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1. EXECUTIVE SUMMARY

CLIOTOP (CLimate Impacts on Oceanic TOp Predators) is a regional' project implemented
under the international research program GLOBEC (http://www.globec.org), a component of
the International Geosphere-Biosphere Programme (IGBP). CLIOTOP is devoted to the study
of oceanic top predators? within their ecosystems and is based on a worldwide comparative
approach, i.e. among regions, oceans and species. It requires a substantive international
collaborative effort. The project aims at identifying, characterizing and modeling the key processes
involved in the dynamics of oceanic pelagic ecosystems in a context of both climate variability and
change and intensive fishing of top predators. The goal is to improve knowledge and to develop
a reliable predictive capacity for single species and ecosystem dynamics at short, medium and
long term scales.

CLIOTOP is based on the idea that the variety of climatic and oceanographic conditions in the three
oceans (Atlantic, Indian and Pacific) provides a unique opportunity for large-scale comparative
analysis of open ocean ecosystem functioning.

Objectives of the CLIOTOP Science Plan are ambitious and are defined on a long term (10 year)
perspective. Activities proposed for its implementation are defined for the first 5 year period and
will be revised and updated after the synthesis of this first phase.

1.1. Project Description and Objectives

The general objective of CLIOTOP is to organize a large-scale worldwide comparative effort aimed
at identifying the impact of both climate variability (at various scales) and fishing on the structure
and function of open ocean pelagic ecosystems and their top predator species by elucidating the
key processes involved in open ocean ecosystem functioning.

The ultimate objective is the development of a reliable predictive capability for the dynamics of
top predator populations and oceanic ecosystems that combines both fishing and climate (i.e.
environmental) effects.

To be able to conduct standardized worldwide comparative analysis, homogeneous comprehensive
records of climate variability, ocean and atmospheric circulation changes and related regional
and local environmental changes will be used as well as synthesized long-term fisheries data
over the last 50 years (i.e. the industrial fishing era) , providing an unprecedented framework for
comparative studies.

CLIOTOP is aimed at improving understanding of oceanic top predators in their ecosystem.
However, its successful implementation should have a significant impact on the management of
the very important fisheries that exploit tunas and tuna-like species. These fisheries are managed
by international organizations, which rely on international scientific consensus in understanding the
dynamics of the populations they exploit. A comparative project such as CLIOTOP, by improving
understanding will provide the basis for better fisheries management.

"Regional” in the GLOBEC terminology refers to the largest category of projects. This project is indeed covering all the
pelagic regions of the world ocean.

2Top predators encompass potentially all the large marine animals which exploit the top of the trophic chains: large pelagic
fishes such as tunas, billfishes or sharks, marine mammals, turtles and seabirds.
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CLIOTOP should develop strong interactions with the already existing multi-national GLOBEC
project OFCCP (Oceanic Fisheries and Climate Change Project) that shares common general
objectives, but is limited to the Pacific Ocean. It is believed that the CLIOTOP comparative
approach between the three Oceans (Atlantic, Indian and Pacific) will bring a major additional
value to the research developed in each Ocean separately. In addition, given the complex nature
of its foci, the CLIOTOP program strongly encourages co-operation and exchange with other
IGBP programs such as SOLAS, GAIM and IMBER as well as WCRP programs such as CLIVAR,
the SCOR affiliated CoML projects (CMarZ, TOPP, SEAMAP, MAR-ECO and FMAP), and the
International Human Dimensions Programme (IHDP) on Global Environmental Change. Being
able to make use of the tools and expertise provided by those international programs will be crucial
for an effective “open sea” project.

1.2. Key Questions Hypotheses

CLIOTOP is designed to investigate the processes linking top predators with their environment,
their responses to environmental and anthropogenic forcings and the management consequences
of the above.

To address this, two main integrated components are envisaged:

1. to evaluate the impact of fishing and climate variability on marine ecosystems inhabited
by oceanic top predators by analyzing and comparing long-term data sets, ocean/
atmosphere and biogeochemical reanalyses, field observations, in situ and laboratory
experiments and measurements;

2. touse modeling and extensive simulations in a comparative framework to deduce and
understand the dynamics of the ecosystem(s) and dependent resource populations,
leading towards the development of next-generation models which embody a high
degree of realism and predictive skill. Models will help in identifying the main
processes of the system (those indispensable for realistic predictions) and how they
interact together.

1.3. Organization of the Project and Working Groups
CLIOTOP is organized around five flexible working groups focused on key processes and scales

to be studied:
*  WGH1: Early life history
*  WG2: Physiology, behavior and distribution
¢ WG3: Trophic pathways in open ocean ecosystems
*  WG4: Synthesis and modeling

*  WGS5: Socio-economic aspects and management strategies

Working groups are related by cross-cutting issues and forcings.
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Each working group is organized around a set of key questions relevant to CLIOTOP’s
objectives, and a set of strategic approaches to address those questions:

WGL1 Early life history

1. What environmental characteristics define spawning areas and the timing and intensity
of reproduction?

2. What environmental and biological characteristics most influence larval survival?

WG2 Physiology, behavior and distribution
1. To what extent do spatial dynamics result from proximate cues?

