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ABSTRACT

A National Recruitment Workshop was held by the Science sector of the
pepartment of fisheries and Uceans (DFU) in response to the request of the
Assistant Deputy Minister of Science, Mr. L.S5. Parsons. The aim of the workshop
was to contribute to the development of a Departmental plan for future research
on recruitment. During the first day, overviews of Departmental research of
relevance to the recruitment problem were presented with the participation of
senior management. During the second day the participants were divided into six
multi-disciplinary work teams to address one of three specific recruitment
problems. The aim of the work teams concept was to generate increased
interaction between scientists of different disciplines. The workshop ended
with a general discussion led by comments from each of the non-Departmental
invited experts. The Steering Committee (editors) subsequently met and drafted
this final report which includes a list of generalizations and recommendations
for senior management consideration.

RESUME

A la demande du Sous-ministre adjoint (SMA) des Sciences, M. L.S.
Parsons, un atelier national sur le recrutement a été tenu par le secteur des
Sciences du Ministeére des Péches et des Océans (MP0O). Cet atelier avait pour
objectif de contribuer & 1'élaboration d'un plan ministériel pour la recherche
sur le recrutment qui sera r#alisBe & l'avenir. Des exposés sur la recherche
connexe au recrutement effectuée au Ministere ont 8t& présentés au cours de la
premiére journde avec la participation de la haute direction. Au cours de la
deuxitme journée, les participants se sont r#partis en six groupes de travail
multidisciplinaires pour traiter de l'un des trois problémes particuliers au
recrutement. Les gyroupes ont #&t& form& afin d'accroitre les interactions entre
les scientifiques ges diverses disciplines. L'atelier s'est termin& par une
discussion yénérale animde par les commentaires de chacun des experts invités de
l'extérieur du ministere. Le comit& directeur (r#édacteurs) s'est ensuite réuni
et a rédigé le présent rapport difinitif qui comporte wune liste des
généralisations et des recommendations soumises & la haute direction pour
examen.




I. INTRODUCT ION

by

M. Sinclair
Director, Biological Sciences
Scotia-Fundy Region

The National Recruitment Workshop was held in response to the request
of the ADM Science, Mr. L.5. Parsons. The principle aim of the workshop has
been to contribute to the development of a Departmental plan for future research
on recruitment. A Steering Group, with regional representation, was formed to
organize the workshop. The members were: J.T. Anderson and J.C. Rice of the
Newfoundland Region, M. Sinclair of the Scotia-Fundy Region, M. Chadwick of the
Gulf Region, J.A. Gagné of the Québec Region, G.B. Ayles and W.D. McKone from
Headguarters, and D. Ware from the Pacific Region. The Workshop itself was
chaired by M. Sinclair, whilst the Steering Group was chaired by G.B. Ayles.

The first meeting of the Steering Group was held in Toronto in
April 1987. At that time, the basic structure of the workshop was defined and
requests for written contributions were initiated. A second meeting, to
finalize the organizational aspects of the workshop, was held in Halifax in
November 1987. Particular emphaslis was directed towards ensuring representation
of a broad range of disciplines - physical and biological oceanographers;
fisheries biologists, and modellers.

The workshop took place at the Battery Hotel in St. John's on
February 23 and 24, 1988. During the first day, overviews of departmental
research of relevance to the recruitment problem were presented with the
participation of senior management. During the morning of the second day, the
participants were divided into six multi-disciplinary workteams (9 scientists
per team). The teams were asked to address one of three specific recruitment
problems. The background documentation (see attached Appendices) for the
particular problem had been sent out to each participant several weeks prior to
the workshop. Two workteams addressed each problem. One of the workteams
comprised members with specific expertise for the assigned problem, and thus
could be called the "expert team". Members of the second team lacked detailed
knowledge of their particular problem. The aim of the workteam concept was to
generate increased interaction between scientists of different disciplines
rather than to produce specific recommendations for research. During the
afternoon of the second day the chairmen of the workteams presented the results
of their deliberations in a plenary session held at the Northwest Atlantic
Fisheries Centre. The workshop ended with a general discussion led by comments
from each of the non-departmental invited experts. On February 25, the Steering
Group met to draft a list of generalizations and recommendations.




Il WELCOME AND INTRODUCTION TO WORKSHOP

by

M. C. Mercer
Regional Director, Science
Newfoundland Hegion

I am pleased to welcome everyone to the second in what is planned to
be a continuing series of national workshops on issues of importance fo sclence
in the Department of Fisheries and Oceans and by extension to the wider
sclentific community.

The workshops are intended to give strategic direction to the
Department's science efforts, and thus far apparently that intent has been
interpreted qguite literally. In the first case the direction was west, in this
case, it is east.

The subject of this workshop is recruitment. Seven decades ago early
prominent fisheries researchers suggested that the recruitment problem was
probably the most important one in fisheries. After seven decades we certainly
know a great deal more sabout recruitment, but one still has little trouble
finding claims that recruitment is still the most important problem area in
fisheries science.

The study of recruitment certainly is still at the core of fisheries
science and is important to fisheries management. It has the additional virtue
of being fascinating in its own right. Few virtues, however, come without their
companion vices - in the case of recruitment, research is not just fundamental
and fascinating, but it can be a bottomless pit or "black hole" for resources
available for science. Therefore, it is vitally important to plan and design
carefully how and where to allocate resources. There is no problem findiny
something to study about recruitment - the difficulty is identifying problems
that are both meaningful and tractable.

We are ready to attack meaningful, tractable problems in recruitment
and are probably better prepared and structured than ever before for such
efforts. Research on recruitment that is both excellent and useful requires a
blend of expertise - in ecology, in oceanography, in statistics, modelling and
experimental design. In our various regional laboratories, we have assembled
the appropriate types of expertise. Nationally, the desirsbility of effectively
blending physics, fish, statistics, and experimental design has  been given
renewed impetus. Hesearch programs which will get their start in this workshop,
at least as concepts, will serve the bDepartment in two reciprocal ways. A
successful workshop, producing effective approaches to blending the various
disciplines, will pay back the bepartment first in the progress made in
investigating some of the vitally important problems in recruitment to our
aquatic resources, and in the better management which can follow from our
enhanced knowledge. But the workshop will pay dividends in a second way as
well, integrating people and approaches in individual laboratories, and among
laboratories. It is clear that multidisciplinary approaches can broaden the
types, and enhance the quality, of a spectrum of research efforts in our science
programs that reach far beyond the problems of recruitment.




A cynic might even argue that this will be the more important
dividend, as recruitment studies mounted by our colleagues to the south, and in
the North Sea will be at scales we in Canada are unlikely to duplicate in the
near future. There is a key difference though, because in some areas there is
little more to the management of fish stocks than the managing of new recruits.
For better or worse (and only someone terribly myopicly interested 1in
recruitment would think it was for the worse), science in Canada still must
allocate lots of resources to the assessment and management of past recruits,
not just future ones.

The fact that we can study recruitment to improve our knowledge of and
ability to manage our aquatic resources, rather than as a last gasp response to
collapse and crisis is a laurel for the Department, but not one we should rest
on. Rather it is one we should build on. We have the expertise available to do
excellent work in the study of recruitment. We have the stocks and much of the
knowledge base to implement studies of excellence. Also, with this workshop we
have the opportunity to initiate what can become major strides in our
understanding of what recruitment processes are and how they should be
incorporated in management of our resources. I wish you well in your tasks, and
hope the next 2 days are stimulating, fruitful, and enjoyable.




11f OPENING REMARKS

by

LL.5. Parsons
Assistant Deputy Minister, Science

1 am delighted to be here with you today to open this Kecruitment
Workshop. This occasion marks the launching of the first Biological Sciences
Workshop in DFO and follows the very successful Climate Workshop held last
spring in Victoria. As you may be aware, there will be a Hydroacoustic
Workshop at BlU next week. It is my intention to hold these workshops across
the country. 1 hope they will foster a spirit of scientific cooperation, and
contribute to the flow of ideas and information within the newly-integrated
Science Sector of DFO. Our challenge is to bring better focus to our Science
program by providing clear objectives and by developing mechanisms to better
coordinate programs among regions and disciplines.

This guestion of better coordination among regions and disciplines
leads me to stress the self-evident truth that recruitment processes and
climatic conditions are interrelated. Understanding of the factors determining
year-class variability can only be brought about through an inter-disciplinary

approach encompassing all components of the DF0 Science Sector and through
international collaboration.

The annual variability of year-classes has been a preoccupation of
fisheries scientists for about one hundred years. Its manifestation, as catch
variability, has been a concern of the fishing industry for a very long time.
The flyleaf of a recent book on the Dynamics of Marine Fish Populations by
Dr. Brian Rothschild begins with the following statement: "Marine fish
populations undergo dramatic fluctuations in sbundance over time, a phenomenon
that has mystified scientists and laypeople for centuries. These fluctuations
abviously have considerable economic and social impact and it is importent to
understand why they occur". That statement explains why the subject of this
workshop was chosen from among a number of important issues that face fisheries
science today.

The existence of such year~class variability was vividly demonstrated
by one of the first fisheries scientists in the field. 1 refer to the work of
Hjort (1914) who painstakingly followed the large 1904 year-class of a
Norwegian herring population as it passed through the fishery.

We have come a long way since Hjort's day but in many ways we can
still see only "the tip of the iceberyg" when it comes to recruitment. Writing
in 1964, David Cushing stated: "The problem of the relationship between parent
stock and subsequent recruitment is the hardest one in fisheries bioclogy to
solve. Two sorts of data are lacking: (1) long-time series of estimates of
stock and recruitment; and (2) a range of measures of larval and juvenile
mortality at sea. The proper description of the mechanism will go straight to
the root of the dramatic fluctuations in stocks in the great fisheries".
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at recruitment over a broader geographic area. A number of ambitious
experiments on recruitment have been devised. Qur understanding of the
underlying mechanisms of stock definition and reproductive biolegy has
progressed. However, our understanding of the processes of survival, from the
larval stage to recruitment to the adult population, is still far from
complete. Warren Wooster, in his introduction to a recent ICES Mini-Symposium
on Kecruitment summarized the current situation when he stated: "Events between
spawning and eventual attainment of maturity in the next generation are still

the most important and least understood in the whole field of fish population
dynamics".

In 1983, writing about the outlook for fisheries research over the
next ten years, David Lushing predicted that fisheries science would develop in
three ways: (1) in polishing procedures associated with cohort analysis; (2)
in small but experimental multispecies models; and (3) in continuing the slow
progress towara solution of the stock and recruitment problem. He argued that
progress would remain slow because the integration of the growth and mortality

of larval and juvenile fishes demands expensive work at sea or in artificial
enclosures.

More recently, Brian Rothschild has identified the most important
constraints as being the fact that only a few components of the entire problem
have been studied and that continuing research seems to focus ever more
intensively on those few components. Increases in research effort have not
resulted in commensurate increases in knowledge. He goes on to state: 'What we
need to do is to specify or identify the fish's environment. The problem of
predicting fish~-population wvariability does not at present rest on our
understanding of the behaviour and physiology of any particular group of fish.
Rather, it rests on our ability to identify, define and measure the fish's
ambient environment™.

Brian has reviewed the extensive literature and concluded: "The
specific causes of fluctuations in fish-population abundance are supported by a
long list of speculations and a short list of facts. The facts are: (1) the
abundance of individual stocks has fluctuated for centuries; (2) evident human
interaction with most marine stocks is relatively recent; and (3) fish stocks
have continued to fluctuate in abundance in the presence of increased
toxic-chemical loading, eutrophication, habitat modification and fishing".

He summarizes the numerous hypotheses in six categories:

1)  lntraspecific

2)  Fishing

3)  Natural Environmental

4) Anthropogenic Environmental

5) Interspecific

6) Complexity




He then goes on to provocatively state: "The solution will not be
advanced by obtaining more of the same data or replicating research approaches;
rather it will be derived from a reformulation of the problem. This should
include a systematic search for those parts of the problem that are not well
identified and a design of experiments that can illuminate these critical
areas'.

1t is clear that we are only on the threshold of understanding the
factors determining recruitment variability. This is an immense scientific
challenge. It requires review, dialogue, debate and cooperation. This
cooperation must occur among disciplines as well as among individual
scientists. Cooperation and collaboration are required both at the national and
the international levels. Unly through such collaboration can progress be made.

Which brings us back te the reason for this workshop. My expectations
from this workshop centre around the development of a Departmental plan for
future research on recruitment. In collaboration with colleagues
internationally, we must seek a clearer understanding of the underlying
processes that influence recruitment and hopefully an improvement in our
predictive capability in the longer-term. This requires a commitment to
long-term multidisciplinary targetted basic research on this important subject,
a commitment that we in DFU are prepared to make. In order to pursue this
objective, long-term priorities for the next 5-10 years for DF0 research must be
developed, recognizing that these will evolve over time. In doing so, we must
of course recognize that scientific discovery cannot be premeditated. But it
can be facilitated by formulating and debating hypotheses, by sharing experience
and insight and by designing future research to shed light on old problems.

Carl Sagan has described science as "a way of thinking much more than
it is a body of knowledge". Its goal is to find out how the world works, to
seek what regulsrities there may be, to penetrate to the connection of things.
Science is based on a willingness to challenge old dogma and requires the
courage to question the conventional wisdom.

I hope that during this workshop you will question the conventional
widom on recruitment and point the way to the research necessary for a better
understanding of the recruitment process.

Best wishes for a successful workshop.
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Iv HISTORICAL SKETCH ON RECRUITMENT RESEARCH

by

M. Sinclair
Director, Biological Sciences
Scotia~Fundy Region

The aim of this introductory paper to the National Kecruitment
Workshop 1is to introduce the concepts generally shared by those researchers
concerned with the so-called recruitment problem in marine fisheries research.
This review of concepts is thought to be useful becsuse many participants at the
workshop, in particulsr the blological and physical oceanographers, may not be
familiar with tne literature and associated specialized vocabulary. A
historical approach is taken, and there is some biss towards events in the North
Atlantic.

cmpirical Ubservations of 19th Century

Fluctuations in landings (of herring and cod in particular) in
northern turope was a problem of considerable economic and social concern during
the 1%th century. The empirical observations were straightforward and well
documented. The fisheries at that time were limited to coastal waters close to
the fishing communities. The landings at particular coastal fishing areas
fluctuated on a range of time scales (seasonal, interannual and decadal). It
was also noted that there was marked variability in the quality of the fish
landed (i.e. relative amount of cod liver o0il and the size composition).
Thirdly, those people closely associated with the marketing of fish noted
persistent slight differences in morphology between fish of the same species
coming from different fishing locations. The morphological patterns were not
randomly distributed. The most dramatic observation, because of the economic
implications, was the decadal fluctuations in the winter herring fishery off
Bohuslan, western Sweden. This fishery varied in an extreme fashion, from
excess capacity for several years to a total lack of fish in subsequent years.

This overall set of empirical observations was paradoxical. There was
an underlying predictable pattern in both the geographic location at which
lucrative fishing occurred, and the seasonal timing during which the fish
arrived. The timing of the fisheries varied between geographic locations. This
was particularly true for the coastal herring fisheries. Superimposed on this
orderly natural phenomena of fish migration was considerable variability in
local abundance. The fishing communities, given the strict limits to the
distance the boats could travel, established themselves in relation to the
reprogucible patterns in fish distributions in coastal areas. The interannual

variability, however, generated feast and famine cycles for the single industry
communities.

This set of observations generated the 'migration" hypothesis to
account for the fluctuations in landings at all time and space scales. [The
title indicates the essence of the hypothesis which inferred an annual migration
of fish from the Arctic Ucean to the coastal waters of northern Europe and North
America. During the spring, the fish species of commercial interest were
interpreted to begin their migration to diverse spawning locations in coastal




waters along both sides of the North Atlantic. A return migration to the Arctic

was hypothesized during the autumn. The difference in the timing of the
fisheries between geographic areas was considered to be a function of the
miyration routes. The 1interannual and decadal fluctuations were thus

interpreted to be a function of variability in the migration pattern of a single
mass of fish of a particular species. Abundance levels of the exploited species
were thought to be relatively constant. Tne fluctuations in landings at
particular coastal fishing locations were, under the migration hypothesis, the
result of an edge effect (i.e. variability in the availability along the
perimeter of a constant abundance level of pan-oceanic species). The hypothesis
did not, however, account for the persistent intra-specific differences in
morphological patterns that were observed between geographic locations. Even
though by the end of the 19th century this hypothesis had been discredited by
many naturalists, the wunderlying concept that Iinterannual fluctuations in
landings at particular geographic locations was a function of changes in
migration patterns of the species in question, rather than changes in overall
abundance of the species, was still generally accepted. The title of Committee
A of the International Council for the Exploration of the Sea (ICES), one of
only three standing committees defined in 1902, as the Migration Committee is
evidence of the prevalence of this concept at that time. Committee A, the
Migration Committee, was specifically established to address the problem of
interannual fluctuations in landings. A psradigm shift in the interpretation of
fluctuations in landings occurred subsequent to the formation of ICES.

The Paradigm 5Shift

several key studies on marine fish species in Luropean coastal waters
between 1898 and 1914 resulted in major increases in understanding of the causes
of fluctuations in landings. These studies resulted in a paradigm shift.

First Heincke ,(1898), in an extensive monograph, summarized his
detailed studies on life cycles and morphometrics of Atlantic herring. He had
studied with his colleagues at Kiel, GLermany, all aspects of the biology of
herring which spawned respectively during the spring and fall in Kiel Bight. It
was noted that the duration of the larval phase differed by several months
between progeny of the two spawning groups. Also some larvae were retained in
the Bight through the larval phase. He noted persistent differences in
morphological and meristic characters between the spawning groups (Figure 1).
The observations led him to conclude that the species herring was comprised of
many component self-sustaining populations, each population having a precise and
relatively limited geographical area of distribution. This was a radical
conclusion at that time because the extant typological or essentialist species
concept inferred that species were panmictic (i.e. comprised a single group
throughout the area of distribution). Heincke extended his study by sampling
many other spawning fisheries in the Baltic, North Sea and Norwegian coastal
waters. He invented rudimentary multivariate statistics to aid in the analysis
of the data. His conclusion that herring is comprised of many self-sustaining
populations was accepted surprisingly quickly, given the strongly held views
prior to its publication and the controversial nature of the new species concept
that he introduced.
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Illustration of morphological differences between two populations
of herring spawning in Kiel Bight at different seasons (from an
application by Weldon for research funding to the Royal Society
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The implications on fisheries questions were just as dramatic as on
natural history and taxonomy. If the '"migration hypothesis" involving a
relatively constant massive pan-oceanic aggregation of herring in the high seas
migrating seasonally to coastal waters was incorrect, there were obvious
implications on fisheries management. The new description of nature and its
interpretation suggested the existence of local populations whose abundance
levels could be influenced by local fishing activities. If correct,
restrictions on fishing effort might be reguired to allow population
persistence. Heincke's work also provided some explanatory power on the problem
of interannual and decadal fluctuations in landings of herring. He sampled
herring from the Bohusldn "overwintering" fishery (i.e. not a fishery on
spawning fish) and compared their shape and meristic characters to various
spawning populations in the North Sea and the Baltic. He concluded that the
Bohuslén herring fishery exploited the overwintering distribution of a herring
population that spawned in the North Sea off Germany. Also, using information
on the physical oceanography of the area (Skagerrak and Kattegat) he argued that
the overwintering distribution shifted as a function of ocean climate changes.
Pettersson (1914) in his classic paper "climatic variations in historic and
prehistoric time" argued that the water mass and circulation changes off
Bohuslén were caused by tidal processes (18.6 year cycle). Thus the disruptive
fluctuations in local abundance in herring in the winter off Bohuslén were
interpreted to be due to changes in the overwintering distribution (thus changes
in availability of the "German' herring to the Swedish fishery), rather than due
to changes in population abundance. In contrast, interannual fluctuations in
landings from spawning fisheries were interpreted to be due to changes in the
absolute abundance of the population. Heincke did not, however, speculate on
what might cause the fluctuations in population abundance. Heincke's (1898)
paper fundamentally modified the interpretation of fluctuations in landings.
There were two causes: changes in migration patterns of populations, and
changes in absolute abundance of populations. Also the geographic scale of the

fluctuations problem was changed, from the whole North Atlantic to restricted
areas of coastal and shelf waters.

The second major contribution was made by Hjort (1914) based on his
studies with colleagues on herring and cod in Norwegian waters. The development
of new methods, and some good luck in the timing of his study, were critical to
the conclusions that he was able to draw. wWhile helping to introduce an
insurance scheme for fishermen, he became aware of age composition statistics
and concluded that if fish could be aged, similar statistics could be collectec
for exploited fish species (Hjort did not appear to have accepted Heincke's
conclusions on herring populations during this pre-1914 period, and the "racial”
approach of Heincke had not been generalized for other species such as cod).
Hjort proposed a port-sampling scheme for the ICES area as a whole in 1907, but
the recommendation was not accepted. Nevertheless, his approach was instituted
in Norway, where he was the director of fisheries research. As a result, from
1907 onwards, the age composition of the landings of herring and cod were
sampled for Norwegian coastal fisheries [the new methods required to permit this
development were: (1) an ageing method using fish scales (Figure 2); and (2)
development of sampling theoryl. An additional methodological tool that was
critical was tagging. This provided estimates on the geographic scale of
migrations. The good luck was the particular oceanographic conditions of 1904.
This year generated a massive year-class of herring in Norwegian waters which
was three years old when the port-sampling program began in 1907. It was found
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out, subsequently, to be about 30 times larger than the year-classes which
bracketed those born in 1904. This strong signal was followed as the year-class
progressed through the fishery year by year (Figure 3).

From the results of wide-ranging studies (including the port-sampling
results, tagging experiments, egg and larval distributional surveys, timing of
phytoplankton blooms and physical oceanographic studies on the circulation of
the Norwegian current), Hjort (1914) arrived at exciting conclusions on the
causes of interannual fluctuations in landings. They may sound somewhat flat
today because his conclusions form the starting point of much of our ongoing
research. At the time, the conclusions of his paper generated enormous
excitement and considerable explanatory power. The review by Allen (1914) in
Nature captures this excitement:

"There can be little doubt that this report by br. Hjort
will mark an epoch in the history of scientific fishery
investigation. If the arguments upon which its conclusions
are based successfully withstand the test of criticism,
there has been established a method of predicting the
probable future course from year-to-year of some of our most
important fisheries, which should be of utmost value both to
those engesged practically in the fishing industry and to
those responsible for fishery administration” (emphasis
added}.

Hjort demonstrated convincingly that the fluctuations in landings,
both in gquantity and quality in the herring and cod in Norwegian fisheries, were
a function of extreme variability in year-class sizes (the population concept
was not well articulated by Hjort until the 1920's). Thus the problem of
fluctuations in landings at particular fishing locations was decomposed into two
components (availability changes and year-class size variability).

To sum up, the major contribution of Heincke and Hjort (and thus the
paradigm shift itself) was the redefinition of the problem of fluctuations in
landings. Age-structured populations persisting on limited geographic scales
became the focus of study to resolve the problem, rather than studies of
pan-oceanic migration of typological or essentialist species. The paradigm
shift involved a change in the unit of study to the geographic population,

rather than the species. This shift in thinking by fisheries bioclogists
predated the changes in taxonomy and evolutionary biolegy by a couple of
decades. The migration hypothesis inferred constant ebundance levels of
paen-oceanic typological species. The new interpretation inferred highly

variable sabundance levels of the component populetions of so-called "biolegical
species®. The interpretation of Hjort (i.e. fluctuations in landings due to
year-class variability) explained the changes in quality of the landings (i.e.
changes in size composition and percent cod liver oil), as well as the quantity.

As well as fundamentally redefining the nature of the "fluctuations™
problem, Hjort proposed two hypotheses to account for recruitment variability.
During his field studies on cod spawning and subsequent egg and larval
distributions in the Lofoten area, Hjort noticed that the events occurred close
to the seasonal timing of the spring phyteplankton bloom, the precise timing of
which varied between years. From studies on the Norwegian current, he had also
estimated with Helland-Hansen and Nansen that there was interannual varisbility




Figure 3. Age composition of the landings of herring caught off Norway from
1908 to 1913 (from Hjort 1914).
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in advection. These observations in part led to his two hypotheses that have
collectively been linked with the critical period concept. The landings data
(such as those shown in Figure 3) indicated that relative year-class sizes were
defined prior to recruitment of each year-class to the fishery. Thus the first
few years were defined as the '"critical period". Hypothesis 1 states that
variability in year-class size is a result of between year shifts in the precise
timing of spawning and of the phytoplankton bloom (which initiates the seasonal
zooplankton production cycle upon which the fish larvee feed). From laboratory
culture studies on fish eggs and larvae, it had been observed that first feeding
during the few days following final resorption of the yolk sac were critical to
larval survival. In the subsequent literature, it has frequently been assumed
that the "eritical period" defined by Hjort was these few days. A careful
reading of the paper, however, indicates that he considered the early-life
history stages as a whole (egg, larvae, post-larvae and early juvenile stages)
to be the "critical period".

