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The Bedford Institute of Oceanography is a Government of
Canada establishment whose staff undertake scientific re-
search and surveys in the marine environment. It consists of

three main units:

(1) The ATLANTIC OCEANOGRAPHIC
LABORATORY, which is part of the
Marine Sciences Directorate of the De-
partment of the Environment

(2) The MARINE ECOLOGY LAB-
ORATORY of the Fisheries Research
Board of Canada, also of the Department
of the Environment

(3) The ATLANTIC GEOSCIENCE
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Survey of Canada of the Department of
Energy, Mines and Resources
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Foreword

This volume of the Biennial Review marks the tenth anniversary of the
founding of the Bedford Institute of Oceanography. The Institute was
officially opened on October 25, 1962, by the Hon. Paul Martineau,
Minister of Mines and Technical Surveys, before a distinguished group
of guests, among whom were the Hon. Robert L. Stanfield, Premier of
the province of Nova Scotia and now leader of the Opposition in the
Parliament of Canada, and Dr. W. E. van Steenburgh, the Director
General of the Department of Mines and Technical Surveys and the
acknowledged father of the Institute.

Ten years later, our well-wishers of that day would find that many of
their good wishes had been realized. There has been a substantial
growth of the Institute to an establishment of 700 scientific and
support staff and an annual budget approaching $15 million. Through
fostering the spirit of a marine research oriented community, this staff
has developed numerous common and interrelated projects and support
services, many of which have been not only productive but remarkably
viable in the face of administrative upheavals of government re-
organization and irrespective of formal reporting channels through
different organizations. The ships operated by the Institute have
worked in all eastern and northern Canadian waters and in the Atlantic,
Pacific and Arctic Oceans. Collected reprints of the Institute
publications, work on task forces and special projects, and an increasing
number of invitations to the staff to give lectures and contribute to
policy formulation, all testify to the maturity of the Institute program
and the stature of its staff. These first ten years were our adolescence:
we look forward to new levels of achievement in a long and productive
adulthood.

This edition of the Review differs significantly from previous issues in
that it reports on the work of three research laboratories instead of two
as before. In June 1971 Federal legislation creating the Department of
the Environment was put into effect. The new Department is a
consolidation of a number of elements of the Federal service concerned
with the management of the air, water, fish, land, wildlife, and forest
resources of the nation. Among the numerous changes brought about
by the re-organization was the transfer of the Marine Sciences Branch,
and hence the Atlantic Oceanographic Laboratory (AOL), from the
Department of Energy, Mines and Resources to the new Department,
with the exception of the Marine-Geology and -Geophysics sections of
AOL, which were retained in Energy, Mines and Resources. Concur-
rently other functions of the latter department - the analysis of
mandatory core samples from offshore drilling for petroleum, and the
stratigraphic mapping of the continental shelf - were being built up at
the Institute. In January 1972 these functions were combined to form
the Atlantic Geoscience Centre within the Geological Survey of Canada,
thus creating a third major laboratory in the Bedford Institute of
Oceanography, and a third component to this Review.
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The Review continues the feature of special essays introduced in the
preceding edition to which the response of readers was gratifying. These
essays have again been printed in a separately bound format for
additional distribution; over 800 copies of the 1969/70 edition were
supplied to Information Canada for distribution and sale in their
bookshops. In the current Biennial Review there are six essays which
together serve to highlight the activities of the Institute over the past
two years. The titles are:

The Gulf Stream off the Tail of the Bank by R. A. Clarke and G.
T. Needler;

The interaction between fishery management and environmental
protection by L. M. Dickie;

The Gulf of St. Lawrence by M. J. Dunbar;

The Bedford Institute of Oceanography and industry -
experience and progress in the past decade by R. L. G. Gilbert
and C. S. Mason;

Marine pollution research by D. C. Gordon, Jr. and A. Walton;
Baffin Bay - one piece in the jigsaw puzzle of global tectonics by
D. I. Ross.