2. How do school size, fidelity and species migration paths vary in relation to climate
variability and change?

3. What determines the time and place of reproductive and feeding-related behavior?

4. How do anthropogenic forces such as fishing interact with environmental impacts on
distribution and population structure?

WG3 Trophic pathways in open ocean ecosystems

1. What are the main trophic pathways of oceanic top predators and how do they differ
among and within oceans?

2. Is there evidence of change in trophic pathways over time and space consistent with
climate scale variability — can seasonal and spatial variability be used to explore the
impacts of climate variability?

3. What is the relative importance of mesopelagic versus epipelagic prey resources to
oceanic top predators, and how does this vary within and among oceans. How does
climate variability affect the distribution and availability of mesopelagic and epipelagic
prey?

4. lIs it possible to identify indicators, such as prey species or size spectra, that would
highlight significant changes in trophic pathways?

WG4 Synthesis and modeling

1. What s the relative importance of fisheries exploitation and the dynamic environment in
structuring pelagic ecosystems?

2. Does any one mechanism (e.g. match/mismatch) explain observed variation across
species, trophic pathways, regions, etc.? Do alternative mechanisms have equally
good explanatory power? Which mechanism(s) provide the greatest predictive
capabilities?

3. What alternative states occur in historical pelagic ecosystem records, how might they
be characterized (e.g. can they be described by indicators), how might they be caused,
what are their consequences, and are they reversible, given that the climate changes
continuously?

4. Does knowledge about environmental forcing and the nature of fisheries (e.g. the species
composition of the catch, growth variability, egg production rates by size/age) suggest
an optimum allocation of fishing activities?
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WG5 Socio-economic aspects and management strategies
1. What are the socio-economic pressures on, and context of, top predators’ fisheries?

2. How have fisheries organizations (whether local, national, regional, or international)
addressed climate change issues?

3. What are the flows in capital and knowledge among the world’s large fisheries and how
do they respond to variability?

4. Can we evaluate how useful are the fisheries management decision support tools
developed by WG47?
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2. INTRODUCTION

Following the “Climate and Fisheries” meeting held in Hawaii in November 2001, it has been decided
to develop a new international research project devoted to the worldwide comparative analysis of
open ocean ecosystems and associated top predators’ populations. The GLOBEC SSC endorsed
the development of a Science Plan for this activity in Qingdao, China (October 2002) and allocated
IPO resources to assist in the process. Amongst other preparatory meetings, an organizational
meeting was held in Séte, France in November 2003 (see Annex, page 41). The present working
group structure of CLIOTOP and the basis for a Science Plan were elaborated during the Séte
meeting. A draft Science Plan was presented to the GLOBEC SSC in Swakopmund, Namibia
(April 2004). It was peer-reviewed and modified accordingly and finally approved by the GLOBEC
Executive Committee as a GLOBEC Regional Program in October 2004.

Objectives of the CLIOTOP Science Plan are defined on a long term (10 year) perspective. Activities
proposed for its implementation are defined for the first 5-year period and will be revised and updated
after the synthesis of this first phase.

3http://iri.columbia.edu/outreach/publication/irireport/FisheriesWS2001.pdf
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3. BACKGROUND AND RATIONALE

Open ocean ecosystems* occupy the largest area of the world oceans. Amongst the top predator
species in the vast pelagic ecosystem, tunas and tuna-like fishes, billfishes and sharks® have the
greatest commercial importance either in term of catch (e.g. skipjack tuna is the 4th most productive
and fished marine species in the World, after Peruvian anchoveta, Alaska Pollock and Atlantic
Herring) or economic value (for instance, the bluefin tuna price frequently reaches more than 100
USS$ per kg on the sashimi market). Tunas, billfishes and tuna-like species are migratory species
that are fished worldwide, from the Equator to temperate regions, by multiple national fleets using
many different fishing gears. Some species have been exploited since antiquity, e.g. bluefin tuna
in the Mediterranean Sea. The first industrial tuna fishery can be associated with the development
of the madrague system in Sicilia in the 12th Century. However, it is during more recent decades
that tuna fisheries have expanded their range worldwide with a continuous increase of fishing effort
and fishing capacity leading to a dramatic increase in catches (Fig. 1).

