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PREFACE

The ICES Study Group on Cod Stocks Fluctuations was established
according to the ICES Council Resolution 2:14/1989 (Appendix I). The
Resolution called for The Study Group to communicate by correspondence
in 1990. However, because of the great interest in cod stock
fluctuations, particularly in relation to environmental and climate
and Global Ocean Ecosystem Dynamics (GLOBEC) 20 scientists on their
own initiative met in Bergen 16 - 18 January 1990 to study the
relations between air-sea interactions, ocean physics, and the
fluctuations of cod and related organisms in the North Atlantic. (A
preliminary report of the meeting, "Development of a plan to study Cod
and Climate Changes in the North Atlantic", was distributed in April
1990).

The Study Group (listed in Appendix II) wishes to thank the following

contributors of the regional syntheses (appearing in Appendix III):

S.Campana, G.A.Chouinard,

P.Fanning, A.Frechet, J.M.Hanson, (Canadian cod stocks
J.J.Hunt, T.Lambert and Georges Bank)
E.Buch, H.Hovgaard (West Greenland cod)
V.P.Serebryakov (White Sea cod)
S.Sundby, K.Sunnana (North-east arctic cod)
A.Kristiansen, B.Hansen (Faroes cod)

J.Gjgszter (Norwegian coastal Skagerrak cod)
P.0.Larson (Baltic Sea cod)
H.Heessen (North Sea cod)
K.Brander (Irish Sea cod)

The present report was worked out during a meeting in Lowestoft,
August 14.-16. 1990, attended by R. Beverton, K. Brander, D. Cushing,
N. Daan, B. Rothschild and S. Sundby. It brings together comments from
both Study Group members and others on the preliminary report, a more
detailed discussion on the life history of the cod throughout the
Atlantic, and reemphasizes the need to study the integration of

biological and physical processes. In addition, the present report



expresses the need to support model development through laboratory,

mesocosm and field studies.

Bergen, Gwent, Lowestoft and Solomons.

August/September 1990



1 INTRODUCTION

1.1 The GLOBEC context

The dynamics of marine ecosystems in the context of climatic change
are of considerable practical and scientific concern. The practical
concern stems from the need to manage the global ocean or at least
large parts of it. The study of ecosystem dynamics helps to identify
those parameters that drive long-term variability of biological pro-
ductivity and hence provide a starting point for long-term forecasts
for the optimal management of fisheries. Ecosystem dynamics also pro-
vides insights into the way in which systems in the sea are affected
by pollution and reveals where regulation is needed. As anthropogenic
inputs into the sea increase, their impact upon the fish stocks will
become more obvious and the need for interaction between fisheries and
pollution management will become more urgent. The stakes are raised by

the climatic change now facing us.

The practical importance of these problems only serves to enhance
their scientific potential, particularly as inquiry shifts from

description to understanding.

It is immediately obvious that tackling the problem of global ecosy-
stem dynamics is not only necessary but extremely difficult and long-
term. It is also obvious that a clearly enunciated strategy will be
necessary to coordinate the diverse activities that will be necessary
for its execution, and ensure that the work is moving toward a common

goal.

A strategy will not simply happen, nor is it likely to occur through
some abstract design. A practical approach which can be implemented

in its own right is needed to serve as a model.

1.2 The scale of climate change

An attractive strategy can be based upon the well known variability in
the fish stocks. A review of marine ecosystems shows that many fish
stocks exhibit very large fluctuations in biomass. To what extent are

the variations caused by the physical environment, and what is the



effect of these considerable perturbations on other elements of the
ecosystem? In turn, to what extent do fluctuations in non-fish compo-

nents of the ecosystem influence the variations in the fish stocks?

Frustration has been associated with attempting to answer these
questions, and it is a consensus that a new approach has to be taken.
Such a new approach would need to involve a) heavy emphasis on
modelling b) recognition of the importance of the interaction between
the physical environment and population dynamics c) the development of
new sampling techniques and d) the enhancement of our institutional
capabilities to focus on assessing the opportunities for forecasting,
monitoring, and managing the human influence of major sectors of the

marine environment (E0S, 1989).

1.3 Cod and -climate

Following this strategy , the cod and climate-change program has been
designed to be both a model for organizing the study of global eco-
system dynamics while at the same time providing new insights on the
the fluctuation of cod stocks of the North Atlantic, as they might be

affected by climate fluctuation.

There are a number of factors which dictate the choice of cod as a

target for the pilot study.

a) The biology, physiology, and ecology of the 1life history stages

of cod are probably better understood than for other marine species.

b) Long and for the most part reliable time series of data on
landings, biomass and recruitment are available for many of the North

Atlantic cod stocks.

c) The prey organisms of cod are largely well known, and for most

stocks the predators of the adult cod are relatively well known.

d) The capability for numerical modelling of the physical environ-
ment gives us an opportunity to study physical variability and to
link, as it has not been done before, basin-wide changes in physics

with the productivity of individual population.



e) The diversity of the cod population and their environment enable
the development of a general understanding which could be transferable

to other species and regions.

f) The geographical range of cod stocks is such that several stocks
are particularly sensitive to climate fluctuation at the northern and
perhaps at the southern extreme of its range, and therefore a useful
test case for assessing our capability to forecast interactions of

fish stocks with the environment.

g) The diversity of laboratories and disciplines already involved in
studies on recruitment, multispecies modeling, climate and physical
numerical models provides an opportunity for attacking the problem

from all necessary aspects.

h) Considerable work is ongoing, and the institutional capability of
ICES and other organizations is staged to coordinate activity and to
create opportunities for considerable improvement in stock-assessment
techniques by the more direct employment of ecosystem dynamics in

stock and population-dynamics assessments.

i) Because of a wide range of interest, placing cod dynamics in the
context of global ocean ecosystem dynamics provides the opportunity to

bring new funding into fisheries research.