Hypothesis 2 was not very well articulated. 1In essence, Hjort argued
that interannual differences of advection of eggs and larvae away from
appropriate geographic areas for feeding and life cycle continuity generates
subsequent recruitment wvariability to the fisheries. He recognized that
multiple causes could be important in generating fluctuations in year-class
sizes.

A Firming up of the Concepts (1914 to 1948)

After the rapid increases 1in wunderstanding of the causes of
fluctuations in landings between 1898 and 1914, the pace of discovery inevitably
slowed. Between 1914 and 1948 (Hjort's death), there was, however, an
increasingly better articulated description of the nature of the problem.
Hjort's contribution of 1914, the discovery of year-class variability, was
linked to that of Heincke (the discovery that species were comprised of
geographically defined populations). The recruitment variability question was
thus phrased in the context of population regulation. This took some time, and
was based on the accumulation of empirical observations on the existence of
populations for other fish species, as well as on the existence of year-class
variability.

At the 1913 Statutory Meeting of ICLS, during which Hjort presented an
evening lecture on the major points of his 1914 classic paper, Gran (the
phytoplankton ecologist) proposed a multidisciplinary international field test
of Hjort's two hypotheses. 1t was on the books for initiation in 1914, but was
stopped due to the outbreak of World War 1, and the subsequent reduction of
oceanogyraphic research. The state-of-the-art in physical oceanography of
continental shelves was probably not adequate at that time to have supported the
test of this hypothesis. No field work was carried out on the two hypotheses
during the 1914 to 1948 period. During this period there was, however, a
substantial amount of study on the description of geoyraphic population patterns
for a wvariety of marine species. Not surprisingly, conceptual progress
addressed this aspect of the recruitment variebility problem.

A major contribution towards the population question was made by
Schmidt in a series of 10 papers entitled "racial investigations” published
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between 1917 and 1930. He compared population patterns amongst several species
(Atlantic herring, Atlantic cod, the eelpout [oarces viviparous, and the
bEuropean eel). Several conclusions of his studies were conceptual
breaskthroughs. He showed conclusively that the numbers of populations of a
species varies markedly, from Zoarces sp. (which has dozens of separate
populations), to Atlantic cod (which has a moderate number), to European eel
(which is a single population or panmictic). He also noted that the
characteristic absolute abundance varied considerably between populations of the
same species. Thirdly, from experimental studies, he demonstrated that there
was a genetic component to the observed differences in shape and meristics
between populations. The geographic extent of the distribution of a population,
which was shown to vary both within and between species, defines the spatial
scale at which the recruitment variability guestion must be addressed. Schmidt
demonstrated that this scale varies between tens and thousands of kilometers.

An additional important contribution during the 1914 to 1948 period
were the first statistical studies showing correlations between physical
processes (freshwater runoff, wind, temperature, etc.) and indices of
fluctuations in abundance of fish populations (for example, the contribution by
Sund 1924).

Two Special Meetings were sponsored by ICES in 1928 and 1929 to review
proyress on, respectively, the geographical patterns in marine fish populations
and on recruitment fluctuations within particular populations. Hjort (1930), in
his introductory address to the second of these two Special Meetings in London
(1929), clearly states the overall importance of the transition from the species
to the population as the essential unit of study (as well as its key role in
making proyress on the recruitment problem). He states (page 5):

"When we entered upon our international collaboration 30
years ago li.e. 1899], the biological analysis of the
organisms we caught in the sea was in the main confined to
the systematic determination of the various species.....
However, as the work advanced, the demand for a more refined
biological analysis and morphological classification became
urgent. It was realized that the terms of species were
inadequate to give a clean and orderly grasp of the
phenomena in the large field covered by the international
cooperation, and that recourse had to be taken to the
conception of races or tribes [i.e. populations] as the more
natural and convenient morphological and biological units
..... it is a matter of the greatest importance for all our
research and deliberations that the existence of these races
and their geographical area of distribution have been
revealed” (emphasis added).

Hjort (1930) goes on to state the dual aspect of the recruitment problem
(year-class variability within geographically defined populations). In a
summary of the first 40 years of ICES work (1902 to 1942), Hjort (1945) again
indicates the yradual clarification of concepts that had occurred. In a section
entitled "Races and Populations" (p. 14-15) he states:

"In the majority of species, perhaps in all, groups are
formed which, so to speak, divide up the distribution area
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of the species among themselves and which, irrespective of
size-classes, live separate from each other. They are
called races ... The German scientist, Heincke, raised
these problems by his years of investigations into the
natural history of herring ... Subseguent investigations
have confirmed and augmented these observations, not only
with regard to herring, but also as regards many other
SPECLES ..o

Out of this view of the geographical limitation of the races
to definite areas, there gradually arose the conceptions
connected with the words 'population' and 'stock', which
denote a group of individuals distinct from all others both
geographically and biologically. Thus we speak, for
instance, of a herring population and a cod population off
the west and north coasts of Norway thaet are different from
the cod and herring populations of the North Sea and the
baltic.” (emphasis added).

In summary, during the period 1914 to 1948, the problem of
understanding fluctuations in landings of marine fisheries was articulated in
terms of population regulation. In retrospect, one can see that this resulted
from a linking of Hjort's discovery of year-class variability to Heincke's
contribution on the existence of geographically-defined populations. The
conceptual advances were firmly based on empirical observations from the North
Atlantic. A more detailed historical analysis of fisheries research on the
population concept is provided in Sinclair and Solemdal (1987).

The Recruitment Problem and Ecological Theory (1949-1975)

Developments within the field of ecology germane to population
regulation were based largely on empirical observations on insects and birds.
In general, estimates of temporal fluctuations in abundance were stated in terms
of "population density" (numbers of individuals per unit area), rather than
absolute abundance of geographically-defined populations in the sense defined
above for fisheries studies. This is an important distinction. Theoretical
developments concerning population regulation within ecology have not, in
general, been based on empirical observations of geographic populations (see
Kingsland 1985 for a historical analysis), but rather on density fluctuations at
particular locations. Perhaps the most topical question in ecology during the
1950s ana early 1960s was that of population regulation, in particular the
relative importance of density-dependent and density-independent processes. The
key contributions during this time perioa to the recruitment problem for marine
fisheries were linked to this debate on population regulation in the broader
field of ecology. Ricker (1954) and Beverton and Holt (1957) introaduced
mathematical formulations to describe stock/recruitment relationships. These
relationships involved some biological feedback between adult abundance and
year-class size. Such a relationship was (and still is by many ecoloyists)
considered an essential requirement for stabilization of abundance levels. The
fit of the empirical data on year-class sizes and spawning population abundance
to the mathematical formulations was generally not sufficiently good to
distinguish between the validity of different models based on the data itself.
Also, the stock/recruitment relationships did not address the question of
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control of absolute abundance levels or the variability. The contributions of
Ricker and Beverton and Holt did, however, formally state the recruitment
problem in terms of population regulation. It sppears that the different uses
of the term population in respectively ecology and fisheries bioleogy were not
always clearly vrecognized (i.e. the term frequently refers to density
differences in local abundance in ecology, whereas it refers to a geographic
phenomena involving absolute numbers in fisheries biology).

The other key contributions on the recuitment question during this
time period (1949-~1975) were the syntheses by R. Harden Jones and D. Cushing of
Lowestoft. Harden Jones (1972) in his classic book Fish Migration brought
together much of the literature on the distribution of geographic populations
and migration patterns at different life history stages. His migration triangle
concept for population persistence, which involved lavval drift from spawning
locations to Juvenile nursery areas via the surface layer residual currents,
provided a geographical framework for the evaluation of recruitment
variability. Events during the larval drift phase were considered to be
critical to veriability in year-class sizes. Cushing, in a series of papers,
gradually developed his elegant match/mismatch theory which was widely read by
the oceanographic community as a result of his 1975 book, Marine Ecology and
Fisheries. The theory linked Hypothesis 1 of Hjort (1914) (i.e. the variability
in timing of spawning and timing of blooming) with the "critical depth" concept
of Sverdrup (1953). The critical depth concept itself linked the initiation of
the spring bloom of phytoplankton to the seasonal development of thermal
stratification. Between year differences in wind events at the time of
spawning, and their effect on thermal stratification (and thus on initiation of
the plankton production cycle), were packaged together in the attractively-
phrased match/mismatch theory. The theory linked oceanographic processes to
fisheries fluctuations in a most persuasive manner. Food-chain events during
the early larval drift phase, an elaboration of Hjort's first hypothesis, became
the focus of study for the recruitment problem. Cushing's food-chain
articulation of the issue is perhaps still the leading hypothesis. The papers,
and 1in particular the synthesis in his 1975 book, generated considerable
excitement in the msrine ecologicel community. The book, in addition, generated
a wave of field studies on the first stages of the life cycle, around first
feeding of larvae.

In parallel, particularly during the early period, a separate body of
literature accumulated which invelved the role of ocean climate (i.e.
large-scale changes in physical oceanographic processes) on fluctuations in
recruitment. Representative studies are Carruthers et al (195la, b), Colton and
Temple (1961) and Iles (1973). The study by Iles (1973) is particularly
noteworthy in that he interpreted the year-class varisbility in the nrorth
Pacific and in western Canadian lakes in relation to large-scale ocean climate
changes a decade pricr to major increases in understanding of the [l
Nino/Southern Oscillation phenomena. This literature did not always specify the
causal mechanisms generating recruitment variability (i.e., the steps between
the physical changes observed and the year-class signal). Some papers, however,
elaborated on Hjort's second hypothesis (i.e., variable losses of eggs and
larvae from the appropriate distributional area for the population in question
due to circulation differences between years). Evidence that the fisheries
biologists during the 1950s and 1960s favoured Hjort's second hypothesis is
provided in the annual reports of both ICNAF and ICES. In the 1961 Redbook of
ICNAF, for example, it was stated (p. 72) that:
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"...there is wurgent need for more information as regards
year-class strengths in these subareas (SA2 and 3) ... owing
to the complex nature of water movements in these and
adjacent subareas, and some uncertainties regarding stock
identity, there is need for more up-to-date information
concerning spawning, larval success and subsequent drift in
relation to contemporary environmental conditions. The
probable value of studying these in relation to the isolated
fishery of Flemish Cap should be considered ..." (emphasis
added) .

And further on in the report (p. 77):

"The Workiny Party gave considerable thought to the problem
of investigating the distribution of eggs and larvae of the
principal commercial species in each subarea and of plankton
studies in general ...

They alsc recognized that the ICNAF Ares, however, in which
a series of most valuable fisheries are situated on the edge
of a major continental slope, may present particularly
important and valuable opportunities for a specially
co-ordinated attack on the problem. Special reference has
been made above to the value of egg and larval studies in
Subareas 1 and 2, over the Flemish Cap and on Georges Bank.
From north to south, there are a series of spawning grounds
which would appear to be particularly wvulnerable to
deviations in the normal regime of the waters flowing
constantly past them and in meteorological conditions

The Working party therefore strongly recommended that the
Commission should plan for a co-operstive plankton and
hydrographic [oceanographic] survey as soon as possible ..."

Part of the stimulation for the 1951 ICES Special Scientific Meeting
in Amsterdam to discuss the place of oceanography in fisheries research was the
paper presented at the 1950 Statutory Meeting by J. Carruthers and collaborators
subsequently published in Nature (Carruthers et al, 1951b)] in which haddock
recruitment in the North Sea was linked statistically to wind-generated physical
oceanographic phenomena. In the opening statement of their 195la paper, they
state (p. 6):

"In this paper brood-strength fluctuations of the North Sea
herring, plaice and cod are associated with inferred water
movements set up by the local wind" (emphasis added).

In summary, during the early 1950Us and 1960s, there was considerable
support for the concept that changes in circulation in the egg ana larval
distributional areas was critical to the definition of year-class variability.
The aual contribution of Harden Jones (1968) and Cushing (1975), however,
shifted emphasis within the research community in the North Atlantic at least.
The match/mismatch concept involving stratification changes and food-chain
events generated the leading hypothesis for field studies.
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Ihe Decade of Field Studies on Early Life History Stages (1975 to 1985)

Until the mid 1970s, there were few field studies in the North
Atlantic specifically designed to evaluate mechanisms involved in generating
variable year-class sizes. There was, thus, a surprisingly long drought between
sran's 1913 proposal and the field studies on early life history stages that
have proliferated since the mid 197Us. In the North Pacific, the ambitious
CalCUFl program was initiated in 1948 to evaluate the importance of
oceancgraphic processes on fluctuations in sardine abundance. For a summary of
the historical events leading to the LalCUF1 program see Scheiber (1986, Chapter
3). This long-term program has contributed te the recruitment literature,
particularly within the 1975 to 1985 decade. For example, Lasker (1975) and
Lasker and MacCall (1983) elaborated on Cushing's match/mismatch theory, and
Sinclair et. al (1985) linked the CalCUF1 data with Pacific mackerel population
estimates and argued that the empirical observations support Hjort's second
hypothesis (Figure 4).

The field studies on the recruitment question involving Canadian
scientists during this decade are briefly summarized, giving emphasis to the
particular hypotheses that have been addressed, the geographic scale of the
studies and the conceptual advances. To my knowledge, essentially all of the
Canadian field studies on recruitment during this period took place in the
Atlantic. Grosslein (1987), Lilly (1987) and Grosslein and Lilly (1987) have
recently reviewed the ICNAF/NAFO-sponsored multi-national recruitment studies on
Georges Bank herring and Flemish Cap cod/redfish. Their reviews include
critiques. Sinclair et al (1987), in a review of a broader scope than just
recruitment studies, cover much of the same ground, but give particular
attention to the adequacy of the physical oceanographic components of these
major programs. Given these reviews, there 1is no need for further
soul-searching on their shortcomings. When these two programs are looked at in
a historical perspective (i.e. they represent the first serious attempt to
investigate recruitment dynamics in the field in the western North Atlantic),
the overall approach taken was well-founded.

The first step of the Leorges Bank herring program was to describe
spawning locations and subsequent larval distributions on a spatial scale
considerably larger than Leorges Bank itself. The multi-national larval surveys
covered the Lulf of Maine area as a whole. The accumulated observations on
larval distributions and their spatial shifts seasonally were somewhat contrary
to expectations. A persistence in gyeographic distributions of larvae, rather
than a displacement with the residual surface-layer currents, was observed. The
recirculation processes on Leorges Bank were considered important in limiting
the dispersal of larvae from the Bank. The large-scale survey style studies
allowed the scientists participating in 1CNAF to define the spatial scale at
which a Georges Bank herring recruitment study should encompass. The survey
series provided the setting for the definition of the research questions
invelved in the second component.

The aims of the (eorges Bank herring recruitment study proper are
stated in the 1975 ICNAF Redbook (p. 91-92). Uf the eight recommendations,
three dealt specifically with Georges Bank-Nantucket Shoals herring. They were:
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"y) that a concerted effort be made to understand the
circulation and diffusive processes above and around
the Georges Bank-Nantucket Shoals area;

vi) that a special sampling study to follow an isclated
patch of larvae on Georyes Bank be attemptea in 1975
and/or 1976, in addition to the Standard Surveys, with
a view to identifying the physical processes
responsible for larval loss from the system, and
providing information on the finer-scale variations in
growth, mortality, dispersion, feeding and vertical
distribution, as the  basis for evaluating the
feasibility of quantitative estimation of these
processes and sampling errors inherent in the present
data base;

vii) that quantitative studies of primary and secondary
productivity should be conducted to provide a better
basis for relating these phases of organic production
to potential fish production.”

International research projects under ICNAF were directed toward Recommendations
(v) and (vi) above, but not Recommendation (vii). Although preliminary
observations were collected in 1977, the detailed Georges Bank-Nantucket Shoals
study did not take place until 1978.

What is of interest is the questions that were asked and their
geographic scale. To understand recruitment variability of the Georges Bank
spawning population, it was considered necessary to investigate the
distributional area for the larval phase of the population, in this case, the
bank itself (as indicated from the earlier large-scale surveys). Second, both
physical losses from the area and food chain events were considered to be
important. Studies on the relevant physics, bioloyical oceanographic production
processes, as well as uetailed studies on larval behaviour in relation to the
physics, were recommended. The approach advocated and taken was descriptive
rather than hypothesis testing. For a number of reasons, the program lost
momentum anu was not brought to a timely conclusion. Thus, conceptual advances
from the program itself cannot be considered to be substantive. However, the
descriptive data collected and its subsequent analysis have contributed to:

1) a hypothesis on Atlantic herring population patterns
and abundance for the northern Atlantic as a whole
(Iles and Sinclair 1982, Sinclair and lles 1985);

2) space- and time-scale characterization of circulation
and mixing over submarine banks in general (Loder et
al, 1988); and,

3) the conclusion that events during the early life
history stages as a whole (rather than the first few
weeks of the larval stage) are important in defining
year-class stengths (Sissenwine 1984).
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This field study in 1978 addressing recruitment dynamics of marine
fish in the North Atlantic (65 years after Lran's research proposal at ICES in
1913), in the sense that it involved an enhanced description of the ocean which
aided in subsequent hypothesis formulation, can be rated in retrospect as an
important program. It is noteworthy that the field study was not a test of
Cushing's match/mismatch hypothesis.

The Fflemish Cap recruitment study on cod and redfish was more
influenced by Cushing's food-chain interpretation of year-class variability.
From the early years of ICNAF, Flemish Cap was considered a good geographic area
to investigate recruitment dynamics. There was evidence that the Cap supports a
self-sustaining spawning population of cod with minimal immigration from
contiguous areas. The direct influence of physical oceanographic processes on
abundance fluctuations was inferred to be of importance (see earlier quotation
from 1961 Redbook of ICNAF).

It was not until 1975 that a major recruitment focus was placed on Flemish Cap
by  ICNAF. The Flemish Cap International LExperiment developed from
Recommendation 30(i) of the Environmental Working Group of ICNAF which stated
(ICNAF Redbook 1975, p. 100) that:

"... an attempt be made to identify relationships between
the various currents around Flemish Cap, the water
temperature at appropriate depths and any other relevant
environmental factors with the year-class strengths of coa
and redfish on the bank, including the role of predation of
cou and redfish, and to identify other wmajor gaps which
still exist in knowledge of the area as well as research
programs needed to fill them ...".

The reasons why this geographic area was considered amenable to study were
listed (1975 Redbeck, p. 99). These included:

"i) both the cod and redfish stocks are relatively isolated
from the stocks on the adjacent Grand Bank;

ii) the water circulation patterns are likely to be
amenable to study;

iii) the area is restricted in size; and,

iv) the area 1is one which, because of its major
oceanographic features has been of interest to physical
oceanographers for many years and there exists a useful
historical and physical environmental data base. With
respect to the latter, no fully co-ordinated and
comprehensive analysis has yet been carried out."

These quotes are of interest for several reasons. Again, it is clear that
IUNAF scientists of the time considered that it is critical to study recruitment
dynamics in the context of a self-sustaining, g¢eographically identifiable
population. The spatial scale of the study must match the distributional limits
of the population. Flemish Cap being relatively restricted in size, as well as
isolated, offered certain advantages for a field program on recruitment.
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Second, a leading hypothesis in 1961 and even 1975 was that interannual
differences in circulation generated variable losses of egys and larvae from the
appropriate distributional area for the population, and thus the physics
directly influenced year-class sizes. This emphasis on the physics as a leading

ypothesis diminished as the progam progressed. The influence of the food-chain
events became increasingly important in directing thought concerning the field
studies. Lilly (1987, p. 110-111) summarizes the hypotheses that were
developed as the program evolved. He states:

"... they expressed the central hypothesis of the project as
follows: 'The year-class strength of the Flemish Cap cod
stock varies as a result of specific biological and
environmental conditions.!' This central hypothesis was
divided into four main parts: physical environmental
conditions, predation conditions, food abundance conditions
and characteristics of the spawning stock. By making
references to stages of the life cycle, 12 hypotheses were
developed... This document was potentially very useful. It
was clearly instrumental in guiding some of the research,
particularly the oceanographic program, but its use to date
as a framework for gauging progress in the testing of
specific hypotheses has been insignificant."

The shift in the leauing hypotheses from the direct role of physics to a
predominant role by food-chain events paralleled shifts in the published

literature dealing with the recruitment question.

As was the case for the UGeorges Bank herring program, from a
historical perspective, the Flemish Cap study has been an important
contribution. It was the second field study in the northwest Atlantic that
addressed recruitment on the population scale. The study on its own has not
contributed to conceptual advances in our wunderstanding of the factors
controlling year-class variability, but the -empirical observations have
contributed to better articulated hypotheses and descriptions of the relevant
physics (e.g., Loder et al, 1988).

The third study on similar spatial scales off eastern Canada was the
Scotian Shelf Ichthyoplankton Program (SSIP). This program, which was carried
out between 1977 and 1982, has received considerable criticism, to a large
degree because of a misunderstanding of its goals. As was the case with the
1CNAF Georges Bank herring program, it was considered important to conduct a
large scale description of the distribution of eggs and larvae on the Scotian
Shelf as a whole prior to defining a study on the recruitment dynamics of a
particular population. Jther than the descriptive work of the 1914/15 Hjort
expedition to Canada (published in 1919), there was, in 1975, essentially no
information on ichthyoplankton on the Scotian Shelf. The aim of 5SIP was to
agescribe the seasonal distribution of egg and larval distributions for all fish
species on the Scotian Shelf. An attempt was made to cover each month of the
year at least twice over the five-year period (the sampling grid is shown in
Figure 5). The surveys provided information on the timing of spawning for
different species, the duration of the larval phase and the yeographic scales of
dispersal from the sgpawning areas. The empirical observations on spatial
distributions were again somewhat surprising, in that they suggested persistence
of egg and larval distributions for some species over the banks rather than
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drift with the residual surface layer circulation (U'Boyle et al, 1984; Gagné
and U'Boyle, 1984). These survey results have provided the setting, and an
indication of the appropriate spatial scale, for the follow-up recruitment study
on Brown's Bank haddock (part of the Fisheries Ecology Project, FtP). In this
sense SSIP was, in my view, the logical first (and necessary) step needed prior
to the definition of a recruitment program on the Scotian Shelf. A legitimate
criticism is that perhaps more ancillary environmental data was collected than
was Jjustified by the limited aims of the program, and that full analysis and
publication of the ichthyoplankton data in the primary literature has been slow.

In parallel to these three major expensive large scale field programs
of relevance to recruitment, there were two classes of inexpensive small-team
studies carried out in eastern Canada during the 1975-1985 decade. The first
category is a series of statistical studies initisted by W. Sutcliffe and his
collegues in the former Marine Ecology Laboratory (MEL). The study was
developed in the early 1970's (Sutcliffe 1972; 1973) but gained momentum and
interest by the broader scientific community during the decade in review. The
study has involved the analysis of existing time series on year-class sizes (or
landings) and physical oceanographic parameters (Sutcliffe et al, 1977, 1983,
Koslow 1984, Koslow et al 1987, Drinkwater and Myers 1987). The correlations
have generated several site-specific hyptheses, but field tests to date have
been minimal. The second category includes the near-shore field studies by W.
Leggett and his colleagues on the spawning and early life history of capelin in

both the St. Lawrence bstuary and Newfoundland embayments. These studies which
were reviewed in the context of the broader literature by Leggett (1986) have

focused on smaller spatial and temporal scale processes, not necessarily on the
scale of the population (for which there is still considerable uncertainty for
this species). The accumulated work has generated a rich set of empirical
observations and a number of new hypotheses. The papers have only recently
reached the scientific community and their full impact on our thinking about
recruitment has yet to be felt. The implicetions of these studies will
undoubtedly be addressed in other review papers of current work in this report.
Suffice to say here that the contribution, in terms of both observations on the
oceans and on ecological theory, has been substantive and thought provoking.

The recent leading hypotheses that have been generated both by
increasing empirical observations (on spawning population abundance, year-class
sizes, oceanographic time series and results of process-oriented studies), and a
developing theoretical framework, will be introduced in the following papers.
It is fair to say that they are still, to a large degree, elaborations of
Heincke's geographic population concept and Hjort's two categories of hypotheses
(respectively, food-chain events and the direct role of physical oceanographic
processes) . What has changed since the 1914 paradigm shift dealing with
fluctuations in marine fisheries landings is the greater role assigned to
predation during the early life history stages in the definition of year-class
sizes. In this sense, there are perhaps three categories of hypotheses (direct
role of physics in generating losses, food limitation and predation control).
In the closing section of this paper, I will take the opportunity to state (or
re-state) my conception of the scope of the recruitment problem.
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Concluding Remarks

What then do we mean by the recruitment problem or question in
fisheries research? First of all, recruitment is a term associated with species
having complex life histories (i.e. with egg, larvae, junvenile and adult
stages). Secondly it usually addresses age structured populations. The problem
involves the causes of the intergenerational variability in abundance of
age-clases of geographically persistent populations. In fisheries research the
recruitment problem 1is a euphemism for the fundamental problem of population
requlation. It is not to be confused with availability changes which reflect
temporal shifts in distribution of populations and thus local abundance rather
than changes in absolute abundance. I have found it useful to consider the
recruitment problem in the broader context of population regulation. Four
components of population regulation can be defined:

i) yeographic pattern in the distribution of populations
within and between species;

ii) numbers of populations per species, or population
richness, and how this characteristic varies between
species;

iii) the characteristic mean absolute abundance of numbers
of individuals within a population;

iv) the inter-generational variability in  age-class
strengths  that  cause temporal  fluctuations in
abundance.