Figure 1. Worldwide distribution of tuna catches cumulated over 1990-1997 (tonnes). In yellow
the yellowfin tuna, in blue the skipjack, in red the bigeye tuna, in green the albacore tuna and in
black the bluefin tuna. Data source: FAO, figure courtesy of A. Fonteneau.
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Today, industrial fisheries (mostly purse seine, longline and pole and line fishing) have reached
unprecedented levels of fishing effort with a worldwide geographical coverage. Non-targeted
bycatch species are also removed from the oceans in unknown quantities. The bycatch of oceanic
top predators include charismatic species such as sharks, marine mammals, turtles or birds.
Furthermore, some shark species experience very high mortality levels due to the rapid worldwide
development of shark fishing for the shark fin market.
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“Ecosystems include both the physical environment and the set of all living organisms and their interactions in space and
time, with each other and with the physical environment.

5The tunas include skipjack (Katsuwonus pelamis), yellowfin (Thunnus albacares), bigeye (T. obesus), albacore (T. alalunga),
Atlantic northern bluefin (T. thynnus), Pacific northern bluefin (T. orientalis), and southern bluefin (T. maccoyii), and the billfishes
include swordfish (Xiphias gladius), Atlantic blue marlin (Makaira nigricans), Indo-Pacific blue marlin (M. mazara), black marlin
(M. indica), white marlin (Tetrapturus albidus), striped marlin (T. audax), Atlantic sailfish (Istiophorus albicans), and Indo-Pacific
sailfish (I. platypterus). There are many other species of tuna, and several other species of billfish, of lower abundance and
lesser economic importance. The most common shark species in longline bycatch is the blue shark (Prionace glauca). Other
predominant sharks are the oceanic whitetip shark (Carcharhinus longimanus) and silky shark (Carcharhinus falciformis).
Less frequent species are thresher sharks (Alopiidae), hammerhead sharks (Sphyrnidae) and mako sharks (Lamnidae).
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At present, open ocean ecosystems support approximately 6 to 7 x 108 tonnes per year of catches
of large pelagics (mostly tunas, billfishes and sharks). Because they mostly comprise the highest
trophic levels, there is an increasing concern about the potential top-down cascading effects
that fishing may have on the overall ecosystem. For example, the question of the impact of the
removal of two to three hundred thousand tonnes of yellowfin tuna each year in the Eastern Tropical
Pacific Ocean has been posed for a long time, given that yellowfin in the region consume a very large
proportion of Auxis thazard, one of the most voracious and metabolically active of all thunnids.

At the same time, environmental variability determines phytoplankton abundance and distribution at
various scales and leads to important bottom-up effects on forage species and then on top predator
abundance and distribution. Studying simultaneously those bottom-up and top-down effects in open
ocean pelagic ecosystems requires the development of new approaches and appropriate models.

Regional tuna fisheries monitoring and management bodies® have been created to compile fisheries
data, to develop research and to provide scientific advice for management of the open ocean pelagic
resources. They have been very successful in fulfilling their mission and they remain pivotal institutions
for developing regional research programs on tuna and tuna-like species, improving the monitoring
of their fisheries and the management of their stocks. However, as stated during a consultation
organized by the FAO” and gathering experts from all these Regional Fisheries Bodies, “Because
of the similar nature of tuna stocks and tuna fisheries in the different oceans, there is the need for
closer collaboration among RFBs and scientists involved with tuna stocks of different oceans”.

In particular, extensive collaboration is essential for considering complex issues such as the impacts
of climate variability on the dynamics of oceanic ecosystems and top predator populations.
Climate variability may be influential on seasonal, interannual, or decadal time scales, and may
affect various biological and ecological processes. In the longer term, global change will modulate
this variability and may have unexpected effects on ecosystem dynamics. There is ever-increasing
evidence of the impact of climate variability on tuna stocks and ecosystems. In this context, the
GLOBEC-CLIOTORP project is seen as a timely initiative to develop an international framework of
collaboration and exchange with a multi-disciplinary comparative approach for considering these
issues, and in particular, the following questions:

Processes: How are the adaptive strategies of the different species structured at the
different time-space scales of environmental variability? How do adaptive processes
interact? How can they be differentiated? Can we predict adaptation in relation to
climate forcing?

Responses: What are the respective impacts of fisheries and climate variability on the
structure and functioning of oceanic ecosystems? Are ecosystem dynamics well defined,
e.g. abilities of ecosystems to respond to continuously changing forcing, from climate
and fisheries, particularly regime shifts and global synchronies? What is predictable,
what is not? What should be measured and monitored to maintain “status information”
on individual species and the larger ecosystem(s). What information is needed to
develop predictive models and how do we evaluate predictions?

Management: How are/can ecosystem dynamics be accounted for in present
management? What is needed from the scientists, e.g. which indicators? What is
needed politically, i.e. what institutions and processes? How might both socio-economic
strategies/behaviors and ecosystem dynamics be addressed by management within
the context of climate variability?