In laying out the program we set the stage by providing background

information on the North Atlantic cod stock and the environment.

We the provide a template for developing a five year plan for a
general CCC model. The template is built up by considering the way
that a North Atlantic Physical Model (NAPM) drives Regional Physical
Models (RPMs) and the way that Biophysical Process Models (BPMs) are
integrated into the Regional Physical Models (RPMs). Such a scheme
would be applicable to other species (in the North Atlantic, e.g.

herring) and other ocean basins (e.g. sardines in the North Pacific).

The urgency of beginning this program cannot be understated in as much
as it is a long-term program and many uncoordinated activities are

already underway.



2 ENVIRONMENTAL DEMOGRAPHY OF NORTH ATLANTIC COD STOCKS

The distribution of Gadus morhua in the North Atlantic (Figure 1) may
be interpreted in relation to the shelf topography, the prevailing
current systems (Figure 2) and the general temperature regimes of the
area. A lack of symmetry in the distribution of cod stocks is intro-
duced by the predominant SW-NE flow of the Gulf-Stream and its branch-
es. Because the demography of cod stocks depends upon the strength and
direction of the current systems as well as the temperature regime it
can be easily seen how climate fluctuation in the near and long term

can affect the demography of cod.

Figure 1. Distribution of the cod stocks in the North Atlantic. 1)

Area of distribution. 2) Area of spawning.
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Figure 2. Main current system of the Northern North Atlantic.

2.1 Arcto-Norwegian and Icelandic stocks

In the North and Northeast Atlantic the shelf environments are
dominated by interaction between the two major branches of the Gulf
Stream - the Norwegian and Irminger currents, and outflow from the
Arctic basin. Major (and permanent) spawning grounds (Arcto-Norwegian
and Icelandic) are found in the coastal water adjacent the parallel
flowing Atlantic water - eg Lofoten Islands in Norway and Vestmanna
Islands in SW Iceland. The eggs and larvae are carried from the
coastal water into the Atlantic water to nursery grounds, which are
bounded to the North by Arctic water (ie in the Barents -ea, Spits-
bergen and North Iceland). The adults must make major oriented return

migrations to the spawning grounds. These features givc rise to
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strong stock coherence with nursery grounds much influenced by the

contemporary relative strengths of the Atlantic/Polar influences.

2.2 The West Greenland stock

The West Greenland stock can be regarded as a special case of the
above, in which not only the nursery grounds but also the spawning
grounds (North of 60 degrees N particularly on the Hellafiske Banks),
are vulnerable to the Atlantic v Polar influences (Irminger v East
Greenland currents). Thus, unlike either the Arcto-Norwegian or the
Icelandic stocks, the West Greenland stock virtually disappears when
the Atlantic influence weakens and polar water dominates (prior to

1920 and after 1960).

2.3 The open Canadian shelf (Labrador to Southern Nova Scotia)

The open Canadian shelf (Labrador to Southern Nova Scotia) offers a
wide range of environmentally favourable localities for cod, with many
long-established fisheries. It is not, however, a mirror-image of the
Northeast Atlantic shelf owing to the absence of a corresponding
Atlantic water influence as a strong directional current system.
Spawning is widespread, nursery grounds are less clearly delineated
and strongly directional adult migration is not necessary to life-
cycle continuity. There is, for example, no analogue on the Northwest
boundary of the North Atlantic cod (ie Labrador - Northern Grand
Banks) to the long-distance adult migrations of Arcto-Norwegian cod to

localised spawning grounds at Lofoten.
2.4 The southern Canadian/US shelf

On the other hand, the southern Canadian/US shelf is influenced by
transient warm core rings spun-off from the Gulf Stream and, in
addition, there are semi-permanent "retention areas" due to inter-
action between currents and features of shelf topography, which
support reasonably discrete stock units. Southern Georges Bank is the
best example. A similar process is responsible for the discreteness

of the Faroes cod (Bank and Plateau).
2.5 Special environments

There are several special environments and stock complexes which do
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not fit geographically into the above pattern:

a) Gulf of St Laurence stocks (Northern and Southern), which complete
their life-cycle in a strong seasonally changing environments
resulting from St Laurence river, Labrador current and Atlantic

inflows.

b) North Sea, where although there are substantial variations in
Atlantic water inflows, it is not dominated by strong directional of
currents and the environment for cod is benign. There is widespread

spawning with no clearly separated stock units.

c) Fjord cod. In all the fjordic coasts (Norway, Greenland, Labrador
etc) there are numerous local cod stocks that appear to complete their
whole life-cycles within confined areas. Their precise genetic status
is not altogether clear, but.in most cases they seem to be distinct
from their off-shore counterparts. West Greenland fjord cod were
evidently affected by the major climatic warming and cooling that

caused the appearance and disappearance of the major offshore stocks.

d) Two extreme low temperature environments, which nevertheless
support permanent stocks, are the White Sea and Labrador, where the
locally discrete stocks are able to spawn and the eggs develop

successfully in temperatures as low as -1 degrees C.

e) The Baltic is a special case, where combinations of salinity and
oxygen tension combine to form "reproductively-friendly" volumes in

which cod can spawn successfully.