In brief, the four components of population regulation are pattern, richness,
abundance and variability. Most of the research focus in recent years had been
on the fourth component. It may well be that substantive increases in
understanding of the causes of variability of age-classes within populations
depends on a better understanding of the processes regulating the pattern,
richness and mean sabundance of populations. This involves such problems as
understanding why different populations of species spawn in particular locations
at different seasons and the degree to which homing exists for mobile animals.

I would prefer that we state the age-class variablility problem (or
recruitment problem) in population regulation terms. There is a danger that we
may lose sight of the context of the problem by using terminology that
emphasizes only part of the natural phenomena. During the workshop we need to
consider the research thrusts in oceanography and marine ecology that will
generate increases in understanding of population regulation of commercially
important species.
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¥ REVIEWS OF DEPARTMENT OF FISHERIES AND UCEANS PROGRAMS ON RECKRULTHENT

A.  QCEANIC FACTURS AFFECTING THE DISTRIBUTIUN AND RECRULTHMENT
OF WEST COAST FISHLRIES

by

R.E. Thomson and bL.M. Ware
Pacific Region

INTRUDUCTION

Fisheries-oceanographers have long recognized the possible importance
of oceanic variability to the distribution and recruitment of North Pacific fish
stocks. However, throughout most of this century stock-related research has
focused on the migration and survival of salmon in freshwater and the near-shore
environment. Until recently, there has been no concerted effort to conduct a
coordinated, multi-disciplinary, long-term (decadal scale) program of fisheries
and physical oceanographic observations to better delineate the factors
influencing the production and recruitment of British Columbia fisheries.

A recent study of the large-scale circulation features and
distribution of commercial quantities of marine fish indicates that there are
three major production domains in the northeast Pacific Ucean (Fig. 1; Ware and
McFarlane 1988). The Coastal Upwelling Domain extends from Baja California
(25°N) to the northern tip of Vancouver Island (50.5°N). This domain is defined
physically by the normal summer pattern of negyative wind stress curl and
offshore tkman transport (upwelling), and by the northward limit of major
concentrations of Pacific hske, sardine,and mackerel which migrate into Lanadian
waters in the summer to feed (when the stocks are abundant), and which return to
southern and Baja California where they spawn in the winter and spring (Fig.
Z). The Coastal Downwelling Domain extends from Dixon Entrance in northern
British Columbia (54°N), along the continental shelf of southeast Alaska to
Prince William Yound and then westward along the Aleutian Islands. This domain
is defined physically by the poleward flowing Alaska Current, which is an
eastern boundary current of the Alaska gyre, and by the buoyancy-driven Alaska
Coastal Current. Biologically, the domain is defined by the distribution of
major concentrations of Pacific halibut, cod and Walleye pollock (Fig. 3). The
third major production domain is the Central Subarctic Domain which is defined
by the Alaska gyre and is dominated by Pacific salmon. Ware and WMcFarlane
(1988) also recognized a small Transitional Zone between the Coastal Upwelling
and Downwelling Domains. This zone encompasses the coastal waters of central
and northern British Columbia, specifically Queen Charlotte Sound and Hecate
Strait and is significant because it helps explains why the recruitment patterns
differ between northern and southern stocks of Pacific herring, Pacific cod, and
sockeye salmon, and why there are no major commercial halibut fisheries in
southern British Columbia.
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Fig. 2. Major concentrations of the dominant pelagic species in the coastal

upwelling domain in summer (from Ware and McFarlane 1988).
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Most of the continental shelf fisheries in British Columbia fall
within two different proouction regions: the toastal Upwelling bDomain and the
Iransitional Zone. Historically, the Coastal Upwelling Domain has been the most
productive region. Between 1917-66 the West Coast of Vancouver lsland (shelf
area of roughly 19 thousand sq. km) produced an average catch of 65 thousand
tonnes of Pacific herring (from the west Uoast and lower itast Uoast of Vancouver
Island stocks; Taylor 1964), and an average catch of 31 thousand tonnes of
sardine between 1917-47, which represents an average proauction rate of 5.1
tonnes/sq. km/yr when the migratory stock of sardine was abundant, and 3.4
tonnes/sqg. km/yr when this stock declined. The west coast of Vancouver Island
(WCVI) currently produces a catch of some 60 to 70 thousand tonnes of Pacific
hake (the potential catch for 1988 is 9U thousand tonnes) and 6 to 8 thousand
tonnes of herring. Thus although there is no clear indication that the general
level of proouctivity has changed significantly since 1917, there has been a
striking change in the species composition of the catch! The Coastal Upwelling
bomain is currently in a state dominated by hake and their principal prey,
euphausiids.

In 1985, the Pacific Biological Station and the Institute of Ucean
Sciences began a joint, decade-long investigation on the effects of oceanic
variability on fish stocks on La P&rouse Bank (Ware and Thomson 1986, 1987).
The program was initiated partly in response to the lack of fishery-oceanography
data for the west coast following the 1982/83 El Nino-Southern Uscillation
(ENSU) event and partly in vresponse to a need for improved regional
oceanographic deta in the important fishing zones off southern Vancouver
Island. The La Pérouse Bank region was chosen for this investigation for
several reasons. To begin with, it is a major fishing zone comprising a variety
of important fish stocks including Pacific herring, sablefish, Pacific hake, and
Pacific salmon. Secondly, the region is fairly well defined (encompassing an
area of roughly 100 sg. km at the southwestern end of the Vancouver Island
continental margin) and lies entirely within the Coastal Upwelling bomain.
Thirdly, the region is one of the most thoroughly studied and best understocod
physical oceanographic regions on the west coast. Results from a variety of
major oceanic programs such as CODc, SuperCubb and the Vancouver Island Coastal
Current bxperiment have provided us with considerable backyround information on
the major processes aftecting the water properties and circulation along the
southern continental margin.

BAUKGROUND INFURMATLON

HISTORICAL PERSPECTIVE

Prior to 1955, much of the regional fishery~oceanography research
concentrated on the large-scale oceanic properties in the Gulf of Alaska, with
few attempts to investigate the variability of coastal oceanic properties
pertinent to fisheries productivity (Fleming 1955). Noteable exceptions for
the British Columbia coast include the studies by Tully (1942), Tully and Doe
(1953), Pickard and McLeod (1953), Doe (1955) and Hollister (1964). For
example, Doe (1955) presented a detailed study of the coastal water properties
for the period 1950-51 and concluded that the vertical structure could be
divided into a surface zone (0 - 100m depth), a halocline (100 - 150 m depth)
and a deep zone (below 150 m depth). The temperature at the top of the lower
zone could be considered a conservative property of the lower zone with a
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salinity of around 33.8 ppt. Fleming's 1955 summary of the physical
oceanography of the northeast Pacific appears in Bulletin No. 2 of the
International North Pacific Fisheries Commission. The brevity of the document
attests to the limited extent of the observed oceancgraphic data available at
the time. Actual time-series information in this document is limited to sea
surface temperature and sea level heights obtained from coastal light-stations.
This lack of data led Fleming to lump the entire coastal regime from northern
California to Kodiak Island into an "American Coastal Region”.

Although oceanic research over the following decade continued to
concentrate on the Lulf of Alaska, considerably more data were collected on the
structure and variability of water properties along the continental margin of
British Columbia. In April 1959, the Weathership program at Ocean Station PAPA
was extended to include "Line P" oceanographic stations en route to and from
PAPA, including three locations over the continental margin of southern
Vancouver Island. By early 1969, the program had been upgraded to encompass
expendable BT (XBT) and salinity- temperature-depth (STD) observations at the
Line P sgtations. These data, combined with the NURPAC data sets collected
through the auspices of the International North Pacific Fisheries Commission
(INPFC) and through individual research projects, are summarized by vodimead et
al. (1963). Summarized results revealed seasonal and interannual changes in the
complex eddy-like structure in the temperature, salinity and geostrophic
velocity fields along the eastern oceanic boundary. The continental maryin was
still considered part of an extensive "Uoastal Lomain" but with suggestion of s

poleward extension of the California Undercurrent along the coast of British
Columbia.

The next in the series of summary reports by the INPFL (Favorite et.
al. 1976) summarized the oceanographic information from 1960-71. In addition to
observations from the open ocean, the document contains detailed information on
the time series variability of coastal sea levels, sea surface temperatures and
salinities, atmospheric pressure and large~scale circulation. Moreover, the
Coastal ULomain was now separated into an "Upwelling Domain" extending from
California to southern Vancouver Island and a "Dilute Domain" lying seaward of
the British Columbia Coast. A recent summary of the general oceanography of the
continental waters off British Columbia is provided by Dodimead (1984). Details
of all aspects of the water properties are presented in this comprehensive
study, including oceancgraphic data to 1979 and sea surface conditions at
coastal lightstations.

Recent Uceanographic and Recruitment Programs

The first major investigation of the currents and water properties
along the southwest coast of Vancouver Island (the Coastal Uceanic Dynamics
Experiment, COLE) was undertaken during 1979-81 by the Institute of Ucean
Sciences (Freeland 1983, 1987; Thomson et al. 1965a, 1985b, 1986; Huggett et
al. 1987). Data from the three cross-shelf mooring lines and more than thirteen
LTb/hydro surveys provided new insight into the seasonal variability and
mesoscale uynamics of the continental margin flow reyimes and paved the way for
further research initiatives on the continental margin. Particular aspects of
the coastal circulation revealed by this program include: a description of the
Juan de Fuca Eddy and associated time-variable upwelling (Freeland and Denman
1982), a detailed analysis of baroclinic diurnal period continental shelf waves
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(Crawford and Thomson 1982, 1984), an analysis of mesoscale eddy formation and
dissipation (Thomson 1984) and a description of the monthly mean flow structure
(Freeland et al. 1984), bata from the SuperCODL program considered the
propagation of low-freguency coastal trapped waves along the entire central
coast of North America (Yao et al. 1984). A separate study of the vorticity
dynamics of the Juan de Fuca Eddy was conducted in 1985 by the Institute of
Ucean Sciences.

A study of the Vancouver Island C(oastal Current -- a persistent,
poleward flowing buoyancy-driven current along the west coast of Vancouver
Island -~ was initiated in 1984 (LeBlond et al. 1985; Thomson et al. 1985b,

1988). based on observations from this proyram, we now have considersble
information on the structure, dynamics and seasonal variability of the flow
structure over the continental margin of southern Vancouver lsland. The North
Coast Oceanic Dynamics Experiment (NCOUE) for the period 1983 to 1985 is
providing similar information concerning the oceanography of the waters adjacent
to the Queen Charlotte Islands (cf. Crawford et al. 1985; Thomson 1987; Thomson
and wilson 1987; Thomson et al. 1988).

Since 1982 a number of major research programs in the Pacific Regyion
have been designed to address the recruitment problem in specific fisheries
(Table 1). The Hecate Strait program is a multi-disciplinary study which is
developing a multi-species approach for managing the complex assemblage of
groundfish in Hecate Strait and is attempting to clarify the impacts of oceanic
factors on Pacific herring, Pacific cod and rock sole recruitment. Between
1983-86 a companion study of pink and chum salmon surival was conducted in
Masset Inlet on the Queen Charlotte Islands. In 1985, the La P&rouse Project
was designed to determine what was responsible for the significant fluctuations
in herring, sablefish, Dungeness crab and Pacific cod recruitment. This is a
multi-disciplinary study designed to identify the dominant physical processes
affecting the circulation and water property structure; to quantify the
low-frequency, non-periodic variability of the zooplankton; and to formulate and
test specific hypotheses concerning how interannual oceanic fluctuations affect
recruitment. The Marine Survival of Salmon Project (MASS) was undertaken to
investigate the interrelationships between biophysical events and salmon
distribution and survival on an annual and interannual time scale. The major
objectives of the Project are: 1) to measure the residence time and survival of
Barkley Sound sockeye smolts in relation to food, preuators, and wind-driven
circulation, and to track their northward dispersal along the southwest coast of
Vancouver Island; and 2) to measure the residence time and survival of chinook
and coho on the offshore banks in relation to local tidal rectification,
topographic edagies, and cross-shelf exchange mechanisms that may create
favourable feeding conditions. (Other recent programs on salmon have focused on
the importance of the estuarine phase of the life cycle of chinook on marine
survival, and the effect of changes in oceanic conditions on the migration
routes and arrival times of maturing salmon in the coastal fisheries.

Annual and Interannual Variability

Until the initiation of the joint PBS/I0S La Pérouse Bank project most
modern oceanographic programs on the west coast of Canada have been primarily
concerned with understanding the mechanisms affecting the spatial and temporal
variability of the coastal ocean. As a consequence, project durations are
typically shorter than a few years and provide little insight into possible
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long~term effects of oceanic factors on fisheries distribution and recruitment.
Some long-term data are provided by the Line P data set. However, in general,
the stations are toc far offshore and widely separated to provide information on
the coastal ocean. The most complete records of long-term coastal oceanic
variability continue to be sea surface temperature, salinity and sea level from
lightstations (Hollister 1964; Hollister and Sandnes 19723 uiovando 1945).
These data are supplemented by long-term records of coastal river runoff,
atmospheric pressure, precipitation and winds. For the most part, the increase
in noise in the salinity datas following the change in type of sensor in 1979 has
prevented the use of these data for climate-scale investigations.

Lane (1963) presented a detailed analysis of the seasonal cycle in
vertical temperature and salinity structure for the region seaward of Amphitrite
Point on Vancouver Island. As indicated by Dodimead (1984), this study marked
the first attempt to characterize the seasonal variability in the water
properties off the outer coast. Fofonoff and Tabata (1966) wused the
oceanographic time series from Line P to describe long-term fluctuations in
temperature and salinities off the west coast. Although mainly concerned with
offshore conditions, the study revealed distinct interannual variability in the
coastal regime associated with wind-forced upwelling/downwelling dynamics.
Using data from coastal oceanic surveys, Dodimead and Pickard (1967) presented
evidence for marked year-to-year variability in the "relative ares" of coastal
water off Vancouver Island whose temperature at the top of the halocline was
greater than 7°C in summer. Thomson (1972) sugyested that the interannual
variations in these intrusions are linked to the average of the meridional wind
stress (and, hence to the onshore component of tkman transport) during the
preceeding winter. tkman transport dynamics forms the basis of the upwelling
indices for the west coast of North America published by bakun (1973) for the
period 1946-71. berived from  the longshore component of the
frictionally-modified, geostrophic coastal winds, the indices have become an
integral factor in determining relationships between oceanic conditions and fish
recrultment. Upwelling indices for subsequent years have found general
widespread application and have been published on a regular basis for the west
coast (e.g. Bakun 1975). Transport computations for the North Pacific provide
similaer information though on a less detailed scale (cf. Wickett et al. 1977).

Davis (1976) found a significant correlation between the monthly mean
anomally patterns of sea surface temperature (SST) and sea level pressure (SLP)
in the North Pacific. Regions of anomalously cold (warm) surface temperature
tended to coincide with anomalous southward (northward) surface winds. On this
basis, it would appear that monthly variations in 55T are largely controlled by
meridional advection in the surface Ekman layer. Haney (1980) has identified
both advection and surface wind-mixing as important factors to the formation of
55T anomalies.

Enfield and Allen (1980), Thomson et al. (1984) tmery and Hamilton
(1985) and Hamilton (1986) have used long-term lightstation temperature records
to investigate Ll Nino-Southern Uscillation (ENSD) events along the west coast
of North America. Oceanic and atmospheric mechanisms affecting these events are
summarized in Mysak (1986). Thomson et al. (1984) used nine observation sites
on the British Columbia coast dating back more than forty years to investigate
the occurrence of ©LNSU events anu long-term warming/cooling periods. #ajor £NoU
events in the equatorial Pacific were found to be strongly correlated with
coastal warming along the coast with a return period of 15 to 25 years, although
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persistent and marked warming can also occur in the absence of equatorial
warming events. Similar results are reported by Hamilton (1986) for the coast
of northern California to Oregon. The data also reveal pronounced slowly
varying, decadal-scale cycles in the water temperatures along the coast. In
particular, the years 1925-46, 1957-68 and 1976-present appear to mark periods
of anomalous warming while years 1947-56 and 1969-75 mark periods of anomalous
cooling.

A study of long-term coastal temperature variability at 100 m depth is
presented by Brainard and WcLain (19u5). Using monthly mean temperature
measurements from the U.S. Master uceanographic Ubservations data set, they were
able to show that the subsurface temperature anomalies of major ENSU events for
the period 1951-84 propagate poleward from the northwest coast of South America
along the coast of North America at speeds ranging from 10 to 50 km/day. Tiese
speeds are comparable to longshore propagation speeds determined for sea level
height anomalies and are slower than the theoretical speeds for coastal Kelvin
waves (coastally-trapped waves). Unlike surface temperature anomalies for the
coastal region, only the 1962/83 warm event and the strong 1954/56 cola event
could be traced along the entire length of the observational area from Chile to
British Columbia. Major events in 1957/58, 1972/73 and 1976/77 appearea to
propagate only as far as northern California. Royer and Xiong (1984) analyzed
long-term tempereture records from a site off Seward Alaska and found that the
subsurface waters of the northeast Pacific have warmed at about 0.1°C per year
between 1972-85. The data also indicate that the upper 250 metres at the Seward
site warmed in response to the 1977 and 1983 ENSO events.

Long~term variations in coastal sea levels have been studied by sa
variety of authors including Enfield and Allen (1980), Chelton (1980), Barnett
(1984). Sea level fluctuations associated with ENSO events are seen propagating
poleward along the entire coesst of North America at speeds of several tens of
kilometres/day and there is evidence for 5-6 year oscillations in sea level due
to longy~term variations in atmospheric pressure. Trends in sea level along the
British Columbia coast are found to be linked to tectonic processes associated
with continental drift and with glacio-isostatic rebound originating with the
slow viscous response of the earth to melting of glaciers during the last
ice~age (e.g. Barnett 1984; Aubery and Emery 1966; Thomson 1986; van de Plassche
1986).

A study of long-term (twenty-five year) steric sea levels from the
Line P data set (Tabata et al. 1986) indicates that salinity effects dominate
steric height variations near the coast whereas temperature effects prevail in
the offshore region. Near the coast, annual variations in steric sea level are
governed by the cycle of winter dilution by precipitation and runoff and summer
concentration by upwelling. Local currents such as the Vancouver Islana Coastal
Current appear to be the primary factor affecting variations in coastal ses
level, not variations in the offshore current system. A study of long-term sea
level trends in the northeast Pacific is given by Thomson and Tabata (1937).

Using monthly S5T and SLP data for the period 1946-82, Emery and
Hamilton (1985) have been able to establish a link between atmospheric
circulation and interannual variability in S5T and coastal sea levels in the
northeast Pacific Ocean. In particular, the occurrence of sanomalously warn
water along the British Columbia coast in winter is coincident with an
anomalously intense Aleutian Low in the Gulf of Alaska. These results are
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consistent with the notion that SST anomalies on seasonal time scales are
largely maintained by wind-driven advection in the near-surface waters of the
ocean. The results further show that long-term sea level heights along the
coast are controlled by large-scale atmospheric circulation in the North
Pacific. The authors also arque for an atmospheric link ("telecommunication™)
between the equatorial region and mid-latitudes during ENSU events. In general,
"warm" equatorial winters (strong bl Nino episodes) are accompanied by vigorous
atmospheric circulation in the North Pacific while "cold" equatorial winters are
accompanied by wesk mid-latitude atmospheric circulation. Weak winter GSLP
patterns often precede tropical El Nino events. If an El Nino event is then
accompanied by strong North Pacific atmospheric circulation, there is invariably
a strong warming of the surface waters in the eastern North Pacific and an
increase in sea level along the west coast of North America, such as in 1958 and
1983. However, some LNSO events are accompaniea by weak atmospheric circulation
and anomalously cold SST along the coast of North America. Conversely, there
can be strong winter-time circulation and very warm 55T in the northeast Pacific
without the occurrence of anomalous conditions in the tropics (e.g. 1961). The
mechanism proposed by Emery and Hamilton (1985) did not predict the moderate
1987/88 E1 Nino event (W. Emery, personal communication).

Recruitment Studies

A variety of studies have suggested links between interannual
variability in oceanic conditions and recruitment of west coast fish stocks.
For example, Walters et al. (1978) developed a model simulating the first 6
months of ocean life of Pacific salmon. They hypothesized that mortality rates
should decrease with body size, so any density-dependent mechanism producing
slower growth should result in higher mortalities. They concludea that juvenile
salmon are unlikely to be food-limited: there appears to be enough plankton
proguction to support the existing abundance of juvenile salmon without
measurable effects on their growth and survival, so the explanation for the
observed dependence of marine survival must be sought elsewhere. They suggested
density-dependent predation. Recently, Peterman (1987) found some statistical
evidence for density-dependent marine survival and growth in some salmonid
species; it seems to occur most strongly in the first 14-18 months of ocean
life. His analysis of Fraser River pink salmon revealed a significant negative
correlation between adult body weight and number of fish per unit zooplankton
at ocean station P (in the central subarctic). Contrary to the conclusion
reached by Walters et al. (1978), Peterman showed that there may be a period of
food limitation during the oceanic phase of the life cycle which has a
significant effect on fish weight, and hence the biomass of the returning
stock. He also suggested that the form of the relationship describing predation
mortality on Jjuvenile salmon may produce complex stock-recruitment curves with
multiple equilibria. This possibility has some important management
implications in terms of how the stocks should be harvested.

Mysak et al. (1982) conducted a cross-spectral analysis of sea level,
sea surface temperature (S557) and salinity off British Columbia with annual
Fraser River sockeye catch and west coast of Vancouver Island herring. The
cross-spectra indicated that the fisheries time series were highly coherent with
the physical data at a period of 5-6 years. Since there are large-scale
atmospheric variations and transpacific fluctuations in 55T at this period, it
seems that these fluctuations may affect the number and average weight of fish
through some of the processes hinted at by Peterman (1957). ware and McFarlane
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(1986) extended the work of Mysak et al. (1982), and confirmed that west coast
of Vancouver Island herring year-class strength shows a strong negative
correlation with annual S5T, they also found a negative correlation with the
estimated biomass of Pacific hake, which is the key predator of juvenile and
adult herring during the summer, when both the predator and prey distributions
overlap on the continental shelf. Since both correlations were highest with a
zero year lag (for S$57), and zero and 1 year lag (for hake biomass), as a
working hypothesis this analysis suggests that temperature may reflect the
influence of oceanic conditions on herring survival during the first 5-6 months
of life, while the predator effect appears to operate most strongly on late age
0+ and 1+ juveniles which are distributed offshore.

In northern British Columbia, Walters et al. (1986) found that Hecate
strait nerring have fluctuated in a manner which sugygests that their recruitment
rates are being forced by Pacific cod predation. In the 1960's and 70's, both
populations experienced what appears to be @& classical predator-prey
oscillation; however, this relationship broke down in the late 1970's indicating
the involvement of other, overriding factors. For example; year-class strength
of Pacific cod in Hecate Strait is also strongly correlated with water transport
and water temperature (Tyler and Westrheim 1986). Poor year-classes tended to
be associated with strong northward transport and low temperatures.

With respect to other groundfish species, McFarlane and Beamish (1986)
found that good sablefish year-classes tended to occur when spring onshore Lkman
transport is strong and water temperatures are high. In British Columbia poor
sablefish year-classes predominate during periods of low temperature and reduced
onshore transport. Their interpretation of this tendency is that favourable
oceanographic conditions may increase the amount of food available to the early
larval stages at depth (possibly as early as the half yolk-sac utilization
stage) and increase their survival rate. In another statistical study, Fargo
and McKinnel (1988) performed a response surface analysis of Rock sole abundance
and found a significant dome-shaped relationship between year-class strength and
March SST (the period of peak spawning). The optimal temperature was in the
range of 5.5-6.5°C, and is believed to reflect optimal hatching success in this
species. The response surface analysis also suggested that the
stock~recruitment curve for Rock sole resembles a Beverton and Holt asymptotic
curve.

A common limitation of the foregoing studies is that the conclusions
are derived almost exclusively from correlations; little or no direct, or
independent, evidence is presented to support the proposed mechanisms. These
exploratory studies therefore mark the first step in the search for
understanding, since they attempt to reduce the infinite number of possible
factors that may affect recruitment into a smaller set that can be tested
directly by making appropriate measurements in the fiela.

PHYSICAL UCEANOGRAPHY

The purpose of section is to review the key seasonal and interannual
variations in water properties and circulation in the La Pé&rouse Bank region of
southwestern British Columbia. Emphasis is on the major temporal changes in the
spatial structure and the possible mechanisms affecting these changes. Results
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rely heavily on the observations obtained from oceanographic field programs
conducted over the past decads.

The La Pérouse Bank region falls into the Coastal Upwelling bomain
which extends from northern California to northern Vancouver lsland (Fig. 1) and
is characterized by marked summer upwelling and the presence of =
buoyancy-driven coastal current along the inner shelf. Winds in this region are
precominantly to the south in summer and to the north in winter. A Cosstal
Transition Zone separates the wupwelling domain from the Coastal bLownwelling
Domain extending poleward along the Alaska coast from roughly 54°N off Dixon
tLntrance. The Transition Zone extends from the northern tip of Vancouver lsland
to bixon bntrance and is distinguished by low coastal runoff, the absence of an
offshore continental shelf and a strong offshore oceanic influence. The
Downwelling Domain is characterized by strong downwelling coastal winds, marked
land-derived runoff and strong longshore coastal currents (e.g. Royer 196la, b).