8ICCAT in the Atlantic Ocean; IOTC in the Indian Ocean; IATTC in the eastern Pacific Ocean and CCSBT specifically for the
southern bluefin tuna stock. Western and central Pacific Ocean are the last areas not covered by an official international
tuna commission with a management mandate, but it is the subject of a series of Multilateral High Level Conferences
to establish a regional fisheries body in this region. The convention is already signed and the Preparatory Conference
(PrepCon) is taking charge of both scientific and management issues until the Convention comes into effect.

"FAO expert consultation on implications of the precautionary approach for tuna biological and technological research,
Thailand, 7-15 March 2000.
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To address these questions, two main integrated initiatives are envisaged:

1. Evaluation of the impact of both fishing and climate variations on marine ecosystems
inhabited by oceanic top predators, by analyzing and comparing long-term datasets,
ocean/atmosphere and biogeochemical reanalyses, field observations, in situ and
laboratory experiments and measurements;

2. Modeling and simulation in a comparative framework to identify key processes, deduce
and understand the dynamics of the ecosystem and its dependent resource populations,
leading toward development of next-generation models which embody a high degree of
realism and predictive skill.

The comparative approach constitutes the backbone of CLIOTOP. Comparing various species,
regions and ecosystems by searching for regularities and differences is indeed of fundamental
importance because universal patterns would reveal common principles underlying the organization
of open ocean ecosystems and their response to climate forcing. Unique patterns will provide
insights into species-specific adaptations to local and regional dynamics.
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4. OBJECTIVES

The general objective of CLIOTOP is to organize a large-scale worldwide comparative effort aimed
at identifying the impact of both climate variability (at various scales) and fishing on the dynamics of
top-predator species® in relation with the structure and changes of open ocean pelagic ecosystems.
The ultimate objective is the development of a reliable predictive capability of the dynamics of
top predator populations and oceanic ecosystems that combines both fishing and climate (i.e.
environmental) effects.

These objectives require an approach involving research teams currently working in process-
oriented projects which address the mechanisms linking physical forcing, zooplankton production,
prey abundance and distribution and apex predator behaviors, with modelers involved in climate,
physical and biogeochemical oceanography, and individual, population or ecosystem dynamics.

To be able to conduct standardized worldwide comparative analysis, homogeneous comprehensive
records of climate variability, ocean and atmospheric circulation changes and related regional
and local environmental changes will be used. Such records are already available in several
research centers and are being used by various scientists. CLIOTOP should serve to improve the
availability of these data sets to the ocean and fishery science communities, and to encourage
incorporation of historical archived data. This should provide a unique opportunity to synthesize
long-term fisheries data over the last 50 years (i.e. the industrial fishing era) and yield a more
inclusive, explanatory framework for CLIOTOP comparative studies.

Integrative process-oriented studies (including retrospective analysis, field experiments, surveys and
monitoring) in a comparative framework are a key objective. In this respect, a strong modeling
component is also fundamental for CLIOTOP. This will include a range of models of different
complexity from simple box models through more detailed energy budget and behavioral models to
spatially explicit ecosystem models driven by OGCMs. The validation of ongoing ocean modeling
and the development of more realistic models is a prime objective.

8Top predators encompass potentially all the large marine animals which exploit the top of the trophic chains: large pelagic
fishes such as tunas, billfishes or sharks, marine mammals, turtles and seabirds.
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5. GENERAL ORGANIZATION OF CLIOTOP

The organization of CLIOTOP serves two major objectives. These are:

1. Coordinate collaboration among international scientific projects and research groups already
working in the field;

2. Conduct a global comparative study among oceans, regions, species and models for pattern
recognition concerning the key processes linking the dynamics of oceanic top predators to
climate forcing at various scales ranging from subcellular processes at millisecond time scales
to basin-scale processes at multi-decadal time scales.

5.1. Coordination

CLIOTOP is composed of interacting working groups. Two chairpersons® and a steering committee manage
the project (Fig. 2). Based on the information provided by the working groups, the CLIOTOP Steering
Committee prepares and presents the activity reports for reporting to the GLOBEC SSC. The working
groups are inter-connected and all working groups have links with the modeling working group.

Figure 2. CLIOTOP general structure

GLOBEC SSC

CLIOTOP Steering Committee

WG1 WG2 WG3 WG4 WG5

In the mid-term an international office responsible for the management and administration of the
program should be developed. In the interim, the co-Chairs and the steering committee are responsible
for the management and administration of the program, assisted by the GLOBEC IPO.

Figure 3. Organization of CLIOTOP working groups, cross-cutting issues and forcings

Wa WiG 2 WGa
Physiclogy, Trophic Pathways
Early Life History Behaviour in Open Ocean
af Pelagic
Top Predators Ecosysiems

%Present chairpersons of CLIOTOP and the Working Groups are listed on page 40
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5.2. Working Groups

CLIOTOP is organized around flexible working groups, workshops and meetings focused on key
processes and scales to be studied. Five working groups® were defined during the organizational
meeting in Séte, France, 4-7 November 2003 (Fig. 3):

*  WGH1: Early life history

*  WG2: Physiology, behavior and distribution

¢ WG3: Trophic pathways in open ocean ecosystems
*  WG4: Synthesis and modeling

¢ WGS5: Socio-economic aspects and management strategies

The working groups’ main foci correspond to the key processes and scales to be studied, related
by cross-cutting issues and forcings.