2.6 The southern boundaries of North Atlantic cod

The southern boundaries of North Atlantic cod, both on the East and
West sides, are less clearly defined than the northern. This could be
explained by (a) the lack in the south of a sharp water mass boundary
comparable to the Atlantic-Polar front in the North, and (b) the fact
that the prevailing currents are northerly. The southernmost limits
of a cod stock must therefore be the spawning ground, and this may
cause an erratic occurrence which does not support a coherent
commercial fishery and for which scientific records are scattered and

incomplete, with the exception of the recent MARMAP data set.
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2.7 General considerations

Climate change might affect a great variety of processes in the life
history of a fish population. However, the likely important effects
might be grouped into two major classes of a very different nature.
Firstly, climatic change might affect the recruitment process because
the environmental conditions are generally believed to have a great
impact on the survival of eggs and larvae. Since the recruitment
process is finished within one year and since there is no 'memory' of
past conditions carried over from former years, effects of climatic
change will only be understood as far as trends can be superimposed on

the interannual variation in environmental conditions.

Secondly, climatic change may affect the adult population. However, in
contrast to eggs and larvae which are completely left at the fate of
the environment, the adult fish may actively respond to changes in the
environment by adjusting migration and distribution patterns. Because
cod are long- lived and because biological conservatism is an
important component of individual behaviour (herring), effects of
climate change on distribution may be expected to become integrated
over years and show up on gradual trends. Of course, climate change
may also affect the energetic expenditure within a population (growth
and maturation), but such effects will be largely controlled by the
extent to which the behaviour response of the population counteracts

the climatic change.

This distinction between the effects of climate change during the
recruitment and adult phase suggests that very different models would
be required to study these effects. In addition, one might argue that
the strongest effects of climate change in respect of the adult phase
may be expected in cod populations near the northern and southern
limits of their Atlantic range. For these areas, modelling exercises
to try to understand changes in distribution would seem to have a much
higher priority than for populations in the middle of the range. On
the other hand, the recruitment processes are likely to be affected in
all areas and therefore should receive a high priority among all

populations.

Up till now, recruitment studies have hardly taken into account

species interactions. However, apart from direct effects of the
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physical environment on the survival of eggs and larvae, there may be
strong indirect effects through other biota. Therefore, including
predators and prey in these studies would seem a prerequisite for an
understanding of the recruitment process. The type of multispecies
modelling approach that has been applied among adult populations of
exploited fish species should to a much greater extent be adapted for

application in recruitment studies.

3 PLAN OF COD AND CLIMATE PROGRAM

3.1 Basic principles of the plan

The underlying philosophy of CCC involves the idea that physical
variables are a major source of variability in the population-dynamics
of cod and associated species, and that a modeling structure needs to
be developed to explicitly account for physically induced variability
as well as to facilitate the continuing cycle of empirical activity

and theoretical development in cod and climate research.

It is our view that the study of the system of cod populations across
the entire Atlantic will lead to an understanding of cod stocks that
could not otherwise be achieved. For this reason models and
approaches need to be both "universal" and taylored to specific
regions. Accordingly the plan will need to make provision to take to
completion the work specified in the Terms of Reference on assembly
and analysis of already collected data on cod, associated populations,
and on the physical oceanography. The assembly of data is both
important in its own right and important in providing the raw material
for the modeling activity. In addition to continuing to build an
information system for the data base, there are four other activities

that need to be undertaken:

1. The development of the North Atlantic physical model
covering the range of cod and other important stocks.

The development of regional physical models.

The development of special-purpose physical process models.

The development of basic biological process models.

=W N

The development of regional biological process models.

Figure 3 shows how this set of models are linked together. The present



report concentrates on 1, 3 and 4, as 2 and 5 will largely be left to
the design of various national programs although many possible

linkages among national programs might be developed.

OCEAN CIRCULATION MODELS
(WOCE and ACCP)

v

NORTH ATLANTIC PHYSICAL MODEL
(NAPM)

v

REGIONAL PHYSICAL MODELS
(RPMs) -

N

PHYSICAL REGIONAL BIOLOGICAL BASIC BIOLOGICAL
PROCESS MODELS PROCESS MODELS PROCESS MODELS
(PPMs) (RBPMs) (BBPMs)

Figure 3. The principles of the Cod and Climate biological-physical
coupling strategy. The aim is to develop a better understanding of
biological-physical coupling through linking physical circulation
models (NAPM and RPMs) with process models (PPMs and BPMs).

3.2 North Atlantic Physical Model (NAPM)

It is obvious for the cod, other fish stocks, and their predators and
prey in the North Atlantic that the physical environment plays an
important role in affecting the variability of fish stocks and other
populations. The physical environment is complex and can affect the
stocks in many different ways. For example the mid-1970s anomaly
could be traced as a climate wave propagating through the habitat
regions of several cod stocks during a period of more than three
years. The North Atlantic Current is the most important conveyor of
heat into the Nordic Seas, and variations of inflow between Britain

and Iceland has been shown to have an important impact on the climate

14
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changes in the Norwegian Sea, North Sea, Greenland Sea and the Barents
Sea. In the western region, the variations of the Irminger current
and the East Greenland current influence the ocean climate downstream
towards the east coast of North America. The East Greenland current
is the direct continuation of the out-flow of Arctic water through the

Fram Strait.