Spring Transition: February-April

The Spring Transition is an annual event that marks a relatively
abrupt change from winter to summer water properties and circulation over the
continental margin. According to Strub et al. (1987), the transition is a
large~-scale feature extending from California to southern British Columbia with
longshore scales of 500 to 2000 km. The transition coincides with the reversal
from southeasterlies to northwesterlies in the prevailing winds and typically
propagates from south to north over a period of 3 to 10 days. This poleward
propayation is expected to take the form of long coastally-trapped waves or may
arise through atmospheric teleconnections. In the former case, estimated
propagation speeds range from 50 to 150 km/day. On the coast of uritish
Columbia, the transition occurs over a one- to two-week period sumetime between
late February to early May with considerable year-to-year variability in the
timing and intensity of the reversal. For example, in 1987, observations
suggest that the transition occurred in mid-April while in 1963 the transition
appears to have taken place in early February.

In aduition to the reversal in the prevailing longshore winds, the
Spring Transition is accompanied by a reversal in the preveiling shelf-break
currents, a lowering of mean coastal sea level, a re-stratification of the
shelf/slope waters and the onset of upwelling favourable conditions over the
outer shelf (Thomson et al. 1988). The annual cycle in the shelf-break current,
from northwestward in winter to southeastward in summer, is quite pronounced and
is observed in direct current meter measurements, in surface drogue studies and
in calculated geostrophic velocity fields. Typical seasonal variations in mean
sea level are of order 10U em. The Spring Transition also marks an increase in
the buoyancy flux from the entrance of Juan de Fuca Strait and an alteration in
the primary buoyancy source driving the Vancouver Island Coastal Current. In
winter, the coastal current receives relatively low density water from both Juan
de Fuca Strait and runoff from the mountain ranges of Vancouver Island; in
summer, only Juan de Fuca Strait contributes significantly to the buoyancy flux.

Based on the ahove summary, it is clear that the Spring Transition
delineates an important change in the fundamental structure of the coastal
ocean. The timing and intensity of the onset of upwelling favourable winds
combined with the establishment of an intense southeastward flowing current
centered over the shelf-break and outer shelf could have a significant effect on
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the currents and water property distribution, and therefore on the regional
fisheries. This effect could occur directly through changes in the oceanic
environment or indirectly through effects on the distribution of zooplankton and
predator populations.

Summer Circulation: May-October

Following the Spring Transition, there is a rapid weakening of the
Aleutian Low in the Gulf of Alaska and strengthening of the North Pacific High
off C(alifornia. This leads to prevailing northwesterly winds along central
North America and to the establishment of a summer circulation pattern along the
coast of Vancouver Island. Increased solar heating leads to increased warming
and stratification of the upper 100 m of the water column over the continental
margin. Upwelling results in the onshore movement of subsurface slope water
onto the outer shelf, leading to an decrease (increase) in near-bottom
temperatures (salinity) with an accompanying decrease in dissolved oxygen
levels. The combination of shelf-break upwelling and nearshore downwelling (due
to the presence of the poleward flowing coastal current) gives rise tc a banded
longshore structure in the subsurface water properties over the continental
margin (Leblond et al. 1986 and Thomson et al. 1988). 1n particular, the water
properties over the shelf take on a bowed sappearance, with relatively high
salinity, low temperature (high density) water centered along the 1UU m depth
contour flanked by relatively low salinity, high temperature (low density) water
over the outer and inner portions of the shelf.

The prevailing summer cireculation over the continental margin of
Vancouver lIsland is characterized by four main features (Fig. 4; see also
Thomson et al. 1988): (1) The poleward flowing inner-shelf Vancouver Island
Coastal Current extending from Juan de Fuca Strait to Brooks Peninsula (or
beyond to Queen Charlotte Sound); (2) The equatorward flowing Shelf-break
Current extending along the entire coast from northern Vancouver Island to
northern ralifornia; (3) The cyclonic (counterclockwise rotary) Juan de Fuca
Eddy situated over the central portion of Juan de Fuca Canyon to the south of La
Pérouse Bank; and (4) The generally weak clockwise circulation centered over the
central portion of the La P&rouse Bank region. In addition, there appears to be
a significant mean flow component generated through rectification of the strong
diurnal and semidiurnal +tidal currents that dominate the high-frequency
variability over the continental margin. Mesoscale eddies with lifespans of a
few days to weeks are also common features of the coastal circulation (Mysak
1977; Ikeda et al. 1984a, b,; Thomson 1984; Thomson and Gower 19853 Denman and
Freeland 1985; Denman and Mackas, personal communication).

The Vancouver Island Coastal Current is a narrow (15 to 25 km wide),
baroclinic current flowing over the inner half of the continental shelf north of
Juan de Fuca Strait. The current has typical time-averaged speeds in excess of
10 cm/s and longshore extent of over 150 km. Although it persists throughout
the year, tne current is most noticeable in summer when it flows poleward
counter to the prevailing winds from the northwest. itxcept over La Pérouse
Bank, the core of the current appears to be centered near the 50 m depth
contour. In summer, the current is forced primarily by bucyancy flux from ouan
de Fuca Strait while in winter it is forced by both coastal precipitation and
Juan de Fuca discharge. Since it opposes the prevailing winds in summer, the
maximum speed of the coastal current is typically found at depths of a few tens
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of metres rather than at the surface (Thomson et al. 1988). Especially strong
northwesterlies (speeds in excess of 15-20 m/s) are capable of reversing the
coastal current to considerable depth for periods of a few days.

Throughout its length, the coastal current is separated from a
seasonally-reversible Shelf-break Current by an alongshore transition region of
relatively weak and variable flow. The transition region is most pronounced in
summer and is most extensive over the broad shelf seaward of Barkley Sound. It
is assummed that the transition region marks a divergence of the upper layer
waters. The Shelf-break Current is an intense wind-driven southeastward flow
confined to the upper 150 m with core speeds of order 50 om/s centered over the
outer shelf. In contrast to the coastal current, the shelf-bresk current
reverses seasonally in response to the prevailing winds along the outer coast.
The flow is predominantly to the southeast in summer and to the northwest in
winter. Flow beneath the shelf-break current appears to be principally to the
north in response to oceanic flow conditions over the continental slope. It is
assumed that this subsurface poleward flow over the continental slope represents
the California Undercurrent Extension, the northward branch of the California
Undercurrent thought to carry relatively warm, low dissolved oxygen water
northward over much of the slope of North America (Hickey 1979; iackas et al.
1987).

in addition to the marked cross-shore structure of the shelf
circulation, there is an obviocus distinction between the circulation to the
south and north of Barkley Sound. This spatial distinction is emphasized in
summer when the wind and runoff mechanisms produce flows in opposite
directions. The buoyancy driven flow emenating from Juan de Fuca Strait loops
seaward over La Pérouse Bank before turning northward to form the relatively
confined nearshore current north of the Sound. A second branch of this outflow
curls southward to form the Juan de Fuca bddy situated to the south of the La
P8rouse Bank region. Looping of the current exiting from Juan de fuca Strait
leads to a weak clockwise eddy centered over the bank. Current meter records
from the La P&rouse Bank project indicate that near-surface cross-bank currents
gradually intensify through the summer suggesting that the northern boundary of
the Juan de Fuca Eddy shifts northward or that there is an intensification of
outflow from the strait.

Fall Transition: October-November

The transition from the summer to winter oceanic regime takes place
sometime between October and November during the first major autumn storm. As
with the Spring Transition, the actual timing and intensity of this event varies
interannually. In certain years, the transition can occur as early as late
September while in others (e.g. 1987) the transition may take place as late as
mid-November. Differences in timing are clearly related to the degree of storm
activity in the North Pacific and to positions of storm tracks relative to the
coast of North America. In contrast to coastal regions to the south, the Fall

Transition along the coast of british Columbia appears to be a reasonably
well-defined event.

The Fall Transition is marked by a reversal in the prevailing winds
alony the coast and is accompanied by a reversal in the Shelf-break Flow, an
approximately 10 cm rise in mean coastal sea level, enhanced wind and convective
mixing of the surface waters and the cessation of upwelling. Though data are
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limited, the transition appears to coincide with decreased integrity of the Juan
de Fuca Eddy and enhanced strength of the nearshore poleward flow. Currents over
La Pérouse Bank are directed more toward the northwest and there is less
likelihood of weak, confined circulstion over the bank as in summer. Runoff from
Vancouver lsland begins to contribute to the coastal current which is expected
to be more confined to the nearshore regions along the island.

Winter Circulation: November - April

buring winter months, the flow is typically to the northwest over the
entire continental mergin in response to the prevailing southerly winds.
Increased runoff from the mountainous regions of Vancouver lsland strengthens
the buoyancy-driven Vancouver Island Coastal Current while vigorous wind-mixing
and convective overturning leads to a deepening and de-stratification of the
upper 100 m of the water column. Deceleration of the winter flow regime occurs
during brief mid-winter periods when local high pressure systems and
accompanying northwesterly winds build over the outer coast. This also leads to

strong outflow winds from inlets and channels adjoining the coast and to
enhanced cooling of the oceanic surface waters.

ENSO Veriability

A variety of studies for the west coast confirm the existence of

long~term variebility in the water properties and circulation that are partly
linked to El Nino-Southern Oscillation events (Enfield and Allen 1980; Thomson

et al. 1984; Emery and Hamilton 1986; Mysak 1986; Tabata et al. 1986). All
investigations confirm the presence of long-term 15-25 year cycles in the water
properties and the influence of major equatorial events on the mid-latitude
oceanography (e.g. 1941/42, 1957/58 and 1982/83). In addition, atmospheric
pressure and adjusted sea level data suggest the presence of a guasi-six year
cycle in the mid-latitude variability (Thomson and Tabata, 198l; Mysak et al.
19823 Tabata et al. 1986). The temperature fluctuations at this period are
marginally significant and it is doubtful if there are significant changes in
the flow structure at these periods.

Major £NSU events are accompanied by strengthened (weakened) southerly
(northerly) winds and a greater bias to poleward transport of upper ocean water
along the cuast. The combined effect of the modified winds and poleward flow is
to diminish the upwelling response and to enhance the integrated temperature of
the upper layer. GSea levels rise as a result of the tendency to poleward flow
and southerly winds. Depending upon the amount of time-integrated runoff
entering the coastal zone, surface salinities can be expected to increase as
more saline water is moved northward with the mean circulation.

FISHERIES OCEANOGRAPHY

This section reviews the biological production characteristics and
seasonal movements of some of the dominant fish and invertebrate species off the
lower west coast of Vancouver Island, and considers how interannual variations
in the intensity and timing of seasonal events, and changes in predator and prey
distributions may affect marine survival and, hence, recruitment.
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SPRING TRANSITIUN PERIUU

The extant data on phytoplankton and zooplankton biomass are not
extensive enough to clearly wefine the seasonal variability, let alone the
interannual variability of the production cycle off the west coast of Vancouver
lsland. une of the key cbjectives of the La Pérouse Project is tu assemble such
a time series. The fragmentary bits of information that exist indicate that the
spring phytoplankton bloom begins in late Marcheearly April. The nutrients
supporting this bloom tend to be exhausted guite quickly, but are replenishec by
upwelling which begins in late May. Consequently there may be two peaks in
zooplankton sabundance: one following the spring bloom and e second in June
(Fig. 5). The most abundant copepods in the area in the spring are larye bodied
forms such as Calanus and Neocalanus spp.; in summer, the dominmant copepods are
neritic forms like Acartia and Lentropages spp. Euphausiids are also locally
abundant (3 to 80 g/sq. m). E. pacifica is the dominant species off the west
coast of Vancouver Island; it is an oceanic form which tends to spawn
intermittently from early May to September in response to plankton blooms
(Fulton et al. 1982). E. pacifica grows rapidly following the spring bloom at a
rate of sbout 1.5% of the body weight per day.

The spring transition marks a period when Pacific herring, Pacific
hake, and sablefish spawn and the adults of the two former species begin
migrating back to the summer feeding grounds. Herring reach their lowest level
of abundance on the offshore banks in March; only the pre-recruits occupy the
banks then since the adults are inshore near the spawning grounds (Fig. 6).
Pacific hake spawn off southern and Baja California from January to harch, and
then begin their poleward migration back to the rich feeding grounds off the
lower WCV1. By early March the main bouy of hake is off San Francisco (57°N),
and progresses nurthward at an average speed of 16-18 km/day. At this rate of
advance hake would not keep pace with the spring transition (which propogyates
poleward at a rate of 50 -150 km/d) but woulc lag behind allowing the
development of euphausiia stocks along the route. Sablefish spawn from
January-March over the continental slope. Their eggs and larvae are most
sbunuant at depths greater than 4006 m; hatching ana initiation of feeding occurs
at depth in late February to mid-March. The larvae migyrate to the surface
waters late in the yolk sac stage (mid-late March). measurements are currently
being made to test the possibility that favourable oceanographic conditions
enhance the amount of food available to sablefish larvae, and increases their
survivael rate (McFarlane and Beamish 1986).

The seaward migration of Pacific salmon begins around the time of the
Spring Transition. On the West Coast of Vancouver Island, sockeye smolts enter
Alberni inlet and first appear in Barkley Sound in late April. By mid-June they
have largely left Barkley Sound and have begun their poleward migration along
the eastern boundary of the Gulf of Alaska. In contrast to the sockeye and coho
Juveniles, which move out of Barkley Sound quickly, juvenile chinook remain
inshore throughout the summer and move to the offshore banks in November. This
chinook stock may have sustained heavy predation losses from Pacific mackerel,
which were unusually abundant in Barkley Sound in the summers of 1983 and 1984
(Ashton et al. 1985).
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SUMMER PERIOD

LContinental Shelf

The summer circulation period (May-October) is characterized as a time
of moderate to high zooplankton biomass and production, and is the main feeding
period for most offshore fish species, particularly herring and hake. wuring
May, uune and July the highest average bLiomass of zooplankton is associated with
the Juan de Fuca Lddy (Fig. 5). Zooplankton concentrations decline sharply in
this region in August, thereafter, the highest zooplankton concentrations are
found on the outer shelf (Region A, Fig. 5). tuphausiius are particularly
abundant along the northern flank of the Juan de Fuca eddy and the shelf-break.
In contrast, zooplankton concentrations tend te be low over the inner banks and
consist of a high proportion of small bodied forms.

In summer, herring from the lower west coast of Vancouver Island stock
are distributed primarily over La P&rouse bank and the nearby basins, out to the
shelf-break (200 m iscbath). They are particularly abundant along the eastern
edge of the 100 m isobath (Fig. 7). Some components of this stock may remain
of fshore until a just a few weeks before spawning (March). In contrast, herring
spawning in the lower Strait of Georgia (lower east coast stock), tend to be
distributed south of the US-Canada border (Tester 1948). This stock leaves the
summer feeding grounds for overwintering areas in the lower Strait of Georgia in
November. Juvenile herring (0+) begin moving out of Barkley Sound for the
of fshore banks and basins in late summer (Hart 1973).

Pacific hake begin arriving off the lower west coast Vancouver Island
(WCVI) in June when the summer circulation pattern is well established. The
migratory stock of hake is normally present in large quantities from mid-June to
late Uctober; the highest catches typically occur in August (beamish 1981).
Major concentrations are found along the northern edge of the Juan de Fuca Lddy
and from the 100 m isobath out to the shelf-break (Fig. 8). Both areas have
high standing stocks of euphausiids and smaller =zooplankton, so the summer
distribution of hake tends to match the distribution of euphausiids. The hake
distribution also overlaps components of the offshore herring stocks that are
scattered over the inner basins and outer shelf.

With respect to the theme of this recruitment workshop, one of the
main ideas being tested within the context of the La Pérouse Project is that the
survival of both pre-recruit and adult herring is determined largely by the
amount of spatial and temporal overlap in the herring distribution field with
the fields of their main offshore predators, like hake, during the summer and
fall. Interannual variations in the amount and duration of overlap in the prey
andpredator fields are probably related to oceanic conditions and are believed
to be responsible for significant variations in predation losses. Preliminary
estimates by Ware and McFarlane (1986) indicate that offshore predators have the
potential to remove considerable numbers of pre-recruit herring and, on average,
between 30-50% of the biomass of adult herring. Within this range there is some
circumstantial evidence that the predation rate may be higher in warm summers.

Two specific avenues are being explored to evaluate this idea: The
first question is why is there a significant biomass of hake off the lower
WCVI? We believe the answer is because the surface outflow from Juan de Fuca
tends to concentrate significant numbers of euphuasiids in a band between the
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edge of the inner banks (100 m isobath) and the outer edge of the Juan de Fuca
Eddy. A hydru-acoustic survey by Yvan Simard and bave Mackas 1in June ano
August, 1986 established that there were high concentretions of euphausiids in
this area which extended across the shelf, and then northward in a narrow band
alony the shelf break. buve Mackas has suggested that the equatorward flow of
the Shelf-bresk Current may transport euphausiids from the northern part of
Vancouver Island, along the shelf-break and into the vicinity of the Juan de
Fuca Eddy (the latter part of this transport mechanism has yet to be
clarified). As we noted above there seems to be almost a perfect overlap in the
euphausiid and hake distribution fields. This oversimplified picture, however,
is complicated by wvariations in the speed and direction of the cross-bank
currents which may move, or temporarily break up the euphsusiid concentrations.
This may explain why the hake concentrations periodically "melt away" during the
summer and become highly dispersed in aggregations that cannot be fished
profitably. During this dispersed phase hake may be actively searching for
food. Measurements will be made to see if herring have a higher risk of hake
predation when the direction and intensity of the cross-shelf currents changes.

The second question is why are herring concentrated along the socuthern
and eastern edges of the inner banks? Surveys are being designed to determine
if the cross-shelf currents tend to concentrate copepods and euphausiids along
the southern edges of the banks. In addition, it seems possible that uncer
favourable conditions upwelling may lift zooplankton up onto the eastern margins
of the banks. Part of the reason why herring are distributed the way they are
in the summer, therefore, may be determined by the distribution of the plankton,
(Fig. 5); another piece of the puzzle may involve offshore predators.  Since
both the plankton and predators are more abundant over the inner shelf basins,
the summer oistribution of herring meay reflect a trace-off that has been
selected to provide adequate feeding opportunities with minimal predation risk.

The processes that we suspect are important for concentrating plankton
along the edges of the inner banks, may also explain the offshore distribution
of juvenile ccho and chinouk salmon. The distribution of large chinook, not
suprisingly, seems to match some of the main concentrations of herring.

Coastal Current

The Vancouver Island Coastal Current is a narrow, poleward flowing
region of low density water, bounded by a zone of downwelling at the inner edge
of the shelf. This may be an important feature which blocks the cross-shelf
transport and successful recruitment of Dungeness crab off the lower west coast
of Vancouver Island. Jamieson et al. (1988) found that crab megalopase were
abundant along the outer boundary of the coastal current and seaward out to 180
km in May and June 1985; but were not abundant in nearshore waters. They
speculate that successful recruitment (i.e. settlement) of crab larvae along the
lower west coast may only occur when the coastal current is weak. When the
coastal current is strong, which it normally seems to be, they speculate that in
summer the Shelf-break Current may carry crab megalope southward off Washington
where some may eventually settle. There is no coastal current off Washington
and the megalopae are abundant there right to the coast. The reason why major
crab recruitments seem to occur following ENSU periods off the lower WLVI may be
associated with an increased northerly transport of c¢rab larvae from
Washington. Some of these larvae may be entrained by the coastal current and
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consequently make their way shoreward. The strength of the coastsl current
varies interannually in response to variations in winds, coastal runoff and the
outer shelf-slope circulation.

The coastal current may also be an important transportation conduit
for juvenile sockeye salmon (Thomson et al. 1988). Hartt and Dell's (1986)
analysis of purse-seine catches indicates that juvenile sockeye, chum and pink
salmon were ceaught in the Strait of Juan de Fuca and off the WCVI from
June=Sept/Oct. The data are not extensive enough to resclve the offshore
distribution, but the MASS Project is testing the possibility that the coastal
current may be used preferentially by northward migrating sockeye salmon
Juveniles. It is not clear what happens to the coastal current in the vicinity
of Brooks Peninsula which presents a major barrier to the flow. Cross-shelf
filaments are formed intermittently by upwelling north of bruoks Peninsula and
tend to move offshore or southwarog alony the outer shelf at speeas of 15-7U
cm/sec. These features interrupt the coastal current and may pose a significant

barrier to migrating Juvenile salmon. Most wmarine mortality of salmon is
believed to occur in the first 6-18 months of sea life, and 1s highly
size-selective. The most probable sources of mortality of migrating juvenile

sockeye salmon are marine fish (like hake, dogfish, salmon, rockfish etc.), and
birds. Sockeye salmon are a common prey of Rhinocerous auklets in the summer
near the northern tip of Vancouver Island (Vermeer and Westrheim 1982). A major
objective of the MASS Project is to identify the significant sources of
mortality, and to quantify the relative losses sustained during the 1-2 months
sockeye juveniles taeke to migrate along the WCVI.

The coastel current may also be a significant factor determining which
route Fraser River Sockeye salmon take into the Strait of Georgia. This is an
important concern of DF0O personnel responsible for managing the commercial
fisheries. The problem is that there is significant interannual variability in
the fraction of Fraser River Sockeye that return around the northern end of
Vancouver Island through Johnstone Strait (the northern diversion) compared to
the fraction that normally returns via the southern route through Juan de Fuca
Strait. What is particularly disturbing is that the diversion rates have been
unusually high since 1978 (Fig. 9). In a comprehensive study, Hamilton (1985)
found a significant correlation between the northern diversion rate and the
tenperature change in the coastal waters off the WCVI during the last 18 months
of the salmon's ocean residence. Strong temperature changes normally accompany
large ENSU events, and large northern diversions have occurred after these
events (e.g. 1915, 19z6, 1958, 1983). Hamilton speculated that ocean
temperatures coulu affect the distribution of salmon, and if the number of fish
using the northern route is enhanced under these conditions then warmer
temperatures would lead to a high diversion throuyh Johnstone Strait. This
explanation accounts for about 33% of the variance, which is encouraging, but it
does not explain why the diversion rate was low during the warm years of 1941,
1963 and 1967; nor why it was so high during 1972, which was more or less a
normal year. Another factor that might explain these anomalies is the integrity
of the Vancouver lsland Coastal Current, which in summer is frequently prevented
from rounding brooks Peninsula by the equatorward-flowing Shelf-break Current.
The large cross-shore current shears created in this narrow shelf region by the
opposing shelf-break and coastal current regimes leads to flow instability and
the formation of seaward penetrating filaments. Assuming that this blockage of
the coastal current is a quasi-permanent feature of the Brooks Peninsula region
in summer, then in warm ENSO event years when the sockeye make a landfall north




“(G86T MESAW WOXI) SIdATI BIQUATOD UYSTITIG VIBYINOS 13430
puE I8A1Y I®SBIg SY3 I0I punoqg SASHO0S JINPE JO $8IN0I AICIBATJIW 2Y3 SMOUS IISUT 4L  H8-€G61
Sutanp 11BIIS SU0ISUYOL ySnoiyl asaTly Ieseag oyl Julyovoadde uowies oLsyoos jo s88ejusnisg 6 314

dV3IA
8 ¢8 08 84 9L ¥. ¢L 0L 83 99 9 ¢9 09

86 9G 9§

-
o

)
@c
]
1
()
q—

- Popd BN

N g

VAR 40 LIVELS
& -09

IN3OHdd
-
¥e
INZDd3d

HIAIY

TS ET
\ HISWHS -

IHAI¥S

HiHON -08

()
oo
i

VisdoIo
SO LiVels

L.

001

FUZTTEER. VAR 5 7 T
FHOLSMMNO,



- 56 -

of the peninsula they may sense a weak Fraser River signal coming out of Queen
Charlotte Sound and follow it through Johnstone Strait. Conversely, in normal
years when they make a landfall south of the peninsula or in years when the
coastal current is particularly successful in negotiating Brooks Peninsula,
sockeye may sense Fraser River water in the coastal current and follow it
southward through Juan de Fuca. Although the northern diversion problem doesn't
appear to affect the marine survival and recruitment of Fraser River sockeye, it
merits mentioning here because it provides a clear example of how changes in
oceanic conditions can alter salmon migretion routes.

