California, Benguela and Humboldt currents. Modified from Lluch-Cota D.B. ef al. 1997.

The species change in biomass yields of the Yellow Sea as shown in Figure 4
represents an extreme case wherein the annual demersal species biomass yield was
reduced from 200,000 mt in 1955 to less than 25,000 mt. through 1980. The fisheries
then targeted anchovy and, between 1990 and 1995, landings of anchovy reached an
historic high of 500,000 mt.

6. Recovering Fisheries Biomass

The GEF/LME projects presently funded or in the pipeline for funding in Africa, Asia,
Latin America and eastern Europe, represent a growing Network of marine scientists,
marine managers and ministerial leaders who are engaged in pursuing the ecosystem and
fishery recovery goals. The significant annual global biomass yields of marine fisheries
from ecosystems in the GEF-LME Network of 44.8% provides a firm basis for moving
toward the Summit goal for introducing an ecosystem-based assessment and management
approach to global fisheries by 2010, and fishing MSY levels by 2015 (Table 4).
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Table 2b. LME Published Volumes

Vol.1 Variability and Management of arge Marine o y tem . ditedby . ermanand .M. le ander.
eeted ynoim . etie re n. older 1T .1 .
Vol. ioma ield and eogra yof argeMarine oy tem . ditedby . ermanand .M. le ander.
eleted ynoim111. etie re n. o Ider 1 . .
Vol. arge Marine o y tem attern roe e and ield. ditedby . erman .M. le ander and
old. ym o i m. a ington 1 . .
Vol. ood ain ield Model and Managementof argeMarine oy tem . ditedby . erman .M.
le ander and . . old. ynoim etie re n. older 1 1 .
Vol. arge Marine oy tem tre Mitigation and tainability. ditedby . erman .M. le ander
and . . old. re a ington 1 . .
Vol. e oteat elf oytem e ment tainability and Management. ditedby . erman
aor iand .. mayda. la el iene n. ambridge M 1 .
Vol. arge Marine oy tem oft e ndian ean e ment tainability and Management. dited by
erman . . em aandM.. tba. la el iene n.Malden M 1 .
Vol. arge Marine oy tem ofte aifi im e ment tainability and Management. dited by
ermanand . ang. la ell iene n. Malden M . 1 .
Vol. e IfofMeio argeMarine oy tem e ment tainability and Management. dited by
m f . tiedinger and . erman. la ell iene n. Malden M 1 .
Vol.1 arge Marine oy tem oft e ort tlanti anging tate and tainabiity. ditedby . . oldal
and . erman. |eier mterdamand e or. . .
Vol.11 Ifof inea argeMarine oy tem n ironmental or ingand tainable e elo ment of Marine
eore. ditedby .M lade . ry . oranteng .. ardman Mo ntford. | e ier ien e
m terdamand e or. .
Vol.12 Large Marine Ecosystems of the World: Trends in Exploitation, Protection, and Research. Edited

by G. Hempel and K. Sherman 2003.

Even now there is immediate applicability to reaching Summit fishery goals. The FAO
Code of Conduct for Responsible Fishery practice of 2002
www.fao.org/Fl/agreem/codecond/ficonde.asp

argues for moving forward with a “precautionary approach” to fisheries sustainability
given a situation wherein available information can be used to recommend a more
conservative approach to fish and fisheries total allowable catch levels (TAC) than has
been the general practice over the past several decades. Based on the decadal profile of
LME biomass yields from 1990 to 1999 [16], it appears that the yields of total biomass
and the biomass of 11 species groups of 6 LMEs have been relatively stable or have

Table 3. LMEs and their principal driving forces based on 29 case studies
Climate forcing Fisheries Forcing Other:
LME YieldMM LME YieldMM LME Yield
T T MMT
Humboldt Current 16.0 South China Sea 10.0 Eas}em Bering 2.1
Sea
Canary Current 1.8 North Sea 3.5 Black Sea’ 0.52
Norwegian Sea 1.52 East China Sea 2.8
Okhotsdk Sea 1.5 Bay of Bengal 2.2
Iceland Shelf 1.3 Gulf of Thailand 1.12
Benguela Current 1.21 Mediterranean 1.1
Sea of Japan 1.0 Gulf of Mexico 091
Guinea Current 0.9 Baltic 0.8
California Current 0.7 U.S. Northeast Shelf 0.71
" Inconclusive