A NAPM is necessary to begin to 1) provide perspective for linking
larger-scale physical events with the changes in North Atlantic biota
that have been recorded on both sides of the Atlantic for nearly a
century, 2) create a setting for the development of biophysical
population-dynamics models, 3) provide insights for the assessment of

predicting stock and production changes.

The NAPM can be characterized by its function. It will 1) model how
large scale (ocean wide) climate changes influence the state and cir-
culation in the habitat of all the North Atlantic cod stocks and 2)
give boundary conditions for the smaller scale Regional Physical
Models. The North Atlantic Physical Model should have a grid net
which resolve the topography of the northern European and American
shelves, and it should include the Arctic Basin. The geographical
boundaries of the model should approximately equal the frame of
Figure 4. The processes causing ice freezing and formation of bottom
water should be a part of the model. It should be driven by the local
wind field, heat exchange across the sea surface and the water fluxes
at the southern boundary should be created by the model results from
models like the ACCP.

While the ACCP and other Atlantic circulation models yield realistic
equatorial currents and describe the main gyres well, the results from
the Northern borders of the models are insufficient, because model
topography in the nordic Seas is too crude and because water exchange

with the Arctic basin is not included.

The work to create a North Atlantic Physical Model should be one of
the key studies within the Cod and Climate Program. Such a model
would bridge the large scale processes, covered by the modelling
efforts within the WOCE program and the ACCP program, to the regional

scale processes important for the individual cod stocks.



3.3 Regional Physical Models (RPMs)

The RPMs are generally numerical (but also analytical depending on
which problem at hand) ocean models geographically covering the

area of distribution of one or more cod stocks and their most

16

important interactive species. The RPMs should described the physical

processes which influence the biological processes. The RPMs should
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resolve standard hydrographical sections so that model hindcasts could
be compared with historical data. The work of Bartsch et al. (1989)

is an example on how a regional physical model is applied together
with decription of biological processes. They modeled drift of herring
larvae in the North Sea from the hatching areas to the nursery

grounds.

Figure 4 shows tentatively the geographical extent of 6 RPMs. However,
it is clear that the extent of the models should be set by the bio-
logical processes to be studied. It is obvious that detailed models
are needed in several regions, as for example in the Gulf of St
Laurence, the Irish Sea, the Faroe region, the White Sea and in

regions for coastal cod.

The demands on the different RPMs should be set by the specific bio-
logical processes we want to study. For example, if we want to study
the drift and dispersion during the important period when most of the
year class strength is determined, we need a wind driven numerical
model which has a grid net fine enough to resolve the most important
eddies, especially near the spawning regions. It has to be robust
enough to be run for 4-5 months to cover the entire drift phase of the
eggs/larvae/juveniles. For most stocks and regions heat exchange is
not very important for describing horisontal drift and dispersion.
However, for other processes the description of the heat exchange is
crucial to the problem. If we have a Biophysical Process Model for
how cod respond to temperature and we want to describe how the
distribution of adult year classes of cod changes due to seasonal
variations in the temperature field, we need a RPM which includes
thermal processes, but not on a very fine grid net as in the drift

model.
3.4  Physical Process Models (PPMs)

There is a great need for basic studies to develop special-purpose
physical process models (PPMs). These models are necessary not only to
understand the biological processes but to achieve a better under-
standing of the physical processes as well. The physical processes are
important sources of variability in plankton production and survival
of cod eggs and larvae. In particular the turbulent forces influence
the plankton productivity in several ways: The vertical distribution

of plankton is a result of the interaction between the turbulent
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forces, the buoyancy forces and the vertical migration/behaviour of
the plankton. The contact rate between low-speed predators and prey

is a result of the interaction between predator and prey speed and the
velocity of small-scale turbulence. As a final example, the transport
of nutrients from deeper layers into the euphotic zone depends on

turbulent entrainment.

These biophysical interactions tend to be driven by phenomena associ-
ated with air-sea interactions. Within the field of air-sea inter-
action there are a variety of physical processes important for ocean
productivity. These include the dynamics of wind waves, mixed layer
turbulence, heat exchange, flux of gases, freezing, termohaline
convection and frontal processes. Many of the parameters within the
air-sea interaction are intercorrelated, eg. in the Northeast Atlantic
a high frequency of winter cyclones are more or less followed by an
increase - in several other physical parameters as southwesterly winds,
wave activity, turbulent mixing, sea temperature, cloud cover, preci-
pitation and fresh water run-off. Therefore, to understand the
influence of climate variability on ocean productivity correlative
investigations must be backed up by investigations on how single

physical processes influence the basic biological processes.

These physical processes are most often parameterized in a simplyfied
way in numerical ocean circulation models, partly due to their com-
plexity and partly due to lack of measurements and theory. It is clear
that new air-sea interaction models which are structured to explicitly
interrelate with population dynamic variability need to be developed.
The task of developing useful models in this mode may require a better

understanding of fundamental biological physical processes.

3.5 Basic Biological Process Models (BBPMs)

The continuity of the life-cycle can be visualized as being dependent
on a series of inter-connecting phases (e.g. spawning, larval survi-
val, maturation etc.) each in turn being the net result of a set of
underlying Basic Bio-demographic Processes (cf. First Principle

Processes in the GLOBEC paper).

The definition of a BBPM is to some extent subjective depending in

particular on the details of the problem. A necessary condition is
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that BBPM's comprise the most fundamental ecological processor so that
the processor can be linked to the physical environment. Put another
way BBPM's reflect common and essential elements in the population

dynamics of all stocks and environments.