CLIOTOP should develop strong interactions with the already existing multi-national GLOBEC project
OFCCP (Oceanic Fisheries and Climate Change Project) that shares common general objectives, but
is limited to the Pacific Ocean. It is believed that the CLIOTOP comparative approach between the
three Oceans (Atlantic, Indian and Pacific) will bring a major additional value to the research developed
in each Ocean separately. In addition, given the complex nature of its focus, the CLIOTOP program
strongly encourages co-operation and exchange with intergovernmental scientific organizations such
as PICES, other IGBP programs such as SOLAS, GAIM and IMBER as well as WCRP programs such
as CLIVAR, the SCOR affiliated CoML projects (CMarZ, TOPP, SEAMAP, MAR-ECO and FMAP), and
The International Human Dimensions Programme on Global Environmental Change (IHDP). Being
able to make use of the tools and expertise provided by those international programs will be crucial
for an effective “open sea” project.

Typically, each working group is expected to have at least one workshop for implementation and one
for the synthesis work. Intermediate workshops will be organized as necessary and according to
opportunities and funding availability. Working groups are expected to organize their work in order
to maximize their efficiency in securing the necessary financial resources, international expertise and
time to achieve their objectives.

5.3. Timetable
CLIOTOP recognizes the need for international communication and participation by partners across
the globe to achieve its scientific goals. Consequently, CLIOTOP intends to convene meetings
of the Working Groups every 12 to 18 months, rotating around the oceans of interest. A tentative
schedule is given below:
+ January 2003: Beginning of the project, first meeting of the Steering Group
* 4-7 November 2003: Project planning meeting (Séte, France). WG creation
+ 2004-2008: several meetings for each working group
* May-June 2004: 1st WG3 meeting — CICMAR, La Paz, Mexico
+ December 2004: 1st WG2 meeting — PFRP, Honolulu, Hawaii, USA
+ December 2004: 1st WG4 meeting — PFRP, Honolulu, Hawaii, USA
+  December 2004: 1st WG5 meeting — PFRP, Honolulu, Hawaii, USA
+ 2006: 1st CLIOTOP symposium and working group meetings
+ 2008: CLIOTOP mid-term review meeting
» 2010: CLIOTOP synthesis symposium
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6. IMPLEMENTATION OF THE WORKING GROUPS

6.1. Working Group 1 — Early Life History
6.1.1. Rationale

As with most marine fishes, the early life history dynamics of oceanic top predators are likely driven
by a combination of density-dependent and -independent processes, each of which affect survival,
and ultimately year-class strength.

These early life history dynamics are tightly linked to environmental processes, many of which are
demonstrably influenced by climate variability. For example, changes in climate can impact ocean
temperature distribution, timing and depth of stratification, the formation of mesoscale structures
such as fronts and gyres, upwelling and consequently production. Changes in production can
directly influence rates of growth and mortality of larval stages of top predators, either impacting
their survival, or, via migratory movements of the adults, the temporal and spatial distribution of
spawning. How movements of large pelagic predators modify spawning and early life history
dynamics is unclear, particularly as large scale movements might mediate local or regional changes
in environmental conditions.

Therefore, knowledge of the factors that define spawning locations and survival of the resulting
early life history stages of top predators is critical for an informed understanding of the role that both
seasonal dynamics and climate change may play on these organisms, as well as, the feedbacks
that might ensue.

Figure 4. Bluefin tuna larva - Mediterranean Figure 5. Sailfish larva — Straits of Florida

Sea (Balearic Sea) (A. Garcia) (R.K. Cowen)

Gepatropic velccily and salinity at 25m ThallT0l

M

Figure 6: Bluefin larval
catch (grey dots),
geostrophic velocity
(arrows) and salinity
(colors) at 20m depth off
the Balearic archipelago
(Source: A. Garcia).
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6.1.2. Key questions

Two questions are the key to assessing the impact that environmental variability may impart on
top predator populations in the context of their early life history (ELH). Taken together, answers to
these two questions will address the factors that determine when and where spawning occurs, how
the relative success of each spawning event is driven by the local environmental conditions, and
ultimately, how large scale (multi-decadal) atmospheric or oceanic forcing impacts larval survival
and recruitment.

Question 1:  What environmental characteristics define the timing and intensity of reproduction
and spawning areas?

Question 2:  What environmental and biological characteristics most influence larval survival?