Each year the Institute regularly plays host to several thousand visitors
- university, business, government, as well as the generally curious. It
was our privilege to offer a special welcome to the following
distinguished guests:

Honourable Jack Davis, Minister of the Environment and of

Fisheries;

Honourable Alastair W. Gillespie, Minister of State for Science

and Technology;

Honourable Donald MacDonald, Minister of Energy, Mines and

Resources;

Honourable Robert Stanbury, Minister of Communications;

Sir Peter Hayman, the British High Commissioner;
Mr. Adolph W. Schmidt, Ambassador of the United States of
America;

Dr. Colm O hEocha, Professor of Biochemistry, University of
Galway and Chairman of the National Science Council of Eire;

M. J. Farre and M. J. Rocket, French Petroleum Institute, Paris:
Dr. Kurt Lillelund, Director, Institute of Hydrobiology and
Fisheries Research, University of Hamburg;

Dr. Amann, Chief, Department of Maritime Technik, Preussag A.
G. Hanover,

Professor P. Welander, University of Gottenburg;

Vi



Professor Walden, Institute Head, Physical Sciences, German
Hydrographic Services;

Dr. Hanato Tsuraga, Tokai Regional Fisheries Laboratory, Tokyo;
J. P. Staubo, Continental Shelf Division, Royal Norwegian
Council for Scientific and Industrial Research, Oslo;

Lars Emmelin, Environment Unit, University of Lund, Sweden;
Chiao Li-jen, Director, Petroleum Department, Ministry of Fuel
and Chemical Industries, and Sun Chen-ming, Vice Chairman,
Revolutionary Committee of the Taching Oil Field, from the
People’s Republic of China;

Dr. N. A. Ostenso, Deputy Director, Office of Naval Research,
U.S. Navy, Washington, D.C;

Members of the National Research Council, Ottawa;
Marine Technology Mission, Federal Republic of Germany;
Delegates from the 24th International Geological Congress;

Dr. L. J. L'Heureux, Chairman, Defence Research Board, Ottawa;
Dr. P. D. McTaggart-Cowan, Executive Director, Science Council

of Canada;

Dr. W. G. Schneider, President, National Research Council of
Canada;

Professor Tuzo Wilson, Principal, Erindale College, University of
Toronto;

Among the ships which visited the Institute were:
- the research vessels Vilikitsky, Liman and Kolequev of the
Union of Soviet Socialist Republics;
- the RV Trident, University of Rhode Island;
- the U.S. Naval Ship Wymen;
- the RV Cirolana, Lowestoft, United Kingdom.

Many persons have contributed of their time and talent in the
production of this volume but acknowledgement is especially due to
Mr. Brian Nicholls, Head of Scientific Information Services and Library
in the Institute who had overall charge of the project with the
responsibility of seeing it through to a quality product on schedule, and
to Dr. Gillian Elliott whose editorial skill converted the draft
manuscripts of the many contributors to the finished text we have
before us.
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The Gulf Stream off the Tall
of the Bank

R. A. Clarke, G. T. Needler, Atlantic Oceanographic Laboratory

The Gulf Stream has long been known as a narrow intense current
which emerges from the Florida Straits and flows northward along
the eastern seaboard of the United States leaving the continental
shelf at Cape Hatteras to flow generally eastward to about 50°W,
the longitude of the Tail of the Grand Bank. In this region, the
stream encounters shoaling water over the Southeast Newfoundland
Ridge, and a complicated pattern of properties, observed originally
in the surface layer and subsequently at depth, has led to various
theories of Gulf Stream branching or spreading. It is known that
some of the heat transported north by the Gulf Stream enters the
northern part of the North Atlantic and contributes in some
measure to the moderate western European climate. What still
remains to be determined is exactly how the waters of the Gulf
Stream are partitioned east of the Tail of the Grand Bank and
what mechanics control this behaviour. In this paper we will review
some of the observations that have led to various theories of Gulf
Stream branching and describe some of the aims and successes of
the present work being conducted by the Bedford Institute of
Oceanography and others.

A good review of early references to the Gulf Stream and theories
of its origin is given by Stommel (1964). According to Stommel
the stream was first noted by Ponce de Leon in 1513 as he sailed
southward along the Florida eastern seaboard, and by 1515 the
first speculations concerning its origins were reported by Peter
Martyr of Anghiera. The existence of currents such as the Gulf
Stream was of great importance to shipping in the North Atlantic
during the sixteenth and seventeenth centuries, and the surface
currents along the major shipping routes were mapped by numerous
navigators. Many theories were advanced to explain these currents;
however, the observations were far better than the theories. Sys-
tematic investigations of the currents of the North Atlantic based
on ships’ logs were initiated in the nineteenth century by the
British Admiralty Office and the U.S. Navy Hydrographic Office.
The U.S. Coast and Geodetic Survey also began a careful series of
observations of the Gulf Stream from the Florida Straits to Cape
Hatteras.