Our primary interest involves the interactions between dynamics of (a)
cod population, (b) associated species, and (c) the physical envi-
ronment, As a point of departure in the most simplistic sense inter-
actions might be identified between the most general population-
dynamic and physical variables. As an example, one set of relation-
ships would involve nine biophysical interactions between mortality,
growth, and reproduction on one hand, and temperature, motion, and
light on the other hand. While this classification sets the stage,
more detail is needed. For example, reproduction may be related to
growth while temperature may be related to water motion. As another
example, each of the population dynamic variables comprise a complex
of processes that need to be considered first individually, then in
concert in order to control statistical variability. To do this,
mortality might be partitioned into predatory and non-predatory
mortality. Predatory mortality might increase with temperature while
non-predatory mortality might decrease with temperature. The statist-
ical behaviour of total mortality (predatory plus non-predatory mor-
tality) with respect to temperature would then depend upon the rela-
tive proportion of predatory and non-predatory mortality. If the
components of mortality were not recognized or accounted for in a
model then conclusions on the change of mortality with respect to

temperature might be misleading.

Accordingly, it is desirable to study the most fundamental components
of the population dynamics variables. It is of course difficult to
specify the details of models in the abstract. However, feeding and
reproductive models seem useful beginnings for the study of the inter-

relationships identified above.

Feeding models involve both predatory mortality and growth. This is
because the ingestion of a prey causes prey mortality, but it also
contributes to a component of predator growth. Growth contributes to

both somatic and reproductive biomass.

The simplest components of a feeding model which would be compatible

with studying physical variability would be:



20

prey density and velocity

predator density and velocity
predator/prey encounter rate

perceptive or capture field for predator

avoidance field for prey.

The model(s) would then consider each of these components as a
function of temperature, motion, light, etc. Ingestion is then
translatable into predator growth and prey mortality in a physical
setting.

Reproductive models may be more difficult to conceptualize than
feeding models, suggesting that much work needs to be accomplished in
general in understanding how the reproductive processes depend upon
changes in the physical environment. The particular biological

components that seem important are:

abundance of food

quality of food

growth

migration route

age or size of "reproducer"

age of maturity

Again the model would consider each of these components in the context
of temperature, motion and irradiance and calculate reproductive

output.

3.6 Interaction between mesocosm/lab studies, field studies

and modelling

The opportunity for developing a model system of Biological Process
Models and Physical Models for a given problem (e.g. transport and
spreading of eggs and larvae from the spawning areas to the settling
regions) depends on the background information which is available.
From the information the Study Group has gathered (Appendix III) about
the North Atlantic cod stocks it is clear that the background data are
very uneven for the different stocks. For the cod stocks along the
Northern rim, where temperature clearly influence both the recruitment

phase and the adult stages, climate studies and the influence of
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physical processes has been more focussed on than in the Southern
stocks where the influence of climate is a more complex matter. On the
other hand, in the North Sea the problems around interactions with
other species has been much more studied than in other regions. Again
in some regions the early stages has been more studied than the adult
stages. It implies that field studies must be given priority to a
larger extent in some regions before Biological Process Models can be
formulated. The model systems to be emphasized in the different
regions should also be adapted to the available information. It is the
advantage of a program like this that each region develops their
specialities so that the research effort on the entire spectrum of

models systems can utilized to mutual benefit.

The activities should be a continuous interactive process between
modelling, field studies and lab/mesocosm studies where the modeling
part should not be considered as the final product, but as a way

to communicate between the disiplines and to initiate improved

studies.

The example below shows what kind of background information is needed
to create a model system describing the drift and dispersion of eggs/-
larvae/juveniles from spawning until they settle to the bottom as
juveniles. As a start we make the very simplified assumption that
mortality is exponentially declining and is constant through space. We

need 4 BPMs as input to a RPM as illustrated in Figure 5.

RPM
wind driven, eddy resolving, nested,

vertical mixing, stable for 5 months

A
I | |

BPM 2 / BPM 3 BPM 4

BPM 1
time and buoyancy buoyancy and time dependent
of eggs vert. movement mortality of

\h‘of larvae eggs/larvae/juv

location of

spawning

Figure 5. Schematic illustration of the set of process models and a
regional physical model needed to solve the problem of transport of

eggs/larvae/juveniles from the spawning area to the nursery ground.
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The information gathered on the Atlantic cod stocks shows that suffi-
cient information to run such a model is available for about 3 - 5
stocks. For the other stocks there is a general lack of detailed
knowledge on spawning period, spawning location and vertical distribu-
tion. However, viewing the interaction between field studies, lab
studies and modelling as an iterative process, results from a circula-
tion models may give input to the strategy of field investigations on

time and location of spawning.

Equally important as cod population dynamics are the population dyna-
mics of the predators and prey. The information gathered in Appendix
IIT shows that the prey items in general are rather well known. For

example, during the early life history stages Calanus finmarchicus is

an important prey item of cod for many stocks. However, there is a
general lack of knowlegde on the population dynamics of C. finmarchi-
cus and other copepods and how they are influenced by the physical

processes.

The information of predators on the early stages is even more limited,
the North Sea cod being the only stock with some limited information.
As for the prey organisms investigation on the population dynamics of

the predators should be emphasized.