A comparative approach will be useful to understand the impacts of climate variability on open ocean
ecosystem dynamics. This approach can provide information on habitat quality and distribution for ELH
stages throughout the spectrum of different open sea systems as well as about the processes involved
in larval survival. In order to cover a complete range of habitat conditions, it is important to examine
both central and marginal habitats for the same or similar species. The identification of key species,
highly sensitive to changes in the conditions of spawning habitats, is also highly recommended.

Specific Objectives:
1. Identify the spatial and temporal distribution of spawning within and among years.
2. Identify which environmental variables (physical and biological) best define spawning habitat.

3. Determine the relative contribution among specific spawning sites and times to year class
strength and how they may vary over time.

4. ldentify and quantify the density-dependent and -independent processes and related
environmental factors that define larval and juvenile survival.

5. Determine how critical biological rates (e.g. metabolism, growth, mortality) of different ELH
stages are affected by environmental change.

Identify the bioenergetic requirements of ELH stages.

7. ldentify the distribution of key organisms at other trophic levels influencing ELH stages (i.e. their
predators and prey) at the small-, meso-, and large-scale relative to hydrological conditions.

8. Examine the food web dynamics of ELH stages. Similarly, identify the role ELH stages play
in food web dynamics.

9. Identify and quantify the human impact on ecosystem functioning and how these affect ELH
dynamics.

10. Identify multi-decadal processes for key areas.

Many of these and related issues are not unique to oceanic top predators. However, it is unclear
whether the ELH stages of oceanic top predators are more responsive to particular processes, or
whether they have stronger direct impact on the food web they are a part of, when compared to other
fish species. Light, temperature, stratification, turbulence, water clarity are all physical properties
that may vary over many temporal and spatial scales. To what extent are oceanic top predators
responsive to these properties in terms of choosing spawning sites, and moreover, in terms of the
growth and survival of their young under various conditions? If year class variation is more stable
than for other species, is this because the larval stages are more tolerant of varying conditions, e.g.
perhaps they are capable of utilizing a broad spectrum of prey sizes and types that minimizes or
filters variability in prey abundance? Alternatively, spawning success may be linked to a combination
of several favorable factors that would increase survival rates, either in narrow patches of high larvae
concentration or conversely, in lots of relatively smaller more diffusely distributed isolates.

13
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The chance to encounter such sparse and dynamic favorable spawning zones would be facilitated
by mobility and dispersion of the adults, their extremely high fecundity, reproductive opportunism,
and known potential for serial spawning behavior.

6.1.3. Implementation

Implementation will begin with the identification and review of previous studies and survey data. This
will enable gaps in the present knowledge to be identified and highlight new methods of sampling
and improvements in analytical techniques. It will also help in coordinating research efforts among
different areas. Standardizing existing data and selecting standard methods for future studies will
be the first important objective to achieve.

Analyses of long time series data such as from CalCOFI are useful for identifying inter-annual and
decadal variation in spawning habitat distribution and linkages of year class success to environmental
variability. Additional data sets will need to be identified for comparative studies of the scales of
population responses to environmental variability.

Resolution of the above objectives requires collaborative efforts among laboratory, field-oriented and
modeling studies. There is a need to develop techniques, and even perhaps facilities, to maintain
early life history stages for laboratory measurements and experiments. Similarly, the large spatial
scales over which some species may spawn may require development of novel sampling techniques
and/or coordinated efforts for adequate resolution of spawning distributions and their associated
environmental conditions.

Laboratory studies are required to address growth and bioenergetic rates under controlled food, ration
and physical conditions. Obtaining sufficient numbers of larvae requires either the development of
techniques for reproduction in captivity, or some means of collecting large number of young larvae
alive from the field. Alternative methods might include utilization of mesocosm enclosures within
the field once larval patches are identified.

Field studies should include detailed egg and stage-specific larval distribution studies coupled with
the measurement of available prey fields and other environmental characteristics. Development or
utilization of novel technologies may be required to adequately survey large areas of the ocean where
spawning may be occurring. Once larval patches are identified, drifters with real-time reporting may
be needed for repeat sampling which is required for growth and mortality rate estimates. Growth
rates determined from otoliths, coupled with measures of condition will enable the determination of
sources of growth variability in the natural environment, which will then be compared to laboratory
measured rates.

Microchemistry of otoliths may be useful in determining contribution to year class population structure
from specific spawning sites. It will be useful to develop standard protocols to coordinate the use
of larval collections for multiple studies including growth, stomach contents, condition, etc.

One life history stage that is particularly under-studied is the juvenile phase, those individuals that
have survived beyond the larval stage, but have not yet entered into the fishery. The key to success
in this area will be the development of appropriate sampling techniques. Juveniles may vary in their
spatial distribution from that of the larvae and adults, thus coordinated efforts may be required to
adequately sample these stages.