By the end of the first decade of the twentieth century the
equations of state and of motion appropriate to the ocean were
reasonably well formulated. Combined with the known general
features of surface currents, temperature, and salinity one obtained
a picture of the North Atlantic circulation as consisting mainly of a
large clockwise rotating warm and saline gyre centered in the
Sargasso Sea and bounded on the south by the North Equatorial
Current, the west by the Gulf Stream and Antilles Current, and on



the north by the North Atlantic Current. It is worthwhile noting
that the nomenclature for the currents of the North Atlantic is far
from standard. The name Gulf Stream has always been applied to
the current flowing along the eastern seaboard of the United States
and marked by a rather striking shallowing of the isotherms; for
example, the 10°C isotherm rises from a depth of 800-900 metres
offshore to 200-300 metres inshore over a distance of about 100
miles. East of 40°W the name North Atlantic Current has generally
been applied to a broad eastward current that has been associated
with a shallowing of the isotherms over some 20 degrees of
latitude. Several authors, most notably Iselin (1936), have noted
that this shallowing is not a steady gradual slope of the isotherms
but instead occurs in several sharper steps; the most northerly of
these steps is called by Dietrich (1964) the Polar Front.

Between the Gulf Stream and the North American continental
shelf, and east of Cape Hatteras, a large body of water lies outside
the Sargasso Sea gyre. Deeper than several hundred metres, this
water has the same temperature-salinity relationships as does the
water in the Sargasso Sea; its surface water, however, is less saline
(I-2%0 less) than water of the same temperature found in the
Sargasso Sea. This water is a mixture of the upper waters of the
Gulf Stream and the colder less saline waters found on the
continental shelves which are transported southward along the
Labrador and Newfoundland coasts by the Labrador Current
(McLellan, 1957). Some of this water flows eastward, inshore of the
Gulf Stream, forming the Slope Water Current.

The earliest measurement of temperature and salinity south and
east of the Grand Banks was made by Helland-Hansen in 1910
from the Michael Sars (Helland-Hansen, 1912). As the ship pro-
ceeded northward along 50°W in the warm saline water of the
Sargasso Sea, it encountered at about 39°N colder and less saline
surface waters, then warm saline water again, and finally at about
41°N cold fresher water which continued onto the Grand Banks.
He observed a similar warm saline core beside the Grand Banks as
he then proceeded eastward from the Grand Banks towards Ireland.
He interpreted these observations as showing that the Gulf Stream
had split near 50°W into a northern branch which curved north-
ward around the Tail of the Bank as a tongue of warm water and
a southern branch whose path could not be determined by the
observations.

Later Iselin (1936) used all available data to construct a chart for
the whole of the North Atlantic of the depth of the 10°C isotherm
which, across the Gulf Stream, varies in depth from 800 to 200



metres. Iselin assumed that the strength of flow was inversely
proportional to the rate of change of depth of the 10° isotherm -
an assumption somewhat consistent with flow along lines of con-
stant pressure, i.e. geostrophic flow. The resulting current system
showed a Gulf Stream which split into three parts near the Tail of
the Bank; the southernmost third feeds back into the Sargasso Sea,
the middle continues eastward along 40°N and the northernmost
third moves northeast as the North Atlantic current.
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Diagrammatic chart of the Gulf Stream system (after Iselin, 1936).

In 1951 Fuglister (1951; Fuglister and Worthington, 1951) com-
bined a series of sections made by the International Ice Patrol
around the area of the Grand Banks with those obtained during a
multi-ship U.S. expedition between Cape Hatteras and the Grand
Banks called Operation Cabot and constructed a chart of the
temperature at 200 metres depth to determine the current system.
If the currents are shallow and geostrophic the isotherms on such a
chart correspond approximately with streamlines, with warm water



to the right of the direction of flow and cold water to the left. On
Fuglister's chart the isotherms indicated ridges of warm and cold
water, which lay more or less parallel to the continental shelf to
the west of the Grand Banks. East of the Grand Banks he
interpreted these ridges as three separate currents, only the south-
ern of which was identified as part of the Gulf Stream; the
northern two involved slope water mixtures. Similarly Dietrich
(1964) also prepared charts of the temperature at 200 metres using
data collected during the International Geophysical Year when a
series of sections were obtained across the entire North Atlantic.
These charts showed strong thermal fronts which, when interpreted
in the same manner as Fuglister, indicate that the North Atlantic
Current, like the Gulf Stream, is a continuous, narrow meandering
current. Unfortunately, because of the spacing of the sections, the
data used in both Fuglister's and Dietrich’'s charts may be con-
toured in different ways so that the results must be treated more
as interpretations than as observations.