A central part of the Cod and Climate Program is to understand the
adaptation of the Atlantic cod stocks through out the habitats. The
opportunity to forecast changes in the various stocks depends on that
the biological process models are basic in a way that we also know how
genetic pecularities influence the response to environmental changes.
Comparative studies on growth, mortality and behaviour in laboratory
and mesocosm will give important insight in how the genetics material
has developed in the different regions and to what extent generaliza-
tions between stocks can be allowed. Such studies should be executed

both on the larval and adult stages.
3.7 Time series

The plan described in the preceeding sections focusses to a large
extent on activities based on "first principle"” studies succeeded by
formulation of Biophysical Process Models (BPMs). The study of time

series, should nevertheless be an important supplement to the program.
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Correlations of time series may give important contributions to
forming testable hypotheses, but the understanding of the processes

can only be achieved through the study of the biological processes.

Temperature in the sea and in the atmosphere is a frequently used
physical parameter in correlation with cod abundances and biomass
because of its easy availablity and large number of relatively long
time series. But the physical parameters are highly inter-correlated,
and a number of them, not only the temperature, are expected to have

substantial influence on the biological productivity of the ocean.

Figure 6 shows the relation between the year class strength of Arcto-
norwegian cod and the temperature at the spawning grounds. (Ellertsen
et al., 1989). Figure 7 shows the relation between the year class
strength of Greenland cod and the temperature (Hansen and Buch, 1987).
Both figures indicate that a high temperature is .a necessary (but not’
sufficient) condition for the formation of a strong year class. The
low recruitment during years of low temperature in the Greenland
waters is explained to be due to less influence of the warm Irminger
Current which also give a reduced import of juveniles from Icelandic
waters, while Ellertsen et al. (1989) indicate that the negative
influence of low temperatures on the Arcto-norwegian cod is caused by
temperature induced mismatch of the production of the prey organisms
for cod larvae. While Hansen and Buch (1987) indicate that the
temperature is only an indirect signal for the recruitment, Ellertsen
et al. (1989) indicate a more direct relation to temperature. It is
easy to point out a series of other possibilities of how temperature

influence the recruitment both directly and indirectly.

Temperature (at least in the Northern regions) is correlated with the
extent of ice coverage, with the prevailing wind direction and with
the influx of Atlantic Water. Heat budget considerations also indicate
that sea temperature is correlated with wind mixing of the surface
layers, cloud cover, relative humidity and the insolation. The extent
to which the different parameters are correlated varies through the
seasons. In addition, because of the advection of physical properties
of the sea, one single property in different regions is with a certain
time delay correlated with itself. Therefore we suggest a study of the
intercorrelations among time-series of biological and physical

parameters as a unit within the program.
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4 RECOMMENDATIONS

1. That the Hydrography Committee be asked to encourage the
development of a model of the North Atlantic circulation for
application to the needs of the Cod and Climate program. It should
specify the boundary conditions for the regional models (including
interannaul variations) and describe how changes in climate propoagate
through the North Atlantic region, including the areas in which the
cod live,

2. That the Hydrography Committee encourage, facilitate and monitor
the development of Regional models. which might include the
Lagrangian spread of eggs, larvae and early juveniles and the heat
budget to forecast the temperature regime. For this purpose they
should cooperate with the Biological Oceanography Committee.

3. That the Hydrography Committee should encourage studies on how
the production of turbulent energy on a small scale, developed from
wind stress and energy affect the distribution and encounter rate of
planktonic organisms. For this purpose they should cooperate with the
Biological Oceanography Committee.

by, That the Biological Oceanography Committee should be asked to
consider that existing models of the population dynamics of copepods
be reviewed and new ones developed, particularly Calanus finmarchicus,
the food species in the North East Atlantic, and Pseudocalanus sp,
the food species on George's Bank. The model should describe the
advection of overwintering populations and variation in the time of

onset of the production of such copepod populations.

5. That the Biological Oceanography Committee reviews any shortfalls
that might exist in sampling instrumentation and specify any new
direction in sampling technology that might be undertaken during the
next decade.

6. That the Demersal Fish Committee be encouraged to study
phenotypic and genotypic differences between stocks at all stages in
the life history. Comparative studies should be started on growth,
fecundity and migration, with special reference to the current
structure of the North Atlantic. Part of such studies may be executed
in laboratories and mesocosms.

7. The program on Cod and Climate should be sustained as a long term
exercise. A Working Group should be established to meet at the
Statutory Meeting to facilitate and coordinate and serve as liaison
with other initiatives such as GLOBEC.
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5 SUMMARY

The ICES Study Group on Cod Stock Fluctuations, appointed by the
Council in October 1989 (Terms of Reference in Appendix I), has
considered the factors influencing cod stocks variability in the North
Atlantic. As part of this consideration the Study Group has developed
a draft, "The North Atlantic Program on Cod and Climate". The program
is intended to improve the understanding of how climate variability
influences the system of prey-cod-predator in which predators and prey
of cod interact with the cod populations. A basic idea of the program
is that during the recruitment and adult stages of cod both the
influence of ocean climate and the dynamics of the most important
interacting species need to be considered. The energy (mass) flux
through the cod populations is structured by the predator and prey

field of cod while climate parameters affect the rates of the fluxes.

The program is also intended to be a framework of studies within the
program of Global Ecosystem Dynamics (GLOBEC). The understanding of
how climate variability influences the population dynamics of fish can
be thought of in terms of a geographical hierarchy of physical
numerical models where the large-scale models set the boundary
conditions for the smaller-scale models. In this way large-scale and
long-term climate are linked to the smaller-scale and shorter-term

climate which in turn exert direct influence on the cod stocks.