Modeling efforts will require integration of ocean circulation with NPZD type models, to provide
spatially explicit environmental conditions. From there, spatial modeling within both Eulerian
and Lagrangian frameworks will be required to capture the fundamental biological responses to
environmental conditions while accounting for the dispersal of young.

14



CLIOTOP Science Plan

6.1.4. Outputs

« Standardized public data sets of key variables (observations and predictions)
* Development of new standard sampling strategies and tools

» Improved understanding of spatial distribution of spawning and nursery areas

» Improved understanding of processes governing egg, larval and juvenile survival and hence of
stock fluctuations in relation to environmental variation

» Improved understanding of the impacts of climate changes on recruitment

» Improved understanding of yearly and decadal scale variability in migratory patterns in relation
to environmental cues, and consequent changes in the spatial and temporal distribution of
spawning (links with WG2)

* Improvement of existing, and development of new conceptual and quantitative models,
leading to a better understanding of the functioning of open ocean ecosystems. Provision of a
scientific basis for the development of ecosystem-based management strategies, aimed at the
conservation and sustainable exploitation of marine habitats and resources.

6.2. Working Group 2 — Physiology, Behaviour and Distribution

6.2.1. Rationale

Oceanic top predators (e.g. tunas, billfishes, sharks, birds, mammals, turtles) are highly adapted
to exploit the pelagic environment. They therefore must deal with the natural variability inherent in
this environment occurring over a broad range of scales in time and space. The overarching theme
for this Working Group is the challenge of integrating knowledge across scales from processes
occurring within organisms and their constituent organs and cells, through individual to population
scale spatial dynamics, with time scales ranging from millisecond to multi-decadal.

Physiology and sensory biology

“Physiology” is generally defined as the processes by which organisms maintain a relatively dependable,
if not always constant internal milieu, thereby supporting normal cellular function. Physiology is,
therefore, the collection of internal cellular and organ-scale processes permitting (amongst other
things) the conversion of ingested food to expendable energy for maintenance, growth, locomotion
and reproduction, and the detection and capture of prey. For our purposes, however, physiology can
best be thought as the transfer function that relates the physical environment to the behavior and
distribution of oceanic top predators throughout their life cycle. As such, it is essential to develop a
thorough understanding of the physiological abilities and tolerances of oceanic top predators in order
to understand, and eventually predict, behavior and distribution in time and space.

A thorough understanding of the sensory biology of oceanic top predators is likewise important, as
animal behavior is clearly dependent on sensory biology. Sensory mechanisms (vision, olfaction,
hearing, electro- and mechano-detection) allow animals to sample their environment in the search
for food and mates, and to stay within physiologically tolerable ambient temperature and oxygen
conditions. Yet we know relatively little of these mechanisms or the sensory biology of oceanic
top predators in general. Clearly, we need to develop a better understanding of sensory systems
themselves (i.e. detection thresholds and sensitivities) as well as the properties of any given stimulus
being detected (i.e. emission magnitudes/rates). This in turn will permit effective modeling of physical
processes taking place that influence the distribution and movement of oceanic top predators at
different spatio-temporal scales (i.e. dispersion of smells, propagation of sound, deterioration of
visual images, sensing of geomagnetic fields, etc.).
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Vertical movements

Oceanic top predators can be broadly classified by a key behavioral trait: the extent of their daily
vertical migrations. Some pelagic predators (and their prey) are confined to the surface mixed layer,
which is relatively warm, well lit and rich in oxygen, whereas others are able to dive much deeper,
across the thermocline, into waters that are dark, cold and contain little oxygen. Species such as
bigeye tuna, swordfish, bigeye thresher sharks and leatherback turtles conduct regular migrations
to depths in excess of 500 m. Other species, such as yellowfin tuna, are apparently only able to
forage within the thermocline and to make occasional but brief excursions to deeper waters. Foraging
by birds is confined to surface waters and there are other organisms, such as skipjack tuna and
dolphin fish (mahimahi), which are confined to the surface mixed layer and only very exceptionally
descend below it, possibly as an escape response to predation rather than for foraging.

As animals undertake these vertical excursions, they are also usually subjected to rapid changes
in temperature, pressure, and oxygen conditions. The physiological mechanisms that allow such
behavior are, however, complex and are not yet fully understood. For example, blood-oxygen binding
characteristics apparently unique to bigeye tuna allow this species to extract oxygen from the low
ambient oxygen environments occurring at depth, yet simultaneously deliver and offload oxygen to
the tissues quickly enough to support elevated metabolic rates. On the other hand, the more sensitive
albacore tunas are apparently far less able to rapidly compensate for depth changes, although quite
capable of inhabiting deep ocean environments as they grow to maturity. What specific and unique
physiological/biochemical adaptations permit the other parts of the bigeye, albacore, and bluefin
tunas cardio-respiratory system (e.g. cardiac muscle) to function under the demanding conditions
of cold temperatures and low ambient oxygen occurring at depth remain unknown.