FALL TRANSITION PERIUD

The Fall Transition may be a southward progressing event corresponding
with a reversal of the coastal wind patterns, which marks the end of the
upwelling season and the beginning of the downwelling season. During this
period both the zooplankton (Fig. 5) and herring (Fig. 1U0) seem to be more
abundant on the outer shelf than they were in the summer. This tendency may be
related to the fact that the strength of the cross-shelf flow incresses
throughout the summer and reaches maximum strength Just prior to the Fall
Transition. There is some indication that hake are also more concentrated along
the outer shelf in the fall. Thus herring may be particularly vulnerable to
hake predation in the late summer-fall period, when there is potentially the
greatest overlap in their distributions. Some hake begin migrating south in
October but the availebility of hake to bottom and mid-water trawls does not
usually drop sharply until November (Alverson and Larkins 1969), when the main
boagy of fish migrates southward, presumably in the equatorward flowing
California Current (Bailey et al. 1982). In 1987, the Fall Transition was
delayed until November and could account for the extended hake fishery off
British Columbia. Adult herring begin leaving the offshore banks and move to
overwintering areas in the lower Strait of Georgia. Juvenile herring remain on
the offshore banks throughout the winter.

SUMMARY

Until recently most oceanographic programs on the west coast of Canads
have been concerned with understanding the mechanisms affecting the spatial and
temporal variability of the coastal ocean. These short-term projects have
proviged little insight into the long-term effects of oceanic factors on
fisheries distribution and recruitment patterns. The plankton data are in the
same state: the existing time series are barely long enough fto define seasonal
changes, let alone the amount of interannual variability in species composition
and biomass. Long-term sea surface temperature records indicate that there
pronounced, decadal-scule cycles along the coast. The years 1925-46, 1957-68,
ang 1976-present mark periods of anomalous warming, while the years 1947-56 and
196975 mark periods of anomalous cooling. Both these slowly varying and higher
frequency cycles appear fto uffect the distribution and recruitment of major
commercial fish stocks. However, the processes are poorly understood. As a
consequence, two multi-disciplinary research programs involving oceanographers
at the Institute of U(cean Sciences and fisheries biologists &t the Pacific
Biclogical Station were designed to clarify the effects of ocean variability on
west coast fish stocks. The MASS project was undertaken to investigste the
interrelationships between biophysical events and salmon distribution and
survival, on an annual and interannual time scale. The major theme being




‘g *314 Ul peulyep °ar sjoquiks Byl
"€8-6961 UPBMIBQ SLPAINS (IBQUWOAON-IDqweldag) (eI Sulanp psairesqo Juliisy Jo UOTINGIIAISIP Ba0YsII0 QT 814

5 a: ) T S /A - 95

o, Q

G
G

poT O
. ‘ i

i

HMIH_ TV £8-69




- 58 -

investigated is that local circulation patterns affects the seaward migration
routes and conseguently the survival rate of juvenile salmon.

The La Pérouse project is a decadal-scale, multispecies study designed
to identify the dominant physical processes that affect the circulation and
water property structure; the low frequency variability in the zooplankton; and
to formulate and test specific hypotheses concerning how interannual oceanic
fluctuations affect fish distributions and survival. A major theme of current
studies is that biophysical events affect the amount, and duration, of overlap
in the prey and predators distribution fields, which in turn affects the
survival rate of important commercial species like Pacific herring, and
sabilefish.
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Table 1. Summary of recent studies investigating effects of oceanic factors on
recruitment of B.C. fish stocks. Code indicating type of study:
S = Statistical analysis of time series; ELH = farly life history
studies; JLH = Juvenilie life history studies;
RB = Reproductive biology.

Species Duration of program Principsl investigators

A. Hecate Strait/Queen Charlotte Sound

Pacific cod 1984 S A. TYLER (Coordinator), W. CRAWFORD
Pacific herring 1984-1987 S M. STOCKER, D. NOAKES

Rock sole 1985-1987 S J. FARGO, S. McKINNELL

Pink and chum 1983-1986 JLH  R. LeBRASSEUR, B. HARGREAVES

B. West Coast Vancouver Island/Strait of Georgia

LaPerouse Project

Pacific herring 1985 S, JLH, RB D. WARE, R. THOMSON
(Coordinators)
K. DENMAN, D. MACKAS
Sablefish 1984 S, ELH G. McFARLANE, R. BEAMISH

Dungeness crab 1986 ELH G. JAMIESON, W. HUGGETT
W. CRAWFORD

Pacific cod 1988 S, RB A. TYLER, J. FARGO, R. FOUCHER

MASS Project

Sockeye, coho, 1986-1989 S, JLH M. HEALEY (Coordinator), K. DENMAN
chinook salmon A. GARGETT. K. GROOT, B. HARGREAVES
H. FREELAND, K. HYATT, D. MACKAS
R. THOMSON, K. VERMEER, J. GALLOWAY

Chinook salmon 1982-1986  JLH C. LEVINGS, C. McALLISTER
(Campbell River)

Pink, sockeye, chum 1976 S D. BLACKBOURN
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v REVIEWS OF DEPARTMENT OF FISHERIES AND OCEANS PROGRAMS ON RECRULTMENT

B. A REVIEW OF RECRUITMENTY RELATED STUDIES AND RELEVANT PHYSICAL
OCLANOGRAPHY PROGRAMS RECENTLY UNDERTAKEN BY ThE DEPARTMENT oF
FISHERIES AND OCEANS IN THE NEWFOUNDLAND AND SCOTIA-FUNDY REGIONS

by

K.T. Frank
Scotia-Fundy Region

INTRODUCTION

This paper is a synopsis of the major recruitment related studies
undertaken by scientific staff of the Uepartment of Fisheries and Oceans that
are currently in progress or have been recently completed in the Newfoundland
and Scotia~Fundy Regions. Relevant physical oceanographic studies are also
reviewed. The paper fullfills a request by the Steering Committee for the
National Workshop on Recruitment., This document is largely a compilation of
summaries provided by the principal investigators of each study. 1 wish to
thank them all for a rapid and concise response to the request for input to this

document.
1. NEWFOUNDLAND REGION
A. FRESHWATER AND ANADROMOUS FISHES

Optimum Spawning Requirements and Juvenile Production Studies

Ihis project involves a number of research studies on several Atlantic
salmon stocks in insular Newfoundland.

The focus of salmon research is in two areas:

1. Investigate optimum spawning requirements to maximize smolt output as it
relates to carrying capacity of different habitats and environmental
conditions. This involves increasing egq deposition until carrying capacity
is reached. From these data a stock-recruitment relationship will be
developed.

2. Investigate salmonid biomass production capacity of different habitats as it
relates to biological, physicel, chemical, and climatic parameters.

The research is conducted on four river systems. A systematic approach has been
taken to study the entire freshwater ecosystem in two of these streams. In a
third river, adult salmon stocks are monitored and brood stock are removed for
experimental stocking. A fourth river provides control stations for interaction
studies with brook trout. An inventory of the biologicel, physical, and
chemical parameters has been undertaken. Emmigrating and immigrating salmon are
monitored near the outlet of two streams. Egg deposition undergoes natural
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variation on one stream at approximately 600 eggs/100 mp-Z and is fixed at 240
egys/100 mp“‘2 on another stream. Changes in smolt and adult production sare
observed. Juvenile production is monitored in representative types of habitat,
and changes in growth, proportion of maturing male parr, and year~class
interactions in relation to parr densities and habitats are monitored using
electroseining and underwater observations. Competitive interactions with brook
trout are being followed. Collaborative research is encouraged with researchers
from Memorial University of Newfoundland to investigate aspects of the ecosystem
which would not be studied by DFO (eg. in areas of hydrology, geomorphology,
primary and secondary production, benthic studies and fish biology;
investigations are coordinated by DFO).
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C. REPRODUCTIVE ECOLOGY OF HERRING AND CAPELIN

Trinity Bay Recruitment Study

From 1982 to 1986 a series of spring-fall surveys, aimed at herring and
capelin larvae, were carried out in Trinity Bay. Prey for larvae were evaluated
by sampling zooplankton with a fine mesh net, and measures of dry weight biomass
of 5 size fractions were obtained. Temperature and salinity profiles were
collected at each station. Correlation analysis is being carried out to examine
assocations between larval abundance and measures of the biological and physical
environment. Preliminary results are quite variable. Some significant
assocations were icentified although trends are not consistent throughout the
data sets. Further analysis will focus on aspects of the environmental and
meteorclogical conditions prevalent during the sampling period when significant
assocations were identified.

The project is also concerned with bisses in estimation of larval
population parameters. A manuscript has been submitted tor publication on
changes in length of larval capelin due to preservation in formalin and
anhydrous alcohol. Another manuscript is in preparation pertaining to estimates
of larval population size frequency distributions using two different types of
sampling g¢ear. In 1987 field sampling was aimed at identifing patterns of
vertical distribution, and also at ascertaining diel variability in standard

obligue bongo tows. This information will be wused in interpreting data
collected during the surveys. No data collections are being made in 1988.

In 1984 a study of Trinity Bay was contracted to describe circulation and
other aspects of the physical oceanography. This description is intended to aid
in the interpretation of larval distribution and abudance data particularly as
it relates to dispersal/retention.
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D. FLEMISH CAP PROJECT

Feeding and Growth of Redfish Larvae in Relation to Survival and Timing of
Production

Planning began for these projects in the mid-1970s and initial field
sampling began in October 1977, with the final directed studies ending in July
1983. Field sampling was most intensive during 1979-81. This was a joint
project between Canada and the U.5.5.R. carried out under the auspices of
ICNAF/NAFO with preliminary results being reported each year through MNAFO.
Recent results of the project were discussed during the NAFU Special Session on
recruitment (Lilly 1987) and a major review of the project was summarized by
Grosslein and Lilly (1987). Presently, data collected as part of the project
are being analyzed with completion expected within two years.

The major findings of the project to vate centre on the growth and survival
of redfish larvae. Larval survival between April and August 1978-81 varied
widely ano initially this can be linked directly to growth rate. Modelled
estimates of physical dispersal can account for approximately one half of the
average estimated larval mortality, but yearly comparisons have not been done.
Analyses are presently underway summarizing the chlorophyll and nutrient
relationships on Flemish Cap, analyzing the differences in larval redfish
feeding between vyears. Future work planned includes: analysis of regional
differences in feeding, growth and condition of larval redfish in relation to
physical and biological factors; analysis of prey availability on the production
of the cod stock, analysis of the influence of predation by cod on mortality of
Juvenile redfish and cod; information on fecundity and the percentages of
females which spawned each year; and a more accurate estimate of the cod
spawning stock size.

Physical Oceanographic Component of Flemish Cap International Experiment

The Flemish Cap International Lxperiment was an ICNAF study aimed at
identifying the relationships of currents, water temperature, and of the
environmental factors with the year-class strengths of cod and redfish on the
Cap. The physical oceanographic component of the study was crippled by the loss
of moored equipment. Preliminary analyses of most of the current and
hydrographic data have been published, and more detailed interpretation of the
hydrographic data and their implications for larval dispersion is underway as
part of a doctoral thesis (Akenhead 1988).
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E. RECRUITMENT STUDIES ON SQUID AND CRAB

Squid Kecrulitment Studies

Studies of squid recruitment in Newfoundland consist of two annual
surveys, both of which are aimed at developing time series of recruitment
indices based on catch rates. The earlier annual survey was initiated in
1984. It is carried out during February-March, about 2 months later than
when the peak winter spawning activity is believed to take place. Sampling
with midwater trawl is carried out in the northern Gulf Stream and Slope
Water between 55°W and 60°W. The index of pre-recruit abundance is an overall
catch rate of juveniles which at the time, range in size between 1-3 cm mantle
length. To date, four annual surveys have been completed (1984-87), all of
which occured auring years of very low squid abundance at Newfoundland.

A second annual survey occurs during early June on the southwest slope of
the Grand Bank. Squid are sampled by bottom trawling within Slope Water, which
intrudes into the survey area during spring. The catch rate abundance
index is generated only about one month before the inshore fishery commences.
This survey was initiated in 1978 but incidental catches from groundfish
surveys are available from the survey area as early as 1947. It is apparent

that large concentrations on the uLrand Bank in June do not always appear later
inshore.

Crab Recruitment Studies

Attempts to develop a means of assessing snow crab biomass in Conception
Bay using photographic techniques were initiated in May 1987. A portion of
the commercial biomass results from within-season molting and recruitment.
Prediction of absolute recruitment is attempted by enumerating the immediate
pre-recruits from bottom photography. Molt-stages of biological samples are
determined using mouthpart-staging techniques to estimate the proportion of

immediate pre-recruits which would molt and recruit within the current fishing
season.
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I1. SCOTIA-FUNDY REGION
A. POPULATION STUDIES OF HeRRING IN GULF OF MAINE/BAY OF FUNDY

Bay of Fundy Larval Herring Survey

A survey of approximately 150 stations in the Bay of Fundy and eastern.
Gulf of Maine has been undertaken annually (Oct./Nov.) since 1972. Oblique
bongo tows (0.505 and 0.333 mesh) provide a synopsis of the distribution of
larval herring and of associeted macrozooplankton abundance. An annual larval
abundance index has been used in comparison with spawning stock biomass (i.e.
hindcast) to tune the VPA in assessments since 1981 (lles et al. 1985,
Stephenson et al. 1987). The autumn larval herring ebundance has shown little
relationship with eventual recruitment. The persistence of annually predictable
patches of larvae, observed in this survey, was key evidence in the development
of the larval retention hypothesis (Iles and Sinclair 1982).

Site-Specific Studies of Larval Herring

The coastal waters of southwest Nova Scotis support a large herring
population which is the basis for the largest herring fishery in the western
Atlantic. The patch of larvae which results from spawning of this population is
the largest and best defined of those in the Bay of Fundy and Gulf of Maine.
Ubservations on this group of larvee were critical to development of the larval
retention hypothesis, and annual surveys of abundance are used to tune stock
assessments. This larval patch has been observed for site-specific studies to
test portions of the larval retention hypothesis and other aspects of larval
herring dynamics of relevaence to recruitment. A study in November 1985
involving repetitive discrete depth samples (using MININESS) at 3-h intervals
over 49 h indicated a definite semidiel vertical movement of herring larvae
through as much as 50 m. A recent study (November 1987) sampled herring larvae
in & similar manner over 6 depths to test further aspects of vertical movement,
including timing and the relationship with prey and potential predators.
Additional samples were designed to define the scale of horizontal patchiness of
larvae.

Recovery of Georges Bank Herring

Spawning Atlantic herring (Clupea harengus L.) have been recorded on
Georges Bank for the first time since the collapse in 1977 of what had once been
the lergest herring fishery in the northwest Atlantic. The reappearance after
almost a decade raises the question of whether there has been resurgence of a
residual extant Georges Bank population or recolonization by fish from
neighbouring spawning groups. Three independent lines of evidence (biochemical
attributes, age composition, and timing) indicate resurgence and support the
discrete population concept in herring. There is no indication that stochastic
events influenced the genetic structure of the herring population at Georges
Bank after the collapse. The period directly after collapse, with the Georges
Bank population showed no evidence of recovery, coincided with several years of
low or averaye recruitment in neighbouring populations; only recently has there
been generally good recruitment (as documented in neighbouring SW Nova Scotia)
providing a chance for the Georges Bank population to recover. Larval abundance
data (autumn surveys) are being collected to monitor recovery.
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B. ST. GEORGES BAY (SGB) FISHERIES AND ENVIRUNMENTAL UCEANUGRAPHY PRUGRAM

Reproductive Strategies of Marine Fishes

Studies of the early history of pelagic fish species were initiated in
St. Georges Bay (5GB), Nova Scotia, in the early 1970s. As a study site this
bay showed great potential in that it eppeared reasonably representative of the
southern Gulf of St. Lawrence yet was a manageable size from the point of view
of sampling. More importantly there was evidence in the form of post-storm
suspended sediment trails of a clockwise circulation within the bay. Such a
circulation could act as a retention mechanism which would greatly increase the
accuracy of estimates of larval growth and mortality. Subsequent physical
oceanographic studies confirmed the presence of a semi-permanent gyre within
St. Georges Bay (Petrie and Drinkwater 1977). In the absence of low frequency
events such as storms, flushing time for the bay is about a month (Petrie and
Drinkwater 1978); about the time required for a mackerel to hatch and attain a
size of 25 mm.

a) Ichthyoplankton studies aimed at Atlantic mackerel (Scomber scombrus)
revealed a close coupling between size and abundance of zooplankton and
larvel mackeral (Ware 1977). In addition to information on distribution of
eqggs and larvae, larval diet and timing of spawning, estimates of egg and
larval mortality and of larval ¢growth were made for four years.

Mackerel egg production estimates within St. Georges Bay for six years
indicated the possibility of using the bay as a proxy for total southern
Gulf of St. Lawrence egg prodution, for the bay seems to regularly receive a
proportional (based on area) share of total Gulf production. A 10 year time
series of data is now being examined to see if this trend continues.

b) The presence of larval cchorts in the plankton (Lambert 1984) stimulated
a study of reproductive strategies of marine fish (Lambert and Ware 1984)
and led eventually to a detailed study of the spawning dynamics of Atlantic
herring (Figures 6 and 7, Lambert 1987). At present a manuscript is being
prepared detailing a hypothesis which links age structure and pattern of
spawning to recruitment.

Larval Lobster Ecology

In addition, larval lobster studies begun in St. Georges Bay (Harding et
al. 1982) led to a general recruitment model for Nova Scotia Atlantic coast
lobster stocks (Harding et al. 1983).

Physical Uceanographic Component of SGB Program

Physical oceanographic investigations were undertaken concurrently with the
biological studies in SGB. Early measurements included extensive temperature
and salinity data as well as moored current meter arrays in the summers of 1974
and 1975 (Petrie and Drinkwater 1977a, b). Initial analyses of these data
indicated a mean clockwise eddy with velocities near 0.1 m/s in the surface
waters (Petrie and Drinkwater 1978a). Although energy was equally partitioned
between the mean circulation, the tidal currents and the low-frequency velocity
events, the latter determines the rate of exchange between the Bay and the Gulf
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of 5t. Lawrence. Estimates of the flushing time for the tides and mean
circulation is of the order of a month while low-frequency events could flush
the Bay on & time scale of days. Petrie andDrinkwater (1978b) developed a
numerical model of the mean circulation whichsuggested that the eddy was driven
by a steady northeastward flow past the mouth of the Bay.

The dynamics of wind-forced motions in the Bay have been investigated by
Drinkwater (1987, 1988) based on the 1974-75 current meter data and additional
thermistor and current data collected in 1979. Wind events have been shown to
influence the bioclogical processes, e.g. a 2-fold decrease in lobster larvae
abundance observed between successive ichthyoplankton surveys of the Bay in
July, 1975, was attributed to wind-induced advection (Petrie and Drinkwater
1978). Also, lobster catches appear to be affected by wind driven temperature
fluctuations (Drinkwater 1987).
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C. SCOTIAN SHELF ICHTHYOPLANKTON PROGRAM (SSIP)

Scotian Shelf Ichthyoplankton Survey Results

The intitial objectives of the Scotian Shelf Ichthyoplankton Program (SSIP)
were:

(a) to discriminate the seasonal and geographic distribution of eggs and larvae
of fish stocks on the Scotian Shelf;

(b) to estimate fish larval growth and mortality rates and how these change with
developmental stage, season, and area; and

(¢) to collect a wide spectrum of both physical and biological oceanographic
parameters upon which to construct predictive stock-recruitment models.

Over the period 1977-82, objectives (a) and (c) were addressed by means of
ichthyoplankton surveys using a ¢rid of 150 stations covering the GScotian
Shelf. A total of 34 surveys were conducted over this period so that there was
an accumulated coverage of at least two surveys for each month of the year. In
addition, three larval silver heke patch study surveys were conducted as part of
objective (b). Further work towards objectives (b) evoloved into species
specific process-oriented studies such as the Fisheries Ecology Program (FEP).

Stock Structure of Scotian Shelf Flatfish as Inferred from Examination of
Ichthyoplankton Survey Data and Distribution of Mature Females

Data on egg distributions and timing of appearance of maximum egg densities
were examined to determine the stock structure of three commercially important
flatfish occurring on the Scotian Shelf: American plaice (Hippoglossoides
platessoides), yellowtail flounder (Limanda ferruginea), witch flounder
(Glyptocephalus cynoglossus). Distributions of sexually mature females obtained
fTom Tesearch vessel surveys were used to further support inferences concerning
spawning location. Using such information, more than one stock of both American
plaice and yellowtail flounder appear to occur on the Scotian Shelf, but no
conclusions could be drawn concerning witch flounder. In the case of American
plaice and yellowtail flounder, the existing means of geographic aggregation of
data do not appear to adequately represent stock structure. iittle or no
advection of eggs end larvae of those species appear to occur on the Scotian
Shelf, supporting the hypothesis that current-driven retention areas promote
stock discreteness in that region.
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levels measured at the same time; 4) use of a single, small gear type precludes
the quantitative assessment of larval drift during the entire pelagic phase
because of net avoidance by the larger, rarer and more evasive larvae and
pelayic juveniles; 5) pelagic juvenile cod, originally spawned offshore, are
commonly found in the nearshore, shallow waters off southwestern Nova Scotia
whereas haddock juveniles remain further offshore; 6) variable displacement from
the spawning site from year-to-year is a characteristic of haodock egg and
larval distributions and this applies to cod as well, and 7) other species,
(such as Liparis, sculpins, gunnels, etc.) having spawning times similar to
haudock in the region but differing in their location of spawning and egy type
(demersal vs pelagic egys) show strongly overlapping larval and juvenile
patterns of distribution in direct contrast to those of haddock and cod.

Fisheries tcology Program: Physical Uceanographic Lomponent

The primary goal of the Browns Bank physical oceanographic study was to
investigate physical processes influencing haddock recruitment. Emphasis was
placed on the egg and larval stages of haddock. Earlier studies (The Cape Sable
Experiment, 1978-80; Cape Sable Extension, 1980-83) had determined that a
permanent clockwise gyre, driven by non-linear tidal forces, exists over the
western cap of Browns and that the inshore currents off Cape Sable are directed
into the Gulf of Maine, with a maximum in winter and strong seasonal cycle. The
hypothesis guiding the initial steps of the Browns Bank study (based on SSIP
conclusions) was that retention of haddock eggs and larvae on the Bank by the
gyre is conducive to their survival, or conversely, that breakdown of the gyre
and consequent loss of eggs and larvae from the Bank leads to poor haddock year
classes.

The major elements of the physical oceanographic field experiment were:

1) year~long moored current meter measurements at three levels (mid-depth and
10-15 m from surface and bottom) centred around the western cap; and 2) a series
of surface-layer dispersion studies using clusters of satellite- tracked drogues
deployed at various locations on the Bank (eg. western cap, saddle). As
expected, the moored measurements revealed a mean circulation consistent with a
closeu clockwise yyre in the upper layers over the western cap, but with strong
low~frequency variability, ariven by wind and tide, superimposed. The
trajectories of the satellite-~tracked drifters ¢generally supported the gyre
circulation, but also showed a high degree of temporal and spatial variability.
In April and November, 1983, these observations suggest that the g¢yre may be
broken down by wind-forced currents. In the absence of strong wind events
(July/September 1983), drogues placed on the western cap were found to exit the
Bank from the northern flank after an average "residence" time of 14 days

and subsequently follow the coastal flow into the Gulf of Maine. This estimate
of the "residence" time is roughly comparable to the time required for a drifter
to circulate around the western cap in the gyre (10-20 days). On the other
hand, estimates of the isotropic dispersion coefficient from the drogue cluster
experiments are in the range of 100 m2/s, which suggests that the time scale for
horizontal dispersion processes alone to remove particles from the Bank is 25 to
45 days.

Spring Distributions of Plankton in the Browns Bank Area

The purpose of this project is toc determine the general temporal and
spatial pattern of the spring phytoplankton bloom in waters off southwest Nova
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Scotia, and to determine possible underlying mechanisms for these observed
patterns. This analysis includes data from Feb.-June 1983 and 1984; a final
paper will include data from 1985.

The peek in chlorophyll biomass (based on monthly cruises) occurred st the
end of March and beginning of April in both 1983 and 1984. It was followed by a
decrease in May, coinciding with & maximum in zooplankton displacement volume,
and an increase in June. There was little difference in timing across the ares,
although the megnitude of the bloom was greatest over Browns Bank and its
northern flank. It had been expected that variations in bottom depth would
serve to initiate the bloom earlier in shallow areas. However, a model of the
vertically averaged mean light intensity suggested the bottom depth even in the
shallowest regions was generally too deep, and that stratification was required
to initiate a bloom. This condition was met in 1983 by early April.

Rapid changes in water masses on the order of a few days were also noted
in late April 1983. The area underwent changes from warm to cold to much warmer
(6°C) water over a period of 14 days, with a possible intrusion of oceanic water
into the trough north of Browns Bank causing upward doming of isohalines. The
result was a rapid decrease in chlorophyll biomass and increase in NU3. Heasons
for the water mass replacement are unknown at present.

Larval Drift

Drift vs retention of larvael cod and haddock is the research topic under
consideration. Through use of extensive collections of ichthyoplankton made off
of SW Nova Scotia in 1985, a test of the competing hypotheses concerning larval
drift/retention is nearing completion. Both cod and haddock are suspected to
spawn offshore, on or around Browns Bank. The age of each of the larvae
collected was estimated through the use of validated otolith microstructure
techniques, which produces an age (in days) of extreme accuracy and precision.
The distribution of these aged larvee is now being mapped and analyzed with
spatial autocorrelation models. If the larvae do indeed drift inshore to a
"nursery ground", the age-structured distributons should show a preponderance of
younger larvae offshore, and older larvae inshore. The age-structured maps are
Just now being prepsared.