? Eutrophication



Barents Sea 0.5 Scotian Shelf 0.7
Iberian Coastal 0.35 Caribbean Sea 0.4
West Greenland 0.1 Newfoundland- 0.23
Shelf Labrador Shelf
Faroe Plateau <0.1 Yellow Sea 0.2
Great Barrier Reef 0.12
26.98 24.77 2.62
31.74% 29.14% 3.08%
TOTAL: 54.37 mmt
Or 64% of world marine biomass
600
:é 500 —A
o 400
S
—
~ 300
S
S 200 |
100
O 1 OO0 OO0 1 n

1950 1955 1960 1965 1970 19
Year

75 1980 1985 1990 1995

77

Figure 4. Annual catch of dominant species: (A) small yellow croaker and hairtail, (B) Pacific herring and
Japanese mackerel, and (C) anchovy and half-fin anchovy indicating the long term shift in dominant biomass
yield from demersal species prior to 1970 to smaller, less desirable pelagic species from the 1970s to 1995
(from Tang 2003)[25].
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Table 4. Fisheries Biomass Yields of LMEs with GEF-LME Projects

Fisheries Biomass Yields of LMEs Where Stewardship Ministries are Implementing or Planning GEF-LME
Projects >

LME Reported 1999 Annual Bi Yield
South China Sea 13.9
Humboldt Current 12.0
Bay of Bengal 2.3
Patagonian Shelf 1.7
Canary Current 1.6
Benguela Current 1.1
Guinea Current 1.0
Mediterranean Sea 1.0
Gulf of Mexico 1.0
Baltic Sea 0.9
Yellow Sea’ 0.6
Black Sea 0.5
Caribbean Sea 0.35
Red Sea 0.08
Agulhas/Somali Currents 0.07
TOTAL: 38.10 mmt
Percentage of Global Marine Yield 44.8%

shown marginal increases over the decade. The yield of marine biomass for these 6
LMEs was 8.1 mmt, or 9.5 percent of the global marine fisheries yield in 1999. The
countries bordering these six LMEs—Arabian Sea, Bay of Bengal, Indonesian Sea,
Northeast Brazil Shelf, Mediterranean Sea and the Sulu-Celebes Sea—are among the
world’s most populous, representing approximately one-quarter of the total human
population. These LME border countries are increasingly dependent on marine fisheries
for food security and for national and international trade. Given the risks of “fishing-
down-the-food-chain,” it would appear opportune for the stewardship agencies
responsible for the fisheries of the bordering countries to consider options for mandating
precautionary total allowable catch levels during a period of relative biomass stability.

Evidence for species recovery following a significant reduction in fishing effort
through mandated actions is encouraging. Following management actions to reduce
fishing the robust condition of the U.S. Northeast Shelf ecosystem with regard to the
average annual level of primary productivity (350gCm’ =yr), stable annual average
levels of zooplankton (33 cc/100m’ ), and a relatively stable oceanographic regime
[26], contributed to: (1) a relatively rapid recovery of depleted herring and mackerel
stocks[, with the cessation of foreign fisheries in the mid-1970s[9]; and 2) initiation of the
recovery of depleted yellowtail flounder and haddock stocks following a mandated 1994
reduction in fishing effort (Figures 5a and 5b)[26].

* Data from FAO Fisheries Technical Paper 435 (Garibaldi and Limongelli 2003 [16])
* No biomass yield data available for the Western Pacific Warm Water Pool
* Biomass Yield Data for 1995 from Tang 2003[25]
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Figure 5. Trends in spawning stock biomass (ssb) and recruitment in relation to reductions in exploitation rate

(fishing effort) for two commercially important species inhabiting the Georges Bank sub-area of the Northeast Shelf
ecosystem, yellowtail flounder (a) and haddock (b).

Three LMEs remain at high risk for fisheries biomass recovery expressed as a pre-1960s
ratio of demersal to pelagic species—Gulf of Thailand, East China Sea and Yellow Sea.
However, mitigation actions have been initiated by the People’s Republic of China
toward recovery by mandating 60 to 90 day closures to fishing in the Yellow Sea and
East China Sea during summer months[25]. The country-driven planning and
implementation documents supporting the ecosystem approach to LME assessment and
management practices can be found at http:/www.iwlearn.org.
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