A general pattern observed for vertical migrators is descent at dawn and ascent at dusk (Fig. 7).
This behavior allows the various predators to better exploit the movements of the “deep scattering
layer” of zooplankton and micronekton, which also migrates towards the surface at night and to
deeper waters during the day. If feeding is the motivation for vertical migration of predators then we
must assume that this behavior enhances prey capture rates despite the minimal visibility. Hence,
prey concentrations must be considerably higher at depth than in surface waters. Furthermore, the
vertically migrating predators must have specific adaptations to localize prey organisms at depths only
lighted by residual luminosity and the bioluminescence of meso- and bathy-pelagic organisms.

Figure 7. Depth vs. time plot for Bigeye tuna in the southwest Pacific. The data is from an archival
tag and shows a clear pattern of depth preference over a 4-day period.
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Horizontal movements

Two types of horizontal movements have to be distinguished: exploratory foraging movements that
presumably are highly dependent on local environmental features and migratory movements that
may be independent of local environmental characteristics (Fig. 8).

Temperature is a fundamental characteristic of oceanic water masses, driving thermohaline
circulation and the redistribution of heat. Horizontal temperature gradients are relevant to oceanic
predators, although they are generally two to three orders of magnitude less steep (i.e. A°C/unit
distance) than vertical temperature gradients, except at fronts that mark the boundary between
different water masses.

Chlorophyll (i.e. phytoplankton) concentrations suggest increased productivity at the higher trophic
levels which provide prey for the top predators but result in decreased water clarity and therefore
visibility. Phytoplankton and zooplankton can also severely reduce oxygen availability. Chlorophyll
concentrations in the ocean range across several orders of magnitude, being extremely low in the
centre of ocean gyres due to nutrient limitation and much enhanced in upwelling zones and regions
of freshwater influence. Water clarity is negatively correlated with chlorophyll concentration, and
visual range is exponentially related to water clarity. This means that minor changes in chlorophyll
concentration will have major impacts on prey detection rates. Observations that Atlantic bluefin
tuna prefer waters in the mid-range of chlorophyll concentrations may reflect this trade off between
prey abundance and detectability.

Spatial distribution

Habitat choice in the horizontal dimension is reflected in the different spatial distributions exhibited
by oceanic top predators in relation to the dynamics of water masses, features and processes. The
spatial distribution of the population at any snapshot in time is the net result of all individual and
collective movements. It can be discerned from well monitored fisheries catch and effort data at
sufficiently high spatial resolution and then in more temporal detail from conventional tagging (i.e.
mark-recapture) studies. The latter are also central to the derivation of population parameters such
as natural and fishing mortality based on time at liberty.

Figure 8. Tracks from sonic tagging experiments on North Atlantic bluefin. Two movement
modes are apparent: directional movement (i.e. feeding migration) and area-restricted search (i.e.
foraging). In feeding areas (boxed) density estimates are 6x higher than outside (Image courtesy
of N. Newlands).
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The spatial distribution of top predators is often seasonal, with migrations taking place for feeding
and/or spawning (Fig. 9). The availability of suitable habitat, including large quantities of prey
organisms, can be a major constraint on the spatial distribution of oceanic top predators, particularly
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Question 3: What determines the time and place of reproductive and feeding-related
behavior?

Feeding and reproduction are the most important behavioral processes required to sustain and
perpetuate populations of top predators. Instantaneous habitat choice in pursuit of successful feeding
can be considered as a process optimizing energy balance and thereby allowing growth and sexual
maturation. Some species of top predators are plastic in their choice of spawning grounds (e.g.
skipjack, yellowfin), while others (e.g. bluefin tuna, turtles, albatrosses) are restricted in their time
and areas of spawning. Therefore there is a need to identify areas and times favorable to larval
survival and growth (i.e. high food, low predation), to identify what mechanisms determine the shift
between both reproductive and feeding-related behavior, and whether there are differential impacts
of long term climate change on species with different reproductive strategies.

Question 4: How do anthropogenic forces such as fishing interact with environmental impacts
on distribution and population structure?

The different external factors imposing variability in the population dynamics and distribution of top
predators include both environmental and anthropogenic forcing. The most obvious example of the
latter is the direct removal of individuals from populations by fishing, through deliberate capture of
targeted species or incidental capture of non-targeted species. Fishing also has indirect effects on
predator populations. The widespread use of fish aggregating devices (FADs) may adversely impact
both small-scale foraging behavior and large-scale migrations to the extent that associative behavior
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Table 1. Data available for comparative studies. Before comparative studies can proceed,
these data need to be made available to CLIOTOP researchers in an easily accessible,
consistent format and with metadata documenting inherent constraints to the application of
the data to specific analysis. Additional field work is required to address some of the more
sig