Cohort Survival

The current paradigm suggests that year class strength is determined in the
first year of life. As a first step towards testing this hypothesis, an entire
year class of cod has been monitored successively from the egg stage through to
the settleo juveniles. The study was conducted off of SW Nova Scotia in 1985.
Indices of relative egg and larval abundance are available from a variety of
surveys, as are abundance indices for the pelagic and settled stages. Hatch
date distributions have been calculated for each of the life history stages
through otolith microstructure examination. Variations through time in the
hatch date distribution of the cohort survivors will indicate the presence of a
size~ or age-selective mortality process. The relative abundance indices will
then be used to infer the date and age at which the mortality events occurred.
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E. LARVAL AND JUVENILE GADID POPULATION STUDIES

Juvenile Fish Surveys on the Scotian Shelf: Implications for Year-Class Size
Assessments

The potential for wusing juvenile fish surveys to estimate year-class
strength was assessed from data collected during midwater trawl surveys in the
Northwest Atlantic for cod, haddock, silver hake, and herring. Problems
encountered in the development of juvenile fish abundance estimators included
changes in availability to survey gear caused by diel or ontogentic vertical
migrations. Data on the vertical and geographical distribution of juvenile fish
illustratees the need for careful, species-specific survey design based on
adequate knowledge of juvenile fish behaviour. For example, a change in
methodology of a juvenile silver hake survey on the Scotian Shelf predicated on
the results of a diel distribution study was associated with an increase in the
precision of the abundance estimates. While the use of midwater trawl surveys
for abundance estimates must be approached with caution, their use in general
biological studies of distribution, behaviour, and even stock structure is
advocated. In fact, such preliminary investigations are prerequisite to their
practical application in juvenile sbundance estimation.

Condition of Atlantic Uod After Transition to Exogenous Feeding: Morphometrics,
Buoyancy and Predator Avoidance

The condition of Atlantic cod Gadus morhua L. larvae reared under food
densities of 0, 2, 5, and 10 zooplankton m-l was examined after the transition
te exogenous feeding. Fulton's K (weight/length3) was not correlated with prey
density in which larvae were reared, indicating that this index of condition is
inappropriate for larvae immediately after yolk sac absorption. Fulton's K was
also not positively correlated with the ability to avoid a simulated predator.
However, predation avoidance was positively correlated with higher prey
density. A second measure of condition, body height standardized for length,
appeared to be a more sensitive indicator of condition but also did not
correlate with the ability of larvae to avoid predation. The results of a
buoyancy experiment indicated that poorly fed larvae may occur higher in the
water column, and thus may be more vulnerable to predation or cause a sampling
bias in ichthyoplankton studies.

Assessment of Histological/Biochemical Indices of Condition for Larval Gadids

Using a microbomb calorimeter capable of measuring the energy content of
larvae weighing as little as 0.1 ¢y dry weight, and histological techniques
developed for Pacific coast species, the condition of gadid larvae reared under
various prey regimes in the laboratory is being assessed. Preliminary
histological results indicate that of 13 structures examined, the hindgut (the
criterion for healthy larvae was a large portion of cells containing one to a
few spheriod eosinophilic bodies) is the most sensitive indicator of
nutritional well-being in haddock larvae. While the proportion of fed vs
starved larvae correctly classified was high using such criteria, considerably
lower success was obtained in differentiating larvae fed varyng denstities of
prey. Using the techniques developed in the laboratory, the study is being
extended to include larvae caught in the field (Georges Bank).
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Interactions of Caligid tctoparasites and Juveniles Gadids on Georges Bank

The role of the ectoparasite (Laliqus sp. Copepoda: Caligidae) in the
northeast uLeorges Bank cod-haddock ecosystem was examined. The vertical
distribution of the free-living adult stage and host-parasite relationships was
described at two sites of contrasting hydrographic conditions, one being
thermally stratified and the other isothermal. Cod had both a greater
prevalence and number of Caligus sp. ectoparasites than did haddock. Preferred
sites of ectoparasite attachment also differed. While no evidence of reduced
fish condition was found as a function of parasite burden, circumstantial
evidence is offered in support of the hypothesis that Caligus sp. ectoparasitism
is a source of mortality for young haddock. o

ELH Growth and Year-Class Strength

This project was designed to be a direct test of the relationship between
early life history growth and year-class strength. For each of 5 years, samples
of juvenile cod have been collected from Georges Bank. The otolith
microstructure has been used to reconstruct the age and relative growth rate of
each of the fish. Estimates of year-class strength will be derived from VPA
after the year-classes enter the commercial fishery. If year-class strength is
found to be correlated with larval and/or juvenile growth rate, the relationship
could be used to predict recruitment to the fishery at a very early stage.

Diet Changes in Scotian Shelf Haddock During the Pelagic and Lemersal Phases of
the First Year of Life

The diet of haddock Melanoyrammus aeglefinus from the southern Scotian
Shelf was studied during their first year of life. While haddock were pelagic,
copepods were the numerically dominant component in the diet, with a significant
benthic contribution (amphipods, polychaetes) first ocurring in late summer.
Examination of gut contents indicated that the transition from pelagic to
demersal life occurred relatively suddenly. Catch rates did not vary with diel
periodicity and gut contents of demersal fish had few occurrences of pelagic
prey, indicating that diel migration was likely not an important aspect of the
ecology of age-0 fish during the demersal phase of their lives. Dietary changes
during the months subsequent to the pelagic- demersal transition were minor
relative to those associated with the transition itself, although some trends in
importance of dietary items were observed, notably with copepods and mysids.
Such trends did not appear to be related to the size of age-0 haddock.

Comparison of Distributions of Age-0 Groundfish with Benthic Food Resources

Using data from MFD groundfish surveys, the distributions of age-0
groundfish will be compared with those of benthic invertebrates known to be of
significance in fishes' diets. The area of concern will be Browns Bank.

Age-0 Silver Hske Feeding kcology

The feeding of age-0 silver hake, a numerically dominant member of the
juvenile fish community on the Scotian Shelf, was examined with respect to fish
lenyth, time of day and depth caught. Feeding patterns were also used to
substantiate patterns of vertical migration previously postulated te occur.




- 90 -

Juvenile Fish in Scotian Shelf Basing

Previous investigations (Samecto, Herman) of zooplankton productivity on
the Scotian Shelf have indicated that basins supported denser populations of
zooplankton than did banks, & result contrary to previous beliefs. Acoustic
studies associated with those investigations indicated that small fish were also
present in large numbers. The intent of this investigation is to identify the
species of fish residing in these comparatively deep habitats and to ascertain
the trophic interactions with the high concentrations of zooplankton found
there.

Irawl Surveys for Juvenile Groundfish in the Ssble Island Area

Annual groundfish trawling surveys for juvenile (two year old or less) fish
in the shallow waters around Sable Island from 1981-1985 yielded 36 fish species
of which the combined totals of haddock, silver hake, cod, and yellowtail
flounder alone comprised Y8, 95, 90, 96, and 7t% or the total catches in the
respective years. U=-group haddock, sbundant in 1981 and 1962, were virtually
absent from 1983-1985. This corresponded to diminution of abundance of age-1
and age-Z fish in the subsequent years. Juvenile cod were also an important
constituent of catches but O-group cod were rare in all years. OSilver hake,
yellowtail flounder and winter flounder were common but not as juveniles.
Length-frequency oistributions showed year-to-year changes in relative
year-class strength and were also used with catch rates to show that there was
no absolute segregation of age-groups in relation to depth or geographic sector
but catch rates indicated differences in geographic distributions between
age-groups, which varied in most cases from year to year.

Catch rates of O-group haddock did not show good correlation with estimated
population size from independent sources, but age-l haddock and age-2 cod
catches did. Such correlation indicates the value of the surveys as a possible
means of providing indices of abundance of haddock and cod stocks of the central
Scotian Shelf.

tLcology of Age-0 Cod and Haddock on Georges Bank

Diel changes in the vertical distributions of age-0 pelagic cod and haddock
were examined in isothermal and stratified waters of Georges Bank in oune 1985,
biscrete depth collections every 4-hr indicated cod had more extensive changes
in depth than haddock. At both sites, cod were predominately near bottom during
the day and in midwater at night, although at the stratified site this upward
migration may have been limited by the thermocline. Age-0 haddock occurreu
about the thermocline at the stratified site, with little ciel change of depth.
At the mixed site, haddock were distributed near bottom, but were caught
throughout the water during the periods before noon and midnight. For both cod
and haudock, small fish ( 30 mm standard length for cod, 40 mm for haddock)
were also distributed at shallower depths and undertook less extensive
migrations than larger fish. Time-dependent vertical distributions clearly
demonstrate overlap st the mixed site, and the separation of distributions at
the stratified site. To investigate factors potentially contributing to these
diel changes in depth, distributions of temperature, salinity, light, preferred
zooplankton prey, and tidal current speed were examined. Vertical migrations of
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cod were related to the diel light cycle at both sites. At the mixed site, the
number of haddock caught, a function of their distribution off the bottom, was
inversely related to the mean tidal current speed during the sampling period.
This relationship may have been mediated through the effect of current speed on
the distribution of the preferred prey.

Physiclogyical condition of cod and haddock, and zooplankton biomass, was
significantly greater at the mixed site. Llectivity indices indicated heomysis
americana, which ocurred at high densities, was the preferred prey of both fish
species at this stie. At the stratified site, cod overlapped in deep water with
the distribution of its preferred prey Tisbe sp., while distributions of haddock
and its preferred prey Limachina sp. overlapped in upper waters. The ability of
cod and haddock to co-occur when prey are plentiful, and separate when prey are
scarce, may provide a means to reduce interspecific competition. It also
implies that prediction of haddock vertical distributions for survey purposes

may depend on the thermal structure, distributions of prey, and tidal current
speed.
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Fo OSHELLFISH RECRUITMENT STULIES

Recruitment into the Coastal Lobster Fishery Along the Atlantic Coast of Nova
Scotia

The lobster landings along the Atlantic coast of Nova Scotia, from Richmond
to Lunenburg County, have fluctuated drastically since the turn of the century
with a periocicity of approximately 20 vyears. The most recent decline
bottomed-out in the late 1970s with landings 1 to 10% of those during the
previous peak years in the mid-1950s and the subsequent recovery in the
mid-1980s.

There have been a number of hypotheses proposed on the causes behind this
cyclical fishery (eg. construction of Cansc Causeway, fishing pressure, various
predator/prey hypotheses, climatic changes). Jur approach to stuagying
recruitment along the Atlantic coast of Nova Scotia has concentrated on the
larval ecology. Huntsman observed that warm water (16°C) stimulates rapid
growth of the planktonic larvae, and he proposed that this is necessary for
successful molt completion and bottom settlement before cooler temperatures slow
or halt development in the fall. OUptimal temperatures of sufficient duration
for the successful completion of larval developmnt are probably only found in
inlets along this coast. Furthermore, the appropriate prey spectra for larval
survival is also only found in coastal waters (Harding et al. 1983). Larval
lobster surveys were undertaken in and slightly offshore of 5t. Margaret's Bay,
NeS., with the ultimate goal of estimating production and mortality for
comparison with the well-studied and stable lobster fishery in the southern Gulf
of St. Lawrence.

vuring the period of the lobster larvae studies (1982-84) a physical
oceanographic study was undertaken which included moored thermistor chains in
1984. The data reveal periods of intense upwelling when the upper layer waters
were completely replaced. Comparison with temperature data collected as part of
a long-term monitoring program using Ryan thermographs (Dobson and Petrie 1985)
shows that these upwelling events occurred simultaneously along most of the
Atlantic coast of Nova Scotia. This is driven by the alongshelf wind stress in
the classical Ekman sense (Petrie et al. 1987). We are presently developing an
Ekman model using geostrophic wind data from 1946 to 1986 to test the hypothesis
that increased alongshelf winds may reduce lobster recruitment along the
Atlantic coast through greater offshore transport.

Recruitment of Larval Lobsters Along SW Nova Scotia, Bay of Fundy, and Gulf of
Maine

In a recent reinterpretation of Stasko and Gordon's (1983) larval surveys,
it was calculated that between 92 and 97% of the larval recruitment off
southwest Nova Scotia occurred in the offshore region from Stage I and IV
production estimates, respectively (Harding and Trites 1988).

Lagrangian measurements (from surface and bottom drifter releases) were
taken at the same time as the larval surveys. 1o investigate the hypothesis
that inshore stocks receive larval recruits from the offshore we estimated
current patterns and velocities (3-16 cm/s) from these drifter releases(Harding
and Trities 1988). Limits of larval dispersion were then estimated from surface
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currents and the physiological and ecological traits of the larval lobster. It
would appear that offshore lobster could maeke an importantcontribution to
recruitment throughout the eastern sector of the Gulf of Maine.

Studies plannea in the near future will examine the degree of retention of
larvae on offshore banks by physical forces or a combination of the interactions
between physical oceanography and the behavioural traits of the larvae. Larval
release seems to be largely confined to shoal waters. Substaging of molts will
be used to improve estimates of larval drift time from the banks. Changes in
survival from the condition of these expatriates, wusing either total Ilipid
content or lipid types as an indicator will be examined. A more comprehensive
estimate or larval production off southwest Nova Scotia will be undertaken given
the improved knowledge of the vertical distribution of the four planktonic
stages of the lobster and more sophisticated collecting gear (Harding et al.
1987).

scallop Population Studies

The spatial and temporal distribution of sea scallop larvae in relation
to (i) concentrations of recruited scellops; and (ii) the physical and
biological environment is presently under investigation. The study has evolved
considerably since 1984 when the horizontal and vertical distribution of sea
scallop larvae was studied in three fall cruises.

In 1986 and 1987 the horizontal and vertical distribution of larvae on
Georges Bank was studied end the analysis is 1in progress. The vertical
distribution of larvae was shown to be a function of water column stability in
19863 whether or not this is food related was investigated in 1987,

In October of 1988, larval sea scallop distribution in the frontal zone on
the northern flank of Leorges Bank will be studied. This is in conjunction with
a physical oceanoyraphic study taking place on cross-frontal exchange.

Simultaneous to the field studies, methods to assess larval age and
condition in animals from nature have been developed in the laboratory. Initial
results of using growth rings to age the larvae were promising (see Hurley et
al. 1988) but further lab study indicated that the rate of growth line
deposition is a function of temperature and recent feeding history. It may
still be possible to assess the relative growth rates of larvae in nature but
estimating the true age of the larvae remains problematic.

A lipid index to assess the energy stores of sea scallop larvae in nature
appears more promising. In 1987 larvee from different food regimes were stainec
and prelimianry results sugyest that there is food limitation of energy storage.

The Role of the Georges Bank Tidal Front on Plankton Dispersal or Retention

Tidal mixing fronts in continental shelf areas are regions of strong
gradients in physical properties and currents. Variations in physical and
transport processes in such regions may define recruitment of marine species by
influencing the distributions of early life-history stages in relation to the
appropriate location for the population. A study of the relative roles of
physical and biological/behavioural processes that determine zoo- and
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ichthyoplankton distributions and physiological condition about the strong tical
front on the northern flank of Leorges Bank is proposed. The hypothesis to be
tested is that physical processes, and differences in biological processes such
as vertical migration or water mass preferences, are responsible for potential
dispersal of lobster larvae to southwest Nova Scotia, and retention of scallop
and fish larvae on Georges Bank. The generally strong convergence at tidal
fronts will also allow us to test whether elevated concentrations of potential
zooplankton prey lead to enhanced physiclogical condition of fish larvae. This
program will be closely coordinated with a detailed physical oceanographic study
of this front to be conducted by Physical Chemical Sciences Branch at BIO.
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I11.  INTER-REGIUNAL ANL MULTI-NATIUNAL STULICS
Ae  INTLR-ReuwIUuNAL

Labrador Shelf Fish Production Studies

The eastern entrance to Hudson Strait is characterized by intense tidal
mixing which reduces stratification and results in nutrient-enriched surface
waters during the summer (Drinkwater and Jones 1987). Sutcliffe et al. (1983)
found evidence that these surface waters are advected onto the Labrador Shelf by

the residual circulation and hypothesized that the resultant nutrient influx
leads to increased primary production on the shelf. This, in turn, drives a

developing food chain as the watermass is carried further southward by the mean
currents. The abundance of the 2J3KL cod stocks was related to changes in
salinity with higher salinity promoting increased production. It was argued
that in years of high freshwater-outflow from Hudson Bay, the increased
stratification suppresses mixing in eastern Hudson GStrait which reduces
nutrients and lowers the salinity of the water on the Lebrador Shelf. The
reduction in nutrients results in lower primary production and eventually less
food for the cod. The significance of Hudson Strait outflow on the Labrador
Shelf food chain as proposed by Sutcliffe et al. (1983), if true, suggests a
relative increase in the biomass of larger-sized organisms from north teo south
along the Labrador Shelf. In 1985 & cruise was dedicated to testing this
hypothesis by measuring particle-size spectra over the Shelf. The sampling grid
was designed to evaluate not only the along-shelf gradients in particle size
spectra but also cross-shelf gradients and the influence of bathymetric
variations. The particle-size range included bacteria and phytoplankton
(measured with a Coulter Counter), zooplankton (from vertical net hauls), and
fish (estimated using ECOLUG). Additional information was collected on the
benthos, bird distributions, temperature-salinity characteristics, currents,
nutrient concentrations and chlorophyll. Processing of the dsta is near
completion and the detailed analysis is ongoing.

Warm-Core Ring and tkman Transport tffects on Fish Recruitment

Warm-core rings formed from meanders in the Gulf Stream can entrain large
volumes of water off of the continental shelf between the Grand Banks and the
mid-Atlantic Bight. Several authors have suggested that the shelf water
entrained by these rings may transport enough fish eggs and larvae to
significantly reduce marine fish recruitment. This hypothesis has recently been
tested by Myers and Drinkwater (1986, 1987, 1988) using entrainment indices
derived from 14 years of satellite imagery and recruitment indices for 25
commercially important stocks of fish and shellfish. The Slope Water area
adjacent to the continental shelf was divided into nine regions which were
chosen to correspond to the approximate limits of the fish stocks. An
entrainment index including the position and number of warm-core rings was
derived for each of these regions from weekly satellite images during the period
1973 through 1986. These data were then combined with estimates of spawning
time and the duration of the larval stages to create stock-specific annual
indices of ring activity. The results showed strong evidence that a reduction
in recruitment of groundfish in the Northwest Atlantic is associated with
warm-core ring activity. Recruitment variation in 15 of the 17 groundfish
stocks examined was negatively related to ring activity. There was, however, no
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consistent relationship between recruitment of pelagic stocks and warm-core ring
activity. Some of the pelagic species that wereincluded in the analysis spawned
sufficiently far from the edge of the shelf that they may not be susceptible to
the effects of the rings.

Recently efforts have been directed tfowards an investigation of the
hypothesis that offshore Ekman transport reduces recruitment on the Scotian and
Labrador shelves. Data-driven simulations are being carried out of egg and
larval cross-shelf transport for the years 1946-86 on 10 separate stocks and
will be compared with the observed recruitment. In the model, eqgs are released
on the spawning grounds each day during the spawning season. The cross-shelf
position of the eggs and subsequent larvae are tracked assuming agvection
through alongshelf wind-yenerated Ekman transport. The stress estimates are
based on six hourly geostrophic winds. bggs or larvae that are transportd
beyond the continental shelf are assumed to die. The result from each years
simulation will be the integral of each individual day, weighted by the
proportion of eggs estimated to be spawned on that day. The model also includes
the influence of vertical migration of the larvae and the time-dependent nature
of the ctkman layer depth.

Climate Variability and Kecruitment

The physical oceanographic effects of the freshwater discharge from the

St. Lawrence River are not limited to the Gulf of St. Lawrence but were shown
from temperature and salinity data to extend to the Scotian Shelf and into the

Gulf of Maine (Sutcliffe et al. 1976, Drinkwater et al. 1979). Sutcliffe et
al. (1977) investigated the catches of 17 commercial marine species of fish and
shellfish from the Gulf of Maine and found through exploratory analysis that 10
were significantly correlated with local coastal sea surface temperatures as
well as the St. Lawrence River discharge. Maximum correlations again occurred
when the fish was lagged by a time approximately matching its age at commercial
size. Northern-oriented species were found to be negatively correlated to
temperature while southern species were positively correlated. Recently the
time series used by Sutcliffe and co-workers in their correlative studies were
updated and the relationships re-examined (Drinkwater 1987, Drinkwater and Myers
1987). Using linear regressions based on data from the earlier work,
predictions of fish catch or abundance were calculated for the intervening years
and compared to the actual catch data. For 6 of the 13 stocks investigated
correlations over the 9-14 yr of new data remained high and of the same sigyn;
however, individually none was found to be statistically significant after
accounting for the loss of degrees of freedom due to the high autocorrelation in
the data (Urinkwater and Myers 1987). The hypothesis of an overall
environmental effect on landings in general could not be substantiated as the
correlation coefficient for 5 of the 13 stocks reversed sign using the new data,
but changes in fishing effort are believed to mask detection of environmental
effects in the lancings of several stocks. The use of landings, uncorrected for
fishing effort, in correlative studies with environmental variables can cause
problems in interpretation and later confirmation of relationships (Drinkwater
and Myers 1947), however, it is encouraging to note that environment-fish
relationships also exist using VPA estimates (Drinkwater 1987).
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Northwest Atlantic Capelin Recruitment Studies

Large-scale wind forcing events are known to affect recruitment in
beach-spawning capelin and it is hypothesized that similar events affected
recruitment of capelin spawned on the Sk Shoal of the wrand Brank, a discrete
spawning area 350 km from the nearest spawning beach. Specifically we are
testing the hypothesis that larvae required a destabilization of the density
stratification from storms for effective transport from the spawning beds to the
surface waters.

Results of ichthyoplankton surveys conducted in September of 1986 and 1987
were similar in several respects: 1) high concentrations of capelin larvae

occured in areas where dense spawning concentrations were observed by
hydroacoustic methods in June/July; 2) a mixture of different sizes of larvae
(range: 4-26 mm) was observed indicating that larvae hatching at different times
were retained in the spawning area; 3) Nov./Dec. surveys conducted in both years
showed the concentration of larvee had remained stationary but increased in size
consistent with known growth rates; and 4) all sizes of larvae showed evidence
of vertical migration behaviour, the daily range increasing with larval size.
The dominant larval cohort formed in 1986 coincided with the passage of Tropical
Storm Charley which had a pronounced affect on the hydrographic structure of the
water column. Other, less abundant cohorts were formed in the absence of such
events and what, if any, ecological advantages larvae might accrue from a
selective emergence timing mechanism are being investigated. The study in
ongoing and several cruises are planned for 1988 and 1989 to address the
problem.

SE Shoal Capelin Recruitment Study: Physical Oceanoyraphic Component

The physical oceanographic component of the SE Shoal larval capelin study
originated as the SE Shoal Exchange Study. Its aims were to determine the
origin and temporal variablity of the relatively-warm bottom water on the bShoal,
and infer horizontal and vertical exchange rates from the warm water, seasonal
evolution. The field program consisted of hydrographic observations (largely on
a ship-of-opportunity basis) in 1985-87, pilot moored measurements in 1986, and
detailed moored measurements in 1987. The preliminary results inaicate
substantial interannual variability in hydrographic properties on the Shoal, and
significant influences on currents and water temperatures by atmospheric
forecing.

Continued physical oceanographic field measurements on SE Shoal are planned
for 1988 and 1989 as part of the larval capelin study, in collaboration with
McGill University and the Biological Sciences Branch of Newfoundland and
Scotia~Fundy Regions.

Greenhouse Effect on Canadian Atlantic Fisheries

In a scenario with & doubling of present day atmospheric C02
concentrations, Wright et al. (1986) predicted several qualitative changes in
the physical oceanographic features and properties of the continental shelf
waters off eastern Canada. In turn, we have speculated on the impact of such
changes on the location, composition, and recruitment of fish populations
inhabiting the Gulf of Maine to the Labrador Shelf. For example, a general




- 101 -

warming and freshening of the continental shelf waters is anticipated. This may
lead to shifts in the geographic distribution of several commercially important
groundfish stocks that are presently at the limit of their range. Etarlier
arrival times and later departures are expected for pelagic speices, which
undergo extensive seasonal migrations, wunder a warmer oceanic regime.
Temperature dependent changes in the relative magnitudes of energy flux through
the planktonic and benthic components of the food web is one possible mechanism
underlying structural changes in fish stock composition. Higher temperatures
and increased stratification may result in lesser amounts of organic material
reaching the bottom and tend to favour the proliferation of a pelagic fish
community. Several published studies exist that use physical data as proxy
variables for nutrient flux, advection, and stratificstion to predict species
recruitment patterns in the Northwest Atlantic. These models are being used in
conjunction with the specific physical oceancgraphic sceanario devised to
speculate on the most probable consequences to the fisheries of Atlantic Canada.