The smaller scale Regional Physical Model (RPM) is a numerical
circulation model covering the geographical extent of one cod stock
and its interacting species. Together with Regional Biological Process
Models (RBPMs) and Physical Process Models (PPMs) the RPM constitute a
model system which links the physical variability to the biological
processes and the population dynamics of prey-cod-predator. The model
system provides a setting for communication and interaction and a
basis for modeling more complex ecosystems. The formulation of
appropriate Biological Process Models is based on the continuous
interaction between field studies, laboratory studies and studies in
mesocosm. Comparative studies between stocks on behaviour, growth and
mortality of both larval and adult populations should be an important
contribution to understand possible differences in response to climate

variability.

The Study Group has surveyed the state of knowledge of the various cod
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stocks throughout the North Atlantic (Appendix III). During the early
stages of cod there is a general lack of knowledge on the population A
dynamics of interacting species. In particular, increased research
effort on the population dynamics of copepods is needed. Improved data
on spawning location and spawning time are needed for most cod stocks.
A North Atlantic Physical Model (NAPM) needs to be developed to link
global ocean climate variability to the regional variability. Physical
process studies of the mixed layer, including improving of measuring

techniques, needs to be emphasized.
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APPENDIX I

Terms of reference for the ICES Study Group on Cod Stocks
Fluctuations (ICES Council Resolution 2:14/1989):

"A Study Group on Cod Stock Fluctuations will be established under the
chairmanship of Mr. S. Sundby (Norway) to develop a plan to predict
cod stock fluctuations using climatological indices, and will work by

correspondence in 1990 to:

a) assemble time series of population dynamics variables

for each cod population;

b) assemble physical oceanographic and meteorological

time/space series;

c) assemble and develop models that relate physical

variables to adult and larval population dynamics;

d) attempt to explain variation in population dynamics in
terms of climatic variability, taking into account not
only individual populations but covariance among

populations, regionally and on an Atlantic-wide basis."
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Members of the ICES Study Group on Cod Stock Fluctuations:

V.A. Borovkov, USSR

K. Brander, UK

E. Buch, Denmark

S. Ehrich, FRG

B. Hansen, Faroe Islands
H. Heessen, Netherlands
H. Hovgaard; Denmark

A. Kristiansen, Faroe Islands
P.0. Larson, Sverige
M.C. Leroy, France

S.A. Malmberg, Iceland

Professors R.J.H. Beverton and D.H.

Study Group as special advisors.

J. Netzel, Poland

D.B. Olson, USA

T.R. Osborn, USA

B.J. Rothschild, USA

S.A. Schopka, Iceland

V.P. Serebryakov, USSR

M. M. .Sinclair, Canada
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2J3KL Cod

History

Nominal catches declined from a high of about 800,000 t in 1968 to a low
of about 139,000 t in 1978. Since that time the catch has gradually
increased. For the 1982-87 period, catches have bee about 230,000 t in 1989.
The decline between 1988 and 1989 was due mainly to reductions in ailocations
to the Canadian offshore fleet. Catches during the 1960's and into the 1970’s
vere taken mainly by foreign fleets. Since 1977, when Canada extended its
fisheries jurisdiction to 200 miles, most of the catch has been taken by
Canada.

There are two major fisheries that contribute the total catch; an inshore
fishery, comprised of fixed gear (traps, gillnets, handlines, and line travls)
and an offshore fishery, comprised mainly of mobile gears (otter trawls). The
large catches during the 1960;s taken by foreign fleets wvere from offshore
areas. Only since 1977 has there been a relatively extensive fishery in
offshore areas by Canadian vessels. While the offshore fishery has a
relatively short history, the inshore fishery has been a part of life in
Newfoundland outports for centuries. The catch by inshore gears vas at its
lovest in 1974 (35,000 t) and subsequently increased to 113,000 t in 1982.
Thereafter, catches decreased to 72,000 t in 1986 but increased to about
80,000 t in 1987. catches by inshore gears for 1988 and 1989 have been about
100,000 t.

This stock is defined as those cod which inhabit NAFO Divs. 2J, 3K, and
3L. It is generally agreed that some interchanges occur between Divs. 2J and
2H in the north and between Div. 3L and 3NO in the southern extremes of the
stock. However, it is assumed that these interchanges balance some way and
may be fairly consistent from year to year.

General structure of the stock

The age 3+ biomass of cod for the Div. 2J3KL stock was just over 2.5
million tons during the early 1960’s. Large amounts of fishing effort by
foreign fleets caused the stock to decline and by the mid-1970’s the
population biomass had shrunk to an all-time low of about 500,000 t. When
Canada extended fisheries jurisdiction in 1977 and dramatically reduced the
amount of fishing effort, the stock responded and by 1984 had increased to
about 1.2 million tons. Since 1984 the biomass has declined slightly because
of the size of the extremely weak 1983 and 1984 year-classes. The age 3+
biomass for 1989 is estimated to be about 800,000 t.

It is generally believed that cod of the Div. 2J3KL management unit are
comprised of a number of somevhat discrete subgroups that gather for spawning
on the shorewvard slopes of offshore banks between April and June. There may
be many spawning components, some of which have been defined: Hamilton Bank,
Belle Isle Bank, Northern Funk Island Bank, Southern Funk Island Bank, North
Cape of the Grand Bank, and Voodfall Bank. While a large portion of the stock
is distributed on these offshore banks during spawning, af:zr that time large
quantities of post-spawners move to inshore areas during the early summer to
feed on capelin which have aggregated at the coast to spawn. It is during
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this time when cod are in inshore areas that a large degree of intermingling
of the cod from the discrete offshore spawning components occurs.