A new dimension to the problem was given by Worthington (1962)
who examined historical data giving the oxygen content on the
10°C temperature surface in the region east of the Grand Banks
and noted that there appears to be a tongue of water of rather high
oxygen concentrations stretching to the southeast of the Grand Banks
above the Southeast Newfoundland Ridge. Furthermore, he found that
the oxygen content in the North Atlantic Current as it flowed
northward past Flemish Cap along 50°N was higher than that of the
Gulf Stream as it crosses 50°W although the temperature and salinity
relations appeared the same. He proposed that these observations could
be accounted for if most of the Gulf Stream’s transport returned to the
Sargasso Sea after crossing 50°W, thereby forming a closed gyre, and that
the North Atlantic Current was part of a second clockwise rotating gyre
to the east between the Grand Banks and the Azores and north of the
Sargasso Sea. On the basis of the oxygen budget Worthington estimated
that only 20% of the Gulf Stream transport was transferred into this
second gyre.

By the time the Bedford Institute of Oceanography opened in 1962 it
was known that the Gulf Stream between the Grand Banks and Cape
Hatteras did not maintain a smooth path but rather meandered, shifting
its position over a hundred miles or more in a period of several weeks.
As was noted during Operation Cabot (Fuglister and Worthington,
1951), large loops are sometimes formed which break off and become
eddies in the Sargasso Sea. Since there was no reason to believe the
current path was any steadier once it reached the Grand Banks and
beyond it was apparent that previous results in this area, which were
based on data of limited spatial extent or collected at different times,



could be leading to erroneous conclusions. For example, a pattern of
alternating eastward and westward flow across a single north-south
section might be due to multiple currents, an S- or Z-shaped single
continuous current, or one main current plus an eddy on either side.

With these limitations in mind, the Bedford Institute of Oceanography
undertook in 1963, 1964 (Mann 1967) two cruises in the area between
the southern Grand Banks and the Azores. During the first of these
cruises oceanographic stations were taken in a concentrated area over
and to the east of the Southeast Newfoundland Ridge. From
temperature and salinity data Mann was able to construct in some detail
the accompanying chart of the dynamic height relative to the
2000-metre surface; such a chart is analogous to a meteorological chart
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Dynamic topography of the sea surface relative to 2000 decibars, April-May
1963 (from Mann, 1963).

Note: Hydrostatic pressure in decibars very nearly equals the correspond-
ing depth in metres.
of surface pressure. If the flow is geostrophic, and is zero at a depth of
2000 metres, the surface currents will be parallel to the contours of
dynamic height and inversely proportional to the spacing of the
contours. The dynamic height chart yields the surface currents more
accurately than the temperature charts used by Iselin and Fuglister but
still only gives these currents relative to the current at a reference level,
in this case 2000 metres. Classically, oceanographers have assumed the
deep currents were negligible but as we shall discuss later this is not
necessarily the case. Nevertheless, Mann’s chart of dynamic topography
gives what we still believe to be a good picture of the surface currents.



Used in conjunction with the corresponding salinity and temperature
data, the chart suggests that the Gulf Stream, indicated by the strong
concentration of dynamic height contours, is deflected to flow along
the flank of the Southeast Newfoundland Ridge. Near the end of the
Ridge, the Stream branches, the southern part turns back into the
Sargasso Sea and forms the northern boundary of the ‘18°C’ water
mass, i.e. that water between 17° and 18°C that forms a lens-like body
of water in the Sargasso Sea at depths as great as 400 metres. The
northern branch crosses the ridge, flows back to the north along the
eastern flank of the ridge and presumably becomes the North Atlantic
Current. Between the two branches was found a rather intense
clockwise rotating eddy centered over the Newfoundland Basin
although the rather sparse data available from this region of the North
Atlantic did not allow its total extent to be determined. Inshore of the
Gulf Stream, water with slope water characteristics flows across the
upper part of the ridge and joins the North Atlantic Current.

During the 1964 cruise more data was obtained in the same area as well
as to the east and northeast. The main features were the same as
observed in 1963 although the Gulf Stream was observed to make a
loop south of the Tail of the Grand Bank and then shed an eddy into
the Sargasso Sea. The eddy to the north was again observed, this time in
more detail. On the basis of the data from the two cruises Mann
constructed a model for the region which is shown schematically in the
following figure. According to the model, the Gulf Stream transports
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Diagrammatic chart of the currents off the Tail of the Bank (from Mann,
1967).



50 x 10° m® sec™ eastward in the top 2000 metres across 50°"W. Of
this 30 x 10° m® sec™ returns to the Sargasso Sea, while the remainder
of 20 x 10° m® sec™ turns north to join 15 x 10° m® sec™ of slope
water and form the North Atlantic Current.

Although Mann’s model seems plausible, it has to be remembered that
the main features of Mann’'s model and Worthington's two-gyre
approach remain the same. These are supported by almost all the
available data and include a strong well defined narrow Gulf Stream at
50°W, the North Atlantic Current flowing north along the continental
slope beside Flemish Cap, and the fact that the ‘18°C water’
characteristic of the Sargasso Sea is not found north of 40°N and that
its boundary represents a rather strong thermal front. The differences
occur in the interpretation of the data over and to the east of the
Southeast Newfoundland Ridge. One prominent feature of Mann’s
model is the eddy sitting northeast of the ridge. From the available data
its seems that if this eddy is a permanent feature it is not fixed in
position. The eddy is, however, an essential part of Mann’s model since
he pointed out that the oxygen content observed in the eddy was
higher, apparently due to overturning of the top 400 metres or so of
water in winter. He hypothesized that the eddy interacted with the
water flowing north causing the increase of oxygen which had led
Worthington to propose his two-gyre model. No detailed mechanisms
could, however, be given for this interaction and a quantitative oxygen
balance was beyond the scope of the data. Worthington’s model
suggests only a limited flow of water from the Sargasso Sea into the
regions northeast of the Grand Banks while Mann’s suggests that this
exchange is considerable.

By the late 1960's it was obvious that more classical oceanographic
cruises by single ships would not improve our understanding of the
region greatly. One useful measurement which had not been utilized up
to this time was direct current measurements using deep sea moorings
and current meters. With this in mind the Bedford Institute, in both
1970 and 1971, sent CSS Dawson to the Gulf Stream at 50°W in order
to develop techniques of setting current meter moorings up to 2000
metres in length in currents as strong as the Gulf Stream. The cruise in
1970 was especially valuable. Three moorings were in place for 8 to 12
days along 49°30'W at 38°30’N, 39°30'N and 40°30’N. Concurrently
the density field along 49°30'W between 37°N and 41°15'N was
observed three separate times and the temperature field above 500
metres was obtained using expendable bathythermographs (XBT'sj in
the rectangle bounded by 38°N, 41°N, 49°W and 50°W. The density
(or temperature) sections along 49°30'W taken by themselves would
suggest the presence of two eastward flowing currents separated by a
single westward flowing current and might have been in the past



interpreted as being the Gulf Stream and the Slope Water current
separated by a counter current. The two southernmost current meters
confirm the strong eastward flow in the south and a westward flow of
nearly equivalent speed, a degree farther north. The additional
temperature data along 49°W and 50°W (see figure) lead one to an
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Temperature at 500 metres depth near 50°W. June 1970. Vectors indicate
velocity measured by the current meters 100 m off the bottom.

10



interpretation of the flow as consisting of the Gulf Stream at about
38°30'N flowing to the northeast looping or shedding an eddy whose
centre is at approximately 40°45’'N, 50°W. The current meters, only
100 metres off the bottom, showed that the Gulf Stream at 50°W
extends to the bottom as it had previously been known to do farther
west off Cape Hatteras. This means that the total transports are much
greater than estimated by Mann using the dynamic topography relative
to 2000 metres. Indeed, the indication is that the transports lay in the
range of 145 x 10° m® sec. Secondly, the meanders of the stream
and its shedding of an eddy that were observed indicate that over the
short term (several days) changes can occur in the currents which lead
to difficulty in obtaining meaningful long term averages of the
transports.
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From mid-April to mid-June in 1972, scientists on the CSS Hudson
joined those from Lowestoft, U.K., on the Cirolana and the Woods
Hole Oceanographic Institution on the Chain in a new and ambitious
joint study of the region east of the Newfoundland Banks. In an effort
to measure directly and simultaneously the transports of water in the
Gulf Stream and North Atlantic Current, 14 current meter moorings
were laid along 49°40'W, 8 along a line running from 43°N, 47°30'W to
41°6'N, 42°30'W and 3 across Flemish Pass, and the currents were
recorded over the two-month period of operations. A closely spaced
grid of stations was occupied in the region east of 49°40'W and south
of the Flemish Pass. The station and current meter positions (except
the three across Flemish Pass) are shown in the figure. The stations
along the first two current meter lines were occupied three successive
times, once when the moorings were laid, then two to three weeks later,
and finally during the recovery of the moorings. All stations were
observed to within a few decimetres of the bottom using water bottles
and reversing thermometers. Oxygen content, silicates and some
nutrients were observed.

The data has not yet been analyzed; however, preliminary plots of
temperature surfaces prepared at sea contain all the main features of
Mann’s 1963 data. It is hoped that the sections along the current meter
mooring lines will provide accurate absolute measurements of the
velocity field through these sections. By integrating the fluxes of
various parameters across the sections we will be able to calculate the
transports of mass, salt, oxygen and silicates into the area across 50°W
and out of the area across the second line of current meters, and by this
means obtain the partition of the water transported by the Gulf
Stream. The set of oxygen data, having been obtained by identical
procedures, will be used to see if the oxygen anomaly seen by
Worthington is a significant property and whether horizontal mixing of
oxygen as proposed by Mann can take place.

Although the station spacing was much less than previously obtained in
this region, the observations were still too coarse to study in detail the
dynamics over the Newfoundland Ridge itself. In order to obtain this
detail, Hudson steamed back and forth across this ridge and used XBT's
to observe the temperature field in the upper 800 metres. The results
are shown in the accompanying figure. These data show that the cold,
less saline water found on the shelf spreads southeast in a long narrow
tongue over the axis of the ridge. It appears that most of the Gulf
Stream manages to loop around the end of the ridge and return to the
north as modelled by Mann (1967). The southern half of a small
cyclonic gyre is centered at about 41°N, 44°W considerably to the
south of its position given by the bottle data. In the south there appears
to be a weak return flow, first to the east then south, of warm water
from the southern part of the Gulf Stream.
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It should be recognized that even if the above study leads to answers to
some of the significant outstanding questions about the area its data are
bound, in hindsight, to be incomplete and to pose new problems. Many
significant questions about the dynamics of the area remain. It is
known that the Gulf Stream in its meandering interacts strongly with
the bottom, and a detailed analysis describing the interaction of this
time-dependent, stratified current with the Southeast Newfoundland
Ridge needs to be undertaken. A start in this direction was made by
Warren (1969) when he showed that a simplified model of the Gulf
Stream could be caused to initially separate upon reaching shoaling
conditions somewhat typical of the ridge. It is now thought that the
eddies formed west of the Newfoundland Banks by the Gulf Stream are
important in the transport of heat, salt, potential and kinetic energy,
and angular momentum across the Stream and are significant in the
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overall balances of these quantities in the North Atlantic. The
complicated system east of the Banks must be suspected as being of
equal importance in some of these processes and is no doubt far from
being properly understood. The current meter observations made
during this joint study may provide an observation base for some of
these problems. It is perhaps relevant to end by pointing out that
determination of the transport of water north of the Tail of the Bank is
only one-half the problem where the overall North Atlantic budget is
considered. We have been unable to deduce the magnitude of the
transport north because we do not know the precise location, yet alone
the magnitude, of the transport south!
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The Interaction Between Fishery
Management and Environmental
Protection

L. M. Dickie, Marine Ecology Laboratory

All living creatures are dependent on their physical environment. But
this dependence may be expressed in many ways. Some are direct and
relatively obvious. Others are so subtle or take place against a
background of such great natural variation that the relationships are
difficult to detect without special techniques. It is almost axiomatic
that this variation reflects some interaction between environmental
change and the capacity of the biological system to respond to ‘stresses’
such as predation. The important question then becomes, “how great is
such interaction?” Significant interaction in an exploited fish popula-
tion implies that, to be effective, management strategy must take
account of both environmental and biological parameters. If there were
no significant interactions, regulations could be framed on the basis of
biological dynamics alone.

The appreciation of interaction involves a study of the predictability of
fisheries production from parameters which index both environmental
and biological variables. The research literature contains many examples
of the approaches which have been taken. It is not the purpose of this
paper to review the research history exhaustively. But there is a
discernible pattern in the growth of our understanding of factors
controlling population production. This growth pattern has implica-
tions for the development of effective management schemes in fisheries,
and for establishing research priorities.

For the sake of discussion it will be necessary to agree on a meaning for
two words: ‘adaptation’ and ‘interaction’, which in other contexts may
vary in usage.

The term ‘adaptation’ will be used here to signify a homeostatic or
compensatory response of a biological population to disturbance; for
example, an increased growth rate following a reduction in biomass, or
an increase in the success of spawning with a decreased spawning stock.
The biomass reductions in either case may be due to a variety of
factors: possibly to oceanographic or pollution conditions which
dispersed the adults or to fishing which harvested them. In general, the
adaptative response may be classed as ‘density-dependent'.

Many important events affecting stock production are not generated by
changes in the fishing stocks but by environmental factors and are
generally referred to as ‘density-independent’; for example, growth may
be affected by temperature, or eggs and larvae may be swept away from
feeding grounds. The term ‘interaction’ will be used here to refer to
situations in which the presence of one factor significantly affects the
degree of response to another by magnifying or reducing the relative
effectiveness of the density-dependent responses. Examples of situa-
tions which will be discussed later are, “does heavy fishing significantly
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reduce the capacity of the spawning stock to produce large
year-classes' in favourable environments?“, and “do pollutants become
distributed and acted on in the environment in such a way that they
effectively reduce population production responses to fishing or to
other environmental factors?”

It is the hypothesis of this paper that once the temporal and spatial
scales of variability have become better defined, and more accurately
measured, the interaction of biological and physical phenomena will
come to be recognized as more and more important. The evidence
leaves little doubt that it is changes in oceanographic systems which
give rise to the primary changes observed in fisheries yields. Within
environmental constraints, natural populations exhibit a high capacity
for adaptative response. While the mechanisms are not well understood,
there is evidence that the capacity to respond is significantly affected
by changes in population structure and abundance resulting from heavy
selective fishing activity. That is, fishing reduces the response to natural
environmental change. In addition, there is evidence that man-induced
changes in environment can be of such an order of magnitude as to
induce gross responses in biological production.

The combined result suggests that in the absence of effective
management the more extreme environmental variations, although
within the normal pattern which in the past have elicited adaptative
response, may in certain situations now have to be considered hazards
to continued maintenance of population production levels.

These effects are deduced from interpretation of variations at the
low-frequency (of the order of years) end of the spectrum exhibited in
fisheries data. There remains a vast class of high-frequency or
small-scale variations (hours to months) which are as yet difficult to
define or measure with any assurance. The effects of pollution, as well
as most of the mechanisms underlying production changes, appear to be
felt directly within this scale of variability. Recent work on the detailed
functioning of ecosystems reveals something of the significance of these
‘local’ events to population control and hence to the development of
management strategies. Taken together with the evidence from
larger-scale phenomena, results confirm the necessity for joint
consideration of biological and environmental parameters in fisheries
management.

year-class = all fish in a particular population of a species which are born in the
same year; e.g. 1968 year-class of haddock on the Scotian Shelf.
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Development of Biological Models

The principal aim of fisheries research has been to develop management
strategies which will maximize the benefits of exploitation. This has
required prediction of yield from fish populations with respect to
fishing variables which are subject to management; such as, season, size
of capture, and amount of fishing. Because of the practical importance
of fisheries, but because of difficulties with independent sampling,
research has been directed to the analysis of commercial statistics with
very little opportunity for controlled experiments to test hypotheses.
Given the complexity of natural events, this objective of optimizing
fishing yields has required the maximum possible conceptual simplifica-
tion, often with the result that the kinds of data collected and the
conclusions reached were strongly influenced