Time-Scale Characterization of Circulation and Mixing Over Submarine Banks

A time-scale characterization of circulation and mixing is being used to
intercompare and interpret physical oceanographic observations from Atlantic
coast banks where the Uepartment of Fisheries and Oceans has conducted or is
conducting recruitment studies. The characterization consists of intergral time
scales for passive-scalar exchange in three orthogonal directions: a residence
time (TR) for cross-bank exchange, a recirculation time (Vi) for advection by
any residual around-bank gyre, and a vertical diffusion time (TV) for the water
column. The absolute and relative magnitudes of these times can then be used to
estimate changes in scalar distributions on specified biological time-scales,
and identify the relative importance of exchange in particular directions. for
example, the significance of a residual gyre should be assessed by comparing the
associated recirculation time with the bank's residence and vertical diffusion
times.

The characterization has been applied to Browns Bank, Flemish Cap, Georges
Bank, and the SE Shoal of the Grand Bank, primarily using moored current and
drifter measurements. The results for horizontal exchange are shown in Table
1. In general, the residence times are less than (but of the same order of
magnitude as) the recirculation times, implying a limited (but some)
significance for the gyres. The ratio of residence to recirculation time is
largest for Georges Bank and the western cap of Browns Bank, suggesting that the
gyres on those banks have the greatest influence on the spatial distribution of
properties. The residence and recirculation times are shortest for the smaller
Browns Bank, but the greatest interbank difference is in the vertical diffusion
time: on the tidally-energetic Browns and Georges Banks, properties are
vertically redistributed much more quickly than horizontally exchanged, whereas
the reverse is true on Flemish Cap.

It is suggested that the characterization could be extended to describe
temporal (eg. interannual) variability in circulation and mixing on banks, as
well as expected distributional changes of organisms with simple behavioural
patterns (eg. vertical migration).




102

“pyep (eostbolodsiau
‘uotieynduod 38bpng jesy ‘elep

peayuayy G 21yedabodpAy (@31403SEY 40 sishjeue jusuoduo)
‘§S0Y ") ¢gquausanseaw siydesboaphiy pue jeoys I5 °ueq siydeaboueadg [BotSAYd 1ApNis
*43P0T [ IUBLIND P3JOOU ‘sAaaans orydedbodpiy ui[ade) puR.Jg UJ43yINog -/961 6861-GBET, 1uawlingosy ut(sde) [eoys 35 °§
aJebbe) 9
*1318bB637 "M *siSA{PUR 3JNIONJISOJDLU
CUBNYIW TP yy11030 ‘uoibad jejucdy
‘Japol P ur Hui|dwes J{eIS-BULJ “JIJUNGD
‘usppeasde] P uoyyue(d |eoi3do nﬁmﬂawmumsmzmv_mes NG-y :abeis {eoys 35 “jueg $21pNIg Ul Lnudsy
‘juRL4 "N1S8ISLd T1dOAT ‘iMRJ) J8%ONL SSINDIE [eade) ui[ade] puedg UJsyInos -9861 ~5861 utgade] DL3UB{IY ISBMYIJON TV
SJAaAy Y anjea
cgayemiuldag M -pyep a3BJPYDSLP JBALJ pue 3BT il UMWY LNIDBY
©3341123NS "M} LSS "ud3ed 4o cisA{eue [PD135130151J0 $8109dS Auey J43URLIY MN| [861-2(61 Y/N pue A3fitqeidep ajewl(] "t
aniea JusWl LNUD8Y
Jajemiuldg "M -pyep AJobeul (PWJIY) puR ‘pULM {e1DJI3Uwod Ysid4 uo $329443 jJodsued)
tsgaky "yl juswynadod jo sisAjeue _muwwmwpmumwmo 5a139ds Aupy J13URAY MNT 8861-/861 /N uewyl pup sbuly sJo)-udey ¢
Japisuyss g
‘uoplays o
‘aiyotg "1 “SSINGTE CQL7 sIuersanu T907033
“BULDJRH "9 ‘siney 3au uouRdo0T ' J83UN0) IEPZ S2IPNIS UCLIONPO.Ud
fasemiulag Y 483 (noj3 ‘eJ3Deds 371S-3{313J%d poj!  *il8y§ JopeJgety] 8861-9B61 6861 ~3dag ysid 418Ys JopeJqet i
Jojebriseau] sayorodddy/sanbiuydsaj satoadg 39bde) vady Apmg sisA|euy pLatd 331
{edioutdg UotiRvang

SITONLS TWNOISIW-YIINI "1II




103 -

34N30N43S
pue udalled

{e210010Lg
01 uotydidossp
jearsiyd
chulNiw 1e21343A 40 Buiyoiyeu dey
yites T4 pue ‘udllIeINDALOTL ‘8duUBpLsSad Tiota9350d ysiLual4 “leoys SHURE BULJIRUGNS JBAQ
‘ggoy 9! JOJ s8(ERIS-dWL) JO mmmwmmwgmuumgmzum T otuoisualxd! 33 “yueg ssbuosy Buixiy pup UoL3L{NIJ4L] JO
‘48pot P UO POSRG UDS LJPOWOD jURG-J3jU] 31qLSss yuey sumodgl BBRI-IR6T 9eEl~£i61F uDLIRZIABYDRIRYD B{EIS-3uWl] "/
mcu opsoydsowie 3o buiignop
wod) Buiynsad sabueys (esisiyd JL3uR Yy
uBuon] "9 wod) suJslned JusWIingIas 3oipasd MN UL Bn{eA
‘4837 "H 07 UOLI®IL4118J1S puR “UOLIIBADR (B LDJ8UH03 118ys Jopruage’
fgenemduLag Y XA} qUBLJINU 40} SsaguiJen Axoud 40 satoads 01 BULIRK JO
Chdasyg T sp pyep (eo1SAyd BSn 1Pyl Sepow! USLI[[BYS puR| J{NJ W04 SJIIEM S3LHBYSLA DLIUR Y
SNURAS Y paysi|gnd [PJBADS JO UOLITIL{OOY|YSLJUL) [BJDABS J{BUS [RIUBULIUO]| BBET-GB61 YiN UBLDRURY U0 33813 8SNOYUIBJLY  °Q
JozebiLyssaul sayseoJaddy/sanbiuyssl saioadg jebuae] vady Apnis sishjeuy platd 313t
jediout g uoLiedng
(PenuLIU0])  SIIOMLS TWNOISTU-YAINI "III




Table 1.

SUMMARY OF RESIDENCE (Tr) AND
RECIRCULATION (Tg)
TIME ESTIMATES FOR NEAR-SURFACE WATER

TR (days) Tq (days)
Lagrangian | Lagrangian | Eulerian

FLEMISH CAP 32 + 17 67 + 20
SOUTHEAST SHOAL | >28 £ 10 56
BROWNS BANK

- whole bank 12+ 9 25 + 12 >40

- western cap 9+5 85 10
GEORGES BANK 54 t+ 26 44 * 11 56
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B. MULTI-NATIUNAL

Leorges Bank Larval Herring Study: Physical Uceanographic Lomponent

As part of the ICNAF-sponsored Gulf of Maine herring program, a larval
patch study was planned for the fall of 1978 on Georges Bank. Its aims were to
understand the circulation and diffusive processes above a spawning area, and
follow a patch of larvae to determine the physical and biological factors
influencing its evolution. In collaboration with American physical
oceanographers, preliminary physical oceanographic observations were collected
in 1977 and more detailed measurements taken in the fall of 1978, focussing on
the northern side of the Bank.

Eight research vessels from several countries participated in the patch
study. However, larval herring were not sufficiently abundant on Georges Bank
to allow successful execution of the program. Some of the biological effort was
diverted to larval herring studies on Nantucket Shoals, and the focus of the
Georges Bank study switched to a patch of chaetognaths. This patch was found to
have a relatively persistent location in spite of the strong residual current,
apparently because of the chaetognath's vertical migration in the presence of
the vertically-sheared tidal current.

Juvenile Herring Recruitment Studies

Juvenile herring in the coastal waters of eastern Maine (USA) and
southwestern New brunswick (Canada) pose a uniqgue set of management problems.
First, the persistent transboundary movements of these fish have made it
difficult to establish management authority. Second, landings from the
traditional fixed weir and stop seine catch in the area have recently declined,
raising guestions about the continued viability of the fishery and emphasizing
the need to determine the stock origin of the fish on which this fishery has
been based. Finally, there is the question of the relationship between these
aggregations of juveniles and recruitment to adult spawning stocks of the Bay of
Fundy and Gulf of Maine. A variety of studies are underway. Coastal surveys of
larvae and juveniles in waters of Maine and New Brunswick (with the Maine
Department of Marine Resources; see Chenoweth et al. MS) are addressing the
abundance and movements of the juvenile stage. Historical analysis of weir
records is being analyzed with the view to understanding fluctuations in
Juvenile abundance and the relationship with recruitment to adult fisheries.
Finally, a stock identification program is comparing spawning populations in the
hope of being able to establish the stock affinity of juveniles from mixed
schools.

Short-Finned Squid Recruitment Dynamics

Until 1979, little was known of the early life of the short-fined squid
Illex illecebrosus or of the role played by the Gulf Stream in transporting the
larval and juvenile stages. In the winter of 1979, a series of Lanadian/USSR
cooperative research cruises discovered and mapped the distribution of large
concentrations of small juveniles (15-80 mm dorsal mantle length) and a number
of larvae between the GLulf Stream and the edge of the Scotian Shelf (Amaratunga
et al. 1980, Fedulov and Froerman 1980). This was the first strony evidence
that ™ the Gulf stresm might play a major role in the life-cycle of 1.
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illecebrosus. Trites (1983) developed a larval dispersion model that would
predict an idealized distribution of larval and early juvenile stages over a 1-2
month period after spawning. Under this model, egg massess, larvae, and
possibly juveniles are entrained by the Gulf Stream and transported at variable
speed northeastward to areas seaward of the Continental Shelf along the
northeastern USA, the Scotian Shelf, and Grand Banks. Between January 1983 and
February 1986, Canada conducted a series of four research cruises to examine
this advection scenario as a mechanism for the transport of larvae and juveniles
from areas over the Blake Plateau or ereas further to the south (Rowell et al.
1985, Trites and Rowell 1985, Rowell and Trites 1985). Analysis of data from
the 1986 cruise is still underway. The results of the previous cruises in this
series are summsrized by Kowell and Trites (1985), the primary conclusions
being:

1. Larvae and early juveniles are caught mainly in a narrow but very long strip
of water centred in the Slope Water/Gulf Stream Frontal Zone extending from
Floria to an beyond Cape Hatteras.

2. The presence of newly hatched larvae south of Miami, indicates that spawning
also ocurs south of the Cepe Canaveral area.

3. The physical environment is probebly a major factor determining
larval/juvenile distribution in that: a) the Gulf Stream provides a rapid
transport system (as wmuch as 1000 km/week); b) Frontal Eddies eject
surface-~layer Gulf Stream Water shoreward inteo Slope Water, which is
subsequently re-entrained into the Stream; c¢) Frontal Eddies produce
upwelling of nutrient-rich water between the filament and the Gulf Stream
proper, which in turn increases primary production in the Slope/Gulf Stream
Frontal Zone; and d) downstream from Cape Hatteras the formation of
Warm-Core Gulf Stream Eddies eject large quantities of Gulf Stream Water
into the Slope Water area south of Nova Scotia and the Grand Branks with
eddy duration times typically of several months.

4. Recruitment success of failure may be critically dependent on the timing,
location, and number of Gulf Stream frontal eddies and warm-core eddies
developing when larvae and/or juveniles are present.

1t is anticipated that enhanced oceanographic sampling during the 1986
cruise will further clarify some elements noted in the above summary.

Habitat Associations of Age-0 Gadids on Georges Banks

Using a submersible and surface vessels, a detailed investigation of age-0
gacid haebit preferences, vertical distributions, and feeding was completed on
Georges Bank in 1987, The project was a joint investigation of staff of
National Marine Fisheries Service (Woods Hole) and Department of Fisheries and
Oceans (MFD, St."Andrews). Further aspects of the joint work have included a
comparison of the two principal nets used by C(anada and the United States
(International Young Gadid Pelagic Trawl and MOC-1U opening/closing net,
respectively).
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v REVIEWS OF DEPARTMENT OF FISHERIES AND OCEANS PROGRAMS ON RECRUITMENT

RECRUITMENT RESEARCH IN THE GULF ©OF ST. LAWRENCE AND NORTHERN QUEBEC
by
J.A. Gagné and D. Lefaivre

Quebec Region

This report summarizes current research projects conductea by
UFU-Quebec scientists to study various aspects of the question of recruitment
variability in marine fish and invertebrate populations. The populations
investigated inhabit the St. Lawrence system or the waters of northern wuebec.

Major Physical Features of Interest in the St. Lawrence System

Three major features control the hydroaynamics at the head of the
Laurentian Trouch near the mouth of the Saguenay river (Figure 1): tidal mixing
due to bottom stress and internal wave activity; upwelling along the north shore
due to wind stress; advection of surface waters due to tidal forcing. All these
contribute to maintain a stratification front in the area of lle Verte.

At the mouth of the St. Lawrence River Lstuary a cross channel front
persists under the influence of fresh waters from upstream and wind patterns in
the northwestern part of the Gulf. Along the south shore the Gaspé current
advects water out of the estuary towards the southwestern Gulf areas.

The predominant feature in the northwestern part of the Gulf of St.
Lawrence 1is a persistent gyre extending from the shoreline of Sept. lles to
Anticosti Island. This gyre acts as a retention mechanism in the centre but
also advects suspended material southward along its sides. In the northern
regions, wind-driven upwelling events are common. Mixing is important in
shallow areas, especially in the Jacques Cartier Passsage. In the spring,
freshwater run-off from several large rivers exerts a strong influence on the
region by stabilizing the water column.

Along the southern shores of the Gulf wind-generated vertical mixing
and freshwater flushing are the main ariving forces in numerous small lagoons

and estuaries.

Research Projects

Project #1 was initiated when hydrographers, physical and fisheries
oceanoyraphers iuentifiea a common interest in better understanding various
processes operating in the region of the Jacques (Cartier Passage, northern Gulf
of St. Lawrence (Figure 1). Three obgectives reflecting the concerns of the
main participants were identified. The first was to understand the influence of
freshwater inflow, winds and tides on the circulation and mixing of the northern
wulf waters. In preparation of a survey of the area by the Canadian
Hydrographic Service, a second objective was to establish a suitable cotidal map
of the water level as well as an aflas of the corresponding tide-induced surface
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currents. These two objectives are particularly important considering that all
the rivers of the Lower North Shore will soon be harnessed for hydroeleciric
power.  Results from this study will be very useful to predict the relative
influence of changes in river regimes.

The following specific hypotheses were formulated:

L. The presence of a sill at the western end combines with the
lateral constriction imposed by the shores to perturb the tides
and induce a rapid phase change through the Passage.

Ze The sill and constriction act as a natural barrier for water mass
exchanges between the g¢gyre in the northwestern Gulf and the
Strait itself.

5. The strong freshwater inflow from the spring melt induces
dgensity-driven currents that promote a western flow over the sill
ana  through the Pussaye. This mechaniem induces water mass
exchanges and possibly larval advection from one region tu
another.

4. The topoygraphy between Anticusti  lsland and  the continent
sustains a ygyre that prouvides a larval retention mechanism.

ploorings of three current meters will meassure the currents in the toup,
mid-depth and bottom layer of the water column. ltemperature and salinity
profiles will be used to identify local water masses and to determine how the
freshwater from the spring melt mixes and disperses in the surrounding waters.
These measurements will also allow the inter-calibration of the temperature and
salinity sensors on the current meters. Moored and shore tide gauges will be
used Lo evaluate the sea surfece slope along anu across the Passage.  Summer
sea~surface temperatures from satellites will be compared to those measured at
depths and their temporal evolution linked to current measurements if possible.
This should simplify considerably the interpretation of the large-scale
circulation.

This region also supports the major shrimp (Pandalus borealis) stocks
in the Gulf of 5t. Lawrence. These stocks are currently managed as independent
units even though the genetic integrity of at least the three largest ones is
still debated. To determine the degree of isolation between them and better
understand their recruitment patiterns, it was cecided to identify the areas of
emergence of larval shrimp and to describe the distribution of the first early
life history stages of the species.

A grid of 11z stations positioned on north-south transects zU niles
apart was designed to map the ocistribution of larval shrimp concentretions over
the entire northern wulf. This grid was sampled with songo nets and CTu probes
twive 1in 1586 anc once 1in 1Y87. Preliminary results for the 1966 cruises
indicate the existence of several larval emergence areas in agreement with the
known waistribution of eqgg-carrying females. Although the highest level
concentrations are always found in some specific locations, stage | ano Ll
larvae are dispersed over the entire study area with the exception of a
discontinuity between the eastern and western halves of the northern Gulf.
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In 1987, the vertical distribution of young larval shrimp was
investigated with a multiple opening and closing plankton sampler (BIONUSS).
This information, coupled with the knowledge of the current patterns in the
water column, should provide a better understanding of the Factors controlling
the directinn and extent of larval transport.

Hydrodynamics and Recruitment Variability: Direct Relationships

The influence of hydrodynamic processes on the dynamics of exploited
populations constitutes one of the major themes of recruitment research.
Sutcliffe (1972) showed that landings of various commercially exploited species
can be statistically correlated with broad scale environmental phenomena. for
instance, highly significant relationships were obtained with lobster catches in
the Gulf of S5t. Lawrence (Sutcliffe 1972, 1973). Several projects conducted by
DF0-Quebec scientists are investigating various aspects of such relationships.

Project #2 was designed to critically examine the likelihood of
successfully relating environmental wvariables to '"n'-yeasr-lagged lobster
landings in a predictive fashion in the northern Gulf. This study uses lobster
landing statistics from six sub-areas of the northern Gulf in an attempt to
relate them to environmental factors. The major hydrographic features were
identified from NOAA satellite images and related to climatic conditions on the
ground. Regional environmental conditions and their potential effects on the
growth, survival and advection of lobster larvae were assessed over the period
of occurrence of planktonic larvae (months of July, August and September). The
exchange of larvae among regions via advective processes was described using a
Markov matrix. A conceptual model integrating the expected effects of
variations of surface water temperature, wind force and direction, and
freshwater outflow on the 9-year-lagged landings of each region was then
developed.

The statistical relationship identified by Sutecliffe for the Magdalen
Island lobster population is one of the few that held up until recently
(Drinkwater 1987). The underlying mechanisms responsible for the association
between the runoff from the St. Lawrence River and the landings nine years later
needed to be identified. Relevant fundamental information on the basic biology
and ecology of that population was gatered by Hudon et al. (Project #3).

Aspects related to egg and larval production, embryonic development
and energetic investment in egg production were studied for female lobsters off
the Maydalen Islands (Attard 1985; Attard and Hudon 1987). It was found that
large females produce eggs in higher numbers, with higher calory content and

which hatch faster than eggs from smaller individuals. The higher energy
content and earlier hatching time are probably factors that enhance larval
growth and survival (Figure 2). If so, larger females would contribute

relatively more to recruitment than smaller ones. Larvae produced by small
females having molted and extruded their first clutch of eggs in the same summer
(Ib) were found to have a low chance of survival due to their late hatching date
and low energetic content (Attard and Hudon 1987). These results demonstrate
the value of setting an upper size limit to the fishery.
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Female size

Time of
egg extrusion 0. 314 0.298 0798
Egg development index Energy Dry weight Fecundity
(PEL) per e€gg per egg (F)
l (E g 1€-0.785 —(Wg ) J
Time of hatching 0.386 0.938
tarval survival Total energetic
investment in brood
(Ey)

FIGURE 2
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To evaluate larval lobster production and survival off the Islands, 39
stations were sampled with plankton nets during the summers of 1978, 1980 and
1981 (Figure 3). The horizontal and vertical distributions of each of the four
planktonic stages of Homarus americanus were assessed from surface tows with
simple neuston and meter nets (1978 and 1980) as well as a three-compartment
plankton net (Figure 4) (1981). The results indicate that the general pattern
of larval abundance is determined by the current regime; the larvee are flushed
arognd Point de 1'Est and concentrated in Baie de Plaisance by a gyre (Hudon et
al.).

On a smaller scale, 12 stations arranged in a 3 x 4 grid in Baie de
Plaisance were sampled for 12 weeks in the summer of 1980. Stage IV larval
abundance was found to be significantly correlated with the distance from rocky
bottoms favorable to benthic 1life, suggesting the occurrence of active
directional movements on the part of the larvae. The maximum abundance of stage
I larvae was synchronized with the period of most rapid increase in summer
temperature, thus ensuring that larvee achieve highest net growth rates through
their planktonic phase (Figure 5).

The peak of planktonic larval abundance occurred in mid-July when
summer temperatures were maximal, thus ensuring rapid larval development to the
benthic stage. This mechanism was hypothesized to minimize the duration of
planktonic life in order to avoid the heavy predation likely to occur at this
stage (Hudon and Fradette 1987).

These results suggest that summer sea-surface temperatures might play
an important role in determining the success of a lobster year-class on the
Magdalen Shallows. Simard et. al. (Project #4) want to investigate the role
played by summer sea-surface temperatures in the relationship found by Sutcliffe
(1972, 1973) between the St. Lawrence river runoff and Magdalen lobster
landings. Their objective is to test the following hypothesiss

Lobster recruitment on the Magdalen Shallows is determined
by the intensity and pattern of drift and warming of the
sea-surface waters around the Islands during the larval
stage. These patterns of drift and warming fluctuate
between years wunder the influence of meteorological
conditions and freshwater runoff from the St. Lawrence
River.

Historical data on freshwater runoff and meteorological and oceanographic
conditions are utilized to model the influence of the St. Lawrence River runoff
and wind patterns on the circulation around the Islands. If a relationship is
found between these factors and lobster recruitment, the project will proceed to
evaluate the respective importance of warming and circulation patterns as causal
mechanisms.

The interactions of larval lobster with crab larvae and other
macro-zooplanktonic  organisms collected simultaneously are also being
investigated (Project #5). The pesk of larval crab occurrence in Bai de
Plaisance occurs during the same}period as that of lobster, and is accompanied
by biomasses of up to 15 ¢g/1000 m”° (d.w.) of copepods and other potential preys
for both crustacean species. Larval crabs, which are also preyed upon by
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lobster larvae, are 1000 times more abundant than larval lobsters. It appears
that lobster larvae were not food limited in Baie de Plaisance during the study
since the duration of the first three planktonic stages was comparable to that
measured in laboratory experiments (24 vs 21 d), the growth rates were high and
potential prey organisms abundant.

Hydrodynamics and Recruitment Variability: Food Web Effects

Two of the projects summarized so Tar investigated direct effects of
hydrodynamical processes on recruitment variability. Such processes can also
influence larval survivel indirectly through the food web (Sutcliffe 1972, 1973
Cushing 1975, 1982; Dickie and Trites 1983; lLegendre and Demers 1985). In
coastal and estuarine environments frontal zones are generally characterized by
high primary production rates and large phytoplankton biomasses (Kahru et. al.
1984; Richardson 1985; Richarason et. al. 1986). This promotes the reproduction
and growth of herbivorous zooplankton (Kiorboe and Johansen 1986) which are
preyed upon by carnivorous organisms such as fish larvae. Such conditions
shoula promote larval fish growth and survival. High abundance of larval fish
can therefore be expected in frontal zones either as a result of adapted
reproduction strategies promoting transport of larvae into these areas or simply
because larvae growing in such areas survive better.

Project #6 was designed to describe the vertical and cross-frontal
distribution of phytoplankton, zooplankton and fish larvae in a frontal area and
to evaluate specific mechanisms possibly responsible for transferring primary
production products to fish larvae. The study was conducted in the frontal zone
defined by the Gaspé current and the Anticosti gyre in the northwestern Gulf of
St. Lawrence (Figure 1). Stations were sampled along a transect across the
front with various plankton nets, including a multiple opening and closing
l-meter ichthyoplankton net (BIONESS), to determine the horizontal and vertical
distributions of vsrious plankton groups. Preliminary results indicate that
large diatoms and dinoflagellates, which favour herbivorous production and
reproduction, as well as copepod eggs and nauplii, the food of larval fish, are
concentrated on the stratified side of the front. Small capelin larvae were
also much more abundant there, whereas larger capelin and redfish larvae were
more widely distributed across the study area. This suggests that the
occupation of an exceptionally rich area is less critical for the survival of
more robust larvae. While frontal zones might be essential for a massive
survival of young larvae, they could play a much lesser role in the ecoloyy of
older ones.

Physical processes are expected to have a aramatic influence on food
web dynamics in northern areas where ice covers the surface of the sea for
extended periods of time. A preliminary sampling program was carried out in the
spring of 1966 (Project #7) to evaluate the possible relationship between the
timing of ice bresk ana the survival of larval fish in northern WQuebec rivers.
Several species of anadromous (Coregonus clupeaformis, C. artedii, Lota lota)
and marine (Boreogadus saida, Ladus ogac) fish larvae were previously reported
to hatch just prior to, or at the time of ice break-up in James and Hudson Bay.
Anadromous fish larvae were shown to be flushed from the rivers into Hudson Bay
oguring the periog of increused river flow at ice-break, and could thus benefit
from the increased zooplankton biomass associated with the marine epontic flora.
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It was hypothesized that the persistence of the ice cover in the Bay
after the expulsion of anadromous fish larvae would be favourable to their
survival. The absence of wind-induced vertical mixing would allow the
maintenance of the integrity of the freshwater plume under the ice. Anadromous
fish larvee woulc then be pghysically isolated from marine predators and be
allowed o more ¢radual osmotic adaptation to marine conditions, while
benefitting from high fooa supply.

the organisms occurring in the drift were sampled before, during and
after the ice break in the Great Whale River. After the ice break, the plume of
the river was sampled alony a transect in tudson Bay and compared with the
organisms occurring in the marine layer located underneath it. In the absence
of wind, the waters in the bay remained heavily stratified and exhibited
distinct animal assemblages and physical and chemical properties. Anadromous
fish larvae (mostly Lota lota) were restricted to the freshwater upper layer,
while marine fish larvae (mostly Boreogadus saida) and predators were found in
the underlying marine waters.

More elaborate work will be initisted in the spring of 1988 (Project
#8). Current meters and CID profiles will be used to identify circulation
patterns and describe the evolution of the freshwater plume from winter to
spring conditions. The food web from epontic algae to fish larvae will be
monitored to determine the food resource available to the larvee. Larval growth
and condition will be followea to identify favorable survival conditions.

Food Web Dynanmics

A central theme in present-day studies of marine plankton dynamics is
the efficiency and variability of linkages in the cycles of marine biological
production. Productivity at each step in the marine pelagic food chain has been
observed to vary at a number of spatio-temporal scales. How this variability at
one tropic level relates to fluctuastions in another is still not understood. A
key question is how 3~ to 4~fold variability in annual primary production is
magnified to result in 10- to 10U-fold wvariability in fish or benthos
recruitment.

Project #9 concerns linkages in the marine food web of the lower
Estuary and the northwestern Gulf of St. Lawrence. [t focuses on the role that
planktonic copepods may play in the transfer of materials and energy from
phytoplankton to larval fish andg invertebrates. Two alternative concepts about
the interconnection between primary producers, planktonic copepods and
invertebrate and fish larvae are proposed. They can be termed the "weak filter"
and "strong filter" hypotheses (Figure 6), referring to the extent to which the
dynamics of zooplankton populations and the feeding behaviour of the larvae
filter out the effects of fluctuations in primary productivity on recruitment
(Runge 1988).

The weak-filter hypothesis states that there is a significant link
between interannual wvariebility in the magnitude and pattern of primary
proauction and fish recruitment. This would be the case in ecosystems where
Calanus finmarchicus dominate the zooplankton community since Calanus egqg
production rates are strongly related to variability in phytoplankton standing
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stock (Runge 1965a; 1985b). In such systems, the strength of a fish year-class
may be determined by the availability of planktonic food at the time of yolk-sac
resorption as proposed by Hjort (1914) and Cushing (1969).

The alternative, the strong-filter hypothesis, proposes that in
systems where zooplankters other than Calanus dominate, the impact of
fluctuations in primary productivity is filtered by the dynamics of the
zooplankton community ano by the feeging behaviour of the larvae. There are
several varistions of this hypothesis, but the essential point is that fooo may
not limit the first feeding larvae because they can eat alternative prey if
Calanus egys and nauplii are not available. Alternative food sources may
include tintinnids and nauplii of smaller copepod species (Last 1960). The
productivity of these prey populations is much less affected by phytoplankton
variability (McLaren 1978; Runge 1984; Ohman 1985; Frost 1985). Consequently,
the link between fluctuations in phytoplankton production and prey availability
to larval fish and invertebrates is damped. Project #9 will begin to examine
the importance of Calanus finmarchicus and the wvalidity of the ‘'weak
filter/strong link" hypothesis for redfish (Sebastes sp.) larvae in the
northwestern Gulf of St. Lawrence in the spring of 1988.

Project #9 proposes that an abundant supply of prey items of the right
size can be critical to the success of a fish or invertebrate year-class. Much
of the emphasis of recruitment research has been and still is focused on
quantitative characteristics of various larval fish and invertebrate food
LESOUrCes. Much less effort is devoted to the quality of those prey items
available to feeding larvse, Project #10 is addressing one aspect of this
problem by investigating the sensitivity of marine fish and invertebrate larvae
to the toxins produced by the dinoflagellate Protogonyaulax tamarensis.

The frequency and distribution of toxic algal blooms have been
increasing in various parts of the worla since the mid-seventies (Anderson et.
al. 1985). The paralytic toxins responsible for the catastrophic consequences
of these blooms have been studiea mainly in relation to human food poisoning.
nowever, it is well established from research work conducted in Europe, Japan
ana North America that these toxins can be lethal for commercially important
fish species intoxicated either directly by feeding on the toxic organisms or
indirectly through a contaminated food chain (Adams et. al. 1968; White 1980;
[tortensen 1985). Recent work indicates that the survival of larval fish can
also be compromised by these toxins (White et. al. 1987).

P. tamarensis is the dominant toxic organism in the St. Lawrence
system and is abundant in several coastal areas (Therriault et. al. 1986). Such
areas are often colonized by early life history stages of marine fish and
invertebrates which use them as nursery grounds. In order to verify that the
survival of marine fish larvae is reduced in presence of P. tamarensis toxins,
herring and capelin larvae were exposed to various concentrafions of the toxic
dinoflagellate in laboratory experiments. Larval mortality was between 60 and
100% higher in the treatments than in non-toxic controls. Further experiments
are being conducted but these initial results suggest that recruitment of
various species could be affected by annual or longer-term variations in the
distribution and timing of toxic blooms. These effects could become
catastrophic for several coastal regions of the world in general, and of Eastern
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Canada in particular, if the current increasing trends in time, space and
frequency are maintained. Field work will be initiated in the summer of 1988 to
investigaete the relationships between the dynamics of toxic dinoflagellate
blooms and the ecology of larval fish and invertebrates. Particular attention
will be devoted to the transmission of dinoflagellate toxins through the
planktonic food web.

While it is widely hypothesized that the success of year-classes is
influenced by the quantity and quality of food available to the early 1life
history stages of fish and invertebrates, experimental studies have reached the
consensus  that both starvation and predation are the proximate factors
responsible for the mortslity rates observed during larval stages (Rothschild
and Rooth 1982). Project #11 was devised to test the general hypothesis that
the survival of young fishes is a function, at least partially, of the speed at
which they grow through those size intervals when they are most susceptible to
predation (Schoener 1971). This implies that young fishes growing at various
rates will also exhibit various survival rates.

To test this prediction, relationships between the age of young fishes
and the size of reference growth structures will be analyzed (tiealey 1952).
Atlantic mackerel (Scomber scombrus) is an ideal species for such studies. In
the southern Gulf of St. Lawrence youny mackerel grow to about 180 mm during
their first five months of life and dgaily increments are visible on their
otoliths (ur. b. C6té, INKS, Kimouski, kuebec, Canada, unpubl. data).  Young
mackerel will be sampled throughout the summer of 1988 and relationships between
age and the size of a reference area on the otoliths will be investigated. This
represents the first step in the assessment of the influence of mortality during
the early life history on recruitment veriebility in mackerel.

Survival of young fishes appears to revolve around the issue of
"eating or being eaten . . .M. 1t is, therefore, generally assumed that larvae
benefit largely from feeding and that they should always attempt to eat at
maximal rates since fast growth would also reduce their overall wulnerability to
precators. tut  contents are customarily used as an index of feeding
performance, with low levels implying food limitation, sub-normal growth and
higher risk of starvation and/or predation. Using this scenario, it has been
argued thst larvel fish are food limited, that the key to survival is to
encounter patches of dense prey organisms (see Houde 1978), and that these
patches are formed mainly through physical processes. It then follows that
physical phenomena are responsible for the inter-annual variability of survival
in pepulations of marine larval fishes.

This argument is baesed on a simplistic view of feeding and it ignores
the fact that feeving activities also increase the risk of being captured by
predators (Giguere and Northcote 1987). This is a non-energetic cost of feeding
which must be balanced against its energy benefits (bDill 1986). Unfortunately,
formal solutions have not been derived for the lack of a proper common currency.

A unified feedinyg model has been derived for Project #12 using
trunsparent larvae as model organisms for which volume of ingested food brings
together energetic and non-energetic costs of feeding into a unique framework.
This formal model allows one toc answer a fundamental question of optimal
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foraging: 'How much to feed?". According to this model, the feeding rate which
maximizes the survivorship of larval fishes is much less than the physiological
maximum. Laboratory and fielo evidence obtained to date support this view. The
amount of food present in the gut is, therefore, not necessarily a good
indicator of survival since it appears that larval fish "trade-off' predation
risk against energetic benefits and growth. Lut content data shoula be
interpreted with great caution. The role played by food patchiness in
determining patterns of survivorship in marine fish larvae should be
re-evaluated.

Population Studies

As exemplified in the present report, most recruitment studies
concentrate on the ecoloyy and dynamics of youny fish and invertebrates. This
is mandatory to evaluate the importance of trophodynamic processes (predation
and starvation) operating during the early life history as regulatory mechanisms
of year-class strength. For instance, it is sufficient to test prediciions
verived from the hypothesis rooted in the pioneering work of Hjort (1914) and
elegantly formalizea by Cushing (1969). The "Match-Mismatch Hypothesis"
proposed that variations in recruitment are determined by interannual variations
in the degree of spatio-temporal coincidence between larvae and their food
resource. The timing and location of spawning would, therefore, be selected as
to optimize this spatio-temporal coincidence.

Studies of both the adult and larval phases are, however, necessary to
evaluate a new hypothesis introduced by Iles and Sinclair (1982) and fully
developed by Sinclair (1988). The "Member/Vagrant" hypothesis challenges the
importance of trophic interactions during early life history as recruitment
regulatory mechanisms. It states that temporal variability in abundance of
marine species with a complex life cycle is a function of the inter-generational
losses of  individuals (vagrancy and mortality) from the appropriate
distributional area that will ensure membership within a ¢iven population. For
species with a planktonic stage oceanographic processes may dominate in
generating this variability in losses (Sinclair et lles 1987). This implies
that absolute abundance could be largely independent of reproduction, growth, or
other biological parameters.

This might be the case, for instance, for Atlantic herring (Clupea
harengus) where the number of genetically distinct populations woula be
ageterminea by the number of distinct, yeographically stable larval retention
areas (Iles and Sinclair 1982). The hydrodynamic processes specific to a
retention area would dictate the mean size as well as the year-to-year
variability in recruitment of its associated population. The g¢genetic isolation
between populations would result from homing of mature individuals back to their
native retention area to reproduce. This homing instinct would be focused on
the hydrographic features of the retention area.

Project #13 was designed to test various aspects of the
"Member/Vagrant" hypothesis and evaluate its merits relative to those of the
"Match-Mismatch hypothesis. It concentrates on the 1Ile Verte herring
population of the St. Lawrence Lstuary which presents the following advantages:
it is relatively isolated from adjacent populations and easily accessible which
simplifies sampling and decreases the uncertainty as to the origin of the
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individuals sampled, especially for early life history stages and mature fish.
It is commercially exploited which facilitates data collection on the adults.
Finally, it has been the object of several population aynamics studies and is
often used in the work of Sinclair and collaborators as evidence to support
their theory.

According to the "Match-Mismatch” hypothesis, the spawning of a marine
population should occur at a time and location such as to maximize the chance of
coincidence between first-feeding larvee and their food (Cushing 1969).  The
"Member/Vagrant" hypothesis predicts that spawning will take place within g
retention area cefined by hydrodynamic processes (Iles and Sinclair 1982).
Herring from a genetically isolated population will spawn at a moment in the
season such as to ensure that the larvae will have enough time to grow and reach
metamorphosis either during the seme or at the onset of the following productive
period of the year, for spring and fall spawners respectively (Sinclair and
Tremblay 1984)., Because the S5t. Lawrence Estuary is a tidally energetic sea of
low proauctivity (Therriault and Levasseur 1985) it is predicted that spawning
will occur only in the spring (Sinclair et Tremblay 1984). The poor growing
conditions in the Estuary would result in the larvae methamorphosing at a
smaller size which would explain why the adults of this population are
particularly small at age (pygmy) (Cété et. al. 1980). That this population
retains its pygmy characteristics is seen as a proof of homing in herring, an
essential element of Iles and Sinclair's stock structure hypothesis (Sinclair
and lles 1985).

To test these various predictions ichthyoplankton surveys were
conducted 1in 1965 anu 1986. Spawning herring were sampled in both years for
various biological characters ano morphometric, meristic and biochemical
analyses.

The results available to date indicate that spawning occurred in the
spring and fall of both years. In 1985, spring and fall larvae emergea within
the limits of the predicted retention area (Iles and Sinclair 1982). The spring
cohort appeared in the retention area two weeks prior to the maximum
concentration of particles in the size range of suitable prey organisms. The
fall cohort emerged after the fall peak in particle concentration and its
abundance in the samples decreased relatively faster than that of the spring
larvae. Analyses of the data collected on adult fish revealed that pygmy
herring did not constitute more than 50% of the spawning stock and that genetic
isolation from adjacent populations was much less than expected. In the light
of these incomplete results, it now appears as though a hierarchy of factors is
controlling herring spawning in the St. Lawrence Estuary. Spawning location
would be determined by the location of hydrodynamical processes delineating a
retention area as predicteu by Iles and Sinclair (1982). However, timing and
possibly interannual variability in year-class success coula depend on trophic
processes within the retention area. Homing certainly does not appear as strict
as proposed by lles and Sinclair (1982) and tidally energetic seas can support
more than one herring population.
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special Projects

CIRESOL: A Canada/France Collaborative Effort on Recruitment

france recently launched a National Recruitment Program with the
general objective of better ungerstanding the factors determining recruitment
variability in marine organisms. One of the goals of this multidisciplinary
proygram focusses on the early life history of the flatfish Solea wvulgaris. A
specific objective of CIRESUL (Circulation et Recrutement de la Sole) is to
assess the respective role of transport and mortality in the decrease of larval
sole abundance with age. Another one is to describe the mechanisms whereby sole
larvae are transported from the open sea spawning grounos to the coastal nursery
H4Teds.

In & concerted effort to address the transport problem, French and
Canadian scientists conducted a joint research cruise in the Bay of Biscay in
April 1987 (Project +#14). The vertical distribution of the zooplankters anc
fish larvae and the structure of the water column were investigates alony three
transects and during a 72-hour fixea station with a BIONESS. The plankton
samples are currently being sortea and results are not yet available.

An Inter-regional Joint Project

Project #15 is a joint project with the DFO-Gulf region designed to
acquire & better understanding of the processes involved in the self-sustainment
of Crassostrea virginica populations, a dominant oyster species in Caraquet Bay
and adjacent areas of the western Gulf of St. Lawrence. Another objective is to
examine the dispersal and settlement mechanisms of oyster spat. The following
questions will be addressed: how does the circulation pattern influence larval
distribution? What are the possible larval retention mechanisms in the bay?
Since it is hypothesized that most larvae are swept out of the bay by wind
action and tidal exchanye, how does the circulation pattern influence the
observed differences in growth rates between areas at the north and south sides
of the bay? Is this strictly a function of algal food supply?

This project is expected to commence in July and August 1988 depending
on the timing of spawning in natural beds. Current meters, drogues, tide gauges
and CTL's will be used to study baywide water mwmovements and transport
capaubilities over a 3-5 week period at the time of maximal larval abundance.
Plankton surveys will be conducted every z-3 days over the course of the project
to uescribe the horizontal distribution of the larvae and monitor various biotic
and abiotic variubles. Spat collectors will be used as well.

Symposium on Food {Quality

Technical limitations constitute the principal reason why food quality
is only rarely investigated in planktonic foou webs. New technologies recently
introduced in biological oceanography such as High Pressure Liquid
Chromatograsphy and Flow Cytometry open wup new research avenues. An
international symposium aimed et identifying and evaluating these new
possibilities as well as addressing the nore general problem of evaluating the
quality of planktonic food organisms 1is in preparation at the Maurice
Lamontagne Institute (Project #16). 1lts general objectives would be to:
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1. evaluate which parameters are most effective at quantifying the
nutritive value of primary producers;

2. determine the consequences of feeding on certain types of
particles; possible effects of  taxonomical differences,
physiological states, etc.;

3. seek a better interpretation of the relations between food
abundance and larval fish and invertebrate condition factors.

This symposium is now planned for the summer of 1989.
Conclusion

The 16 projects summarized in this review cover the entire range of
topics found in modern recruitment research. Most of them are multidisciplinary
and several involve collaboration between scientists from two or even all three
research branches of DFO-Quebec (biological sciences, chemical and physical
sciences, and Canadian Hydrographic Service). Several scientists from various
Quebec universities are often involved as well. This demonstrates that
recruitment research constitutes a major investment in the region. It also
represents an impressive example of research integration within the youngest
Fisheries and Oceans region in the country.
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ANNEXE I - List of Participants for Each Project

The COHJAC progect: Circulation, oceanography and hydrography of Jacgues
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Effects of climate and hydrography on the recruitment of Northern culf of
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Distribution of lobster larvaee around the Magdalen Islands. C. Hudon (B),
P. Fradette (1), P. Legendre (N).

Lobster recruitment around the Magdalen Islands: influence of climate and
hydrography. Y. Simard (A), D. Geuthier (A), E. Bourget (J).

Distribution and growth of rock crab (Cancer irroratus) larvae in Pleasant
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Planktonic trophic relationships in a cross-frontal area of the Gaspé
current: production and larval distribution. L. Fortier (J), J.C.
Therriault (C), M. Levasseur (C).
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Herbland (Q).
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ANNEXE 2

the following list represents recruitment-oriented research projects
currently conducted by DFU scientists from the Gulf Region (Department of
Fisheries and Oceans, P.0. Box 5030, Moncton, New Brunswick, EIC 9B6). These
projects are not included in the review presented here.

1. Recruitment of salmonids in western Newfoundland. ™. Chadwick.

2. Herring spawning bed surveys in the southern Gulf of St. Lawrence.
5. Messieh.

3, Distribution of juvenile herring in the southern Gulf of St. Lawrence.
D. Cairns, M. Chadwick.

4, Production of juvenile salmon in the southern Gulf of S5t. Lawrence.
R. Randall.

5. Production of juvenile gaspereau in the southern Gulf of 5t. Lawrence.
R. Alexander.

6. Distribution of juvenile cod in the southern Lulf of 5. Lawrence.
L. Chouinard.

7. Feeding ecology of heke in the southern Lulf of St. Lawrence. D. Clay.

A list of relevant, recent publications, is given below.

Chaawick, E.M.P. 1987. Causes of variable recruitment in a small Atlantic
salmon stock. 1In Common Strategies of Anadromous and Catadromous Fishes.
American Fisheries Scoiety Symposium l: 390-401.

Chaawick, E.M.P. 1987. Relationship between Atlantic salmon smolts and adults
in Canadian rivers. P. 301-324. In Mills, D. and D. Piggins (Eds.) Third
International Atlantic Salmon Symposium. Timber Press, Oregon. 587 p.

Chadwick, E.M.P., R.R. Claytor, C.E. Léger and R.L. Saunders. 1987. Inverse
correlation between ovarian development of Atlantic salmon (Salmo salar)
smolts and sea age. Can. J. Fish. Aquat. Sci. 4: 1320-1325.

Chadwick, E.M.P. and R.G. Randall. 1986. A stock-recruitment relationship for
Atlantic salmon in the Miramichi River, New brunswick. North American J.
Fish. Mgmt. 6(2): 200-203.

Chadwick, E.M.P., R.G. Randall and C. Léger. 1986. Uvarian development of
Atlantic salmon (Salmon salar) smolts and age at first maturity. Can.
Spec. Publ. Fish. Aquat. Sci. 89: 15-23.

Messieh, G.N. 1947, Some characteristics of Atlantic herring (Clupea
harengus) spawning in the southern Gulf of St. Lawrence. NAFU Sci. Coun.
S5tudies 1l: 55-61.
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Restigouche Kivers, New Brunswick. Polskie Archivum tydrobiologii 33:
392-409.
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l: 2/-41.
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v REVIEWS OF DEPARTMENT OF FISHERICS AMD OCEANS PROGRAMS ON RECRUITMENT

D. RECRUITHMENT STUDIES -~ CENTRAL AND ARCTIC REGION

by

J. Craig
Central and Arctic Region

A number of Canadian freshwater fish populations, in particular percids,
such as walleye and yellow perch, and coregonids such as whitefish and cisco,
provide important commercial fisheries even if this importance is somewhat
local. Sport fisheries have higher returns in economic and social terms that
commercial fisheries. Other fisheries are vital as domestic or subsistence
fisheries. Several detailed studies on population dynamics have been performed
as a result of the necessity to manage these freshwater fish stocks. These
studies have resulted in the production of predictive models such as the
morphoedaphic index (Ryder 1965) relating fish production to total dissclved
solids and mean depth of lake, and fish yield prediction from total phoshorus
(Hanson and Leggett 1982) and from mean annual water temperature (Schlesinger
and Regier 1983). Models to predict year class strengths from density
independent (in particular temperature and volume of spring run off) and density
dependent (number or biomass of adult spawners and predators) have often
explained & high proportion of the variability involved (Craig and Kipling 1983;
Lysack 1986; Shuter and Koonce 1977). None of these models have defined the
direct causative reasons for mortality on the potential recruits to a stock.

In most cases the highest mortality rates taeke place during the early,
larval stages and detailed studies on factors controlling this mortality are
being carried out at the Freshwater Institute (see Mathias below). Man induced
perturbations such as those causing eutrophication, acidification and pollution
(by organics and metals) and their effects on recruitment are being investigated
at the Experimental Lakes Area (see Mills below), Habitat changes, such as the
building of reservoirs, on fish recruitment have also been studied (see Bodaly
below). The limits of response of fish populations to changes in environmental
conditions can be measured by comparing fish which are severely perturbed by
over-exploitation to wunexploited populations. The allocation of energy
resources to reproduction and thus potential recruitment can be observed in
terms of growth, age of maturity, fecundity and longevity (see Craig below).
Over-exploitation can also lead to species shifts in lake communites and this is
under investigation in the Dauphin Lake Project (see Flannagan et al. below).

Many freshwater systems in North America are stocked with indigenous and
exotic fish. In Canada there has never been a quantitative measure of the

success of this stocking in terms of recruitment to the commercial catch. This
is at present being done in the Dauphin Lake Project by stocking the lake with

genetically distinct walleye larvae.

Freshwater lakes, in particular in the undisturbed regions of Northern
Canada, present opportunities for the study of the relationships betwen stock
and recruitment that are seldom available elsewhere (see Johnson below). This
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is particularly the case with certain Arctic charr, Salvelinus alpinus,
populations that occur as the single fish species present. This has the
advantage that all population structure that may develop can be ascribed to
intraspecific interactions.

The most significant fact to emerge from examination of these undisturbed
stocks, and this applies in both single species stocks and multi species stocks,
is that juvenile, or pre-recruitment stock is virtually absent in even the most
meticulously taken samples. This is evidently a case of suppression of the
Juveniles by the adults, since continued exploitation does increase the number
of Juveniles in the sample. This increase may be effected over the course of sa
single year, if the fishing is extremely heavy, or over the course of a number
of years if the fishing is light. Thus there are evidently some juveniles
present even though they do not appear in the samples. There is therefore some
inverse relationship between stock and juveniles. However these juveniles do
not necessarily become recruits. It is frequently observed that large "waves”
of pre-recruits appear in one or two years and then disappear before attaining
actual recruitment to the "adult" or "establishment" mode.

Long-term, detailed studies on population changes at the Chitty Lakes
Station have shown that there is sapparently little direct relationship between
stock and recruitment (Figs 1 and 2). Baptiste Lake shows the results of
continuous observation on an unexploited lake, Drygeese Lake was a) unexploited
1971-73, b) heavily exploited 1973-74 and c) allowed to recover without
exploitation 1974-85. Figure 3 shows the effect of exploitation on the sucker
population of Heminy Lake over a long period of time a) in the pristine state,
b) under increasingly heavy exploitation and c¢) during a period of recovery.
Evidently this population is extremely responsive to changes in population
gensity as mooulated by fishing pressures. When fishing ceases the population
quickly returns to a bimodal size distribution.

Investigations of Arctic marine fish are still at a preliminary stage and
are mainly concerned with stock identification. Stock and recruitment studies
are planned for the future.

Projects involving recruitment studies that are at present ongoing in the
Lentral and Arctic Region

Name of Scientist: Rodaly, A. Species: Whitefish, Coregonus clupeaformis. Area
of work: South Indian Lake, Manitoba. Start of project: 1976. Type of project: A
study of the commercial whitefish fishery with respect to the development of a
dam at South Indian Lake and the diversion of the Churchill River.

Name of Scientist: Craig, J.F. Species: Walleye, Stizostedion vitreum. Area of
work: Dauphin Lake, Ungor Lake and Lake Winnipegosis, Manitoba. Date of start
of project: 1984. Type of project: A study of growth, fecundity, age or
maturity, longevity and enery allocation between somatic growth and reproductive
effort in exploited and unexploited populations.

Name of Scientists: Flannagan, J.F., J.F., C(raig, W.D. Franzin anu J.A.
mMathias. Species: Walleye anu otner lake species. Area of work: Dauphin Lake,
Manitoba. Uate of start of project: 1982. Type of project; A study of methods of
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