Fishing pattern

During the time of the intensive foreign fisheries in this area, the
1960’'s and early 1970’s, fishing mortality levels on those cod that were fully
recruited to fishing gear vere quite high. It was common for fully recruited
F to be in excess of 0.60. Fully-recruited fishing mortalities vere at their
highest during 1969 and 1974-76 in the range of 0.7 to 1.0. Since 1977, after
the extension of jurisdiction, fully recruited F has been fairly stable at
about 0.50. Notable exceptions are lower values (about 0.30) during 1980-81
and a slight increase to 0.56 during 1989.

Environment

Vater movement over the continental shelves of Div. 2J3KL is generally
southvard. The Labrador Current, the largest influence on this southward
movement, transports some of the coldest surface vater in the North Atlantic.
The vertical structure of 2J3KL water is comprised of three layers. The upper
layer vhich extends to about 40-50 m has temperatures in the warmest mouths
reaching 10-12°C. The cold intermediate layer extends to depths of about
150-200 m with temperatures as low as _1.8°C. The wvarmer bottom layer is
influenced by waters from deeper more oceanic areas.

Growth and maturity

There have been fish in this stock up to about age 30 years, but since
the mid-1970’s very few cod older than age 20 years have been taken in
commercial fisheries. There have been some major changes in the growth of cod
in.Div. 2J3KL. For example, during 1977 an age 5 cod weighed about 1.0 kg.
The weight at this age increased to about 1.3 kg during 1983 and subsequently
declined and is currently about 1.0 kg again.

From the results of research vessel cruises conducted during autumn it
has been determined that for cod in Div. 2J3KL the age of 50X maturity
increases slightly from north to south with the average over the entire area
being between 5 and 6 years old. The age of 50’s maturity would be closer to
5 years in Div. 2J while in Div. 3L the AS0 is almost 6 years.



Table 1.

Historical catches of cod from NAFO Divisions 2J3KL for the period
1959-89.
2J 3K
Offshore Inshore Offshore Inshore
mobile gear fixed mobile gear fixed
Year Can. Other Total _gear Total Can. Other Total gear Total
1959 - 46372 46372 17533 63905 - 97678 97678 56264 153942
1960 1 164036 164037 15418 179455 53 69855 69908 47676 117584
1961 1 243147 243148 17545 260693 - 60574 60574 31159 91733
1962 - 226841 226841 23424 250265 - 45554 45554 42816 88370
1963 1 197868 197869 23767 221636 - 79331 79331 47486 126817
1964 13 197359 197372 14787 212159 - 121423 121423 40735 162158
1965 - 246650 246650 25117 271767 21 50097 50118 26467 76585
1966 39 226244 226283 22645 248928 13 58907 58920 32208 91128
1967 28 217255 217283 27721 245004 114 78687 78801 24905 103706
1968 4650 355108 359758 12937 372695 1849 119778 121627 40768 162395
1969 30 405231 405261 4328 409589 56 80949 81005 24923 105928
1970 - 212961 212961 1963 214924 92 78274 78366 21512 99878
1971 - 154700 154700 3313 158013 31 61506 61537 21111 82648
1972 - 149435 149435 1725 151160 7 133369 133376 14054 147430
1973 1123 52985 54108 3619 57727 108 159653 159761 13190 172951
1974 - 119463 119463 1804 121267 19 149189 149208 10747 159955
1975 410 78578 78988 3000 81988 189 112678 112867 15518 128385
1976 94 30691 30785 3851 34636 771 79540 80311 20879 101190
1977 525 39584 40109 3523 43632 1051 26776 27827 2BB18 56645
1978 4682 17546 22228 6638 28866 7027 6373 13400 29623 43023
1979 9194 6537 15731 8445 24176 21579 16890 38469 27018 65487
1980 13592 7437 21029 17210 38239 21920 6830 28750 37015 65765
1981 22125 4760 26885 14215 41100 23112  3B47 26959 23002 49961
1982 58384 8923 67307 14429 81736 8881 4074 12955 42141 55096
1983 37281 4158 41439 10743 52182 31623 2815 34438 40681 75119
1984 10754 1259 12013 13150 25163 48114 11059 59173 35143 94316
1985 1541 5 1546 10209 11755 72111 9714 81825 30368 112193
1986 4627 7373 12011 12567 24578 58239 2226 60465 28539 89004
1987 38216 3620 41836 16139 57975 39240 6119 45359 27141 72500
1988 41465 9 41474 17082 58556 39933 S0 39983 33509 73492
1989 22709 - 22709 21684 44393 35082 - 35082 20320 55402
(Cont’d.)



Table 1. (Cont’d.)
2J3KL
3L Total Total
Offshore Inshore inshore offshore
mobile gear fixed fixed mobile
Year Can. Other Total gear Total gear gear Total TAC
1959 4515 51515 56030 85695 141725 159492 200080 359572 -
1960 7355 60213 67568 94192 161760 157286 301513 458799 -
1961 4675 70318 74993 70659 145652 119363 378715 498078 -
1962 4383 87463 91846 72271 164117 138511 364241 502752 -
1963 4446 83015 87461 73295 160756 144548 364661 509209 -
1964 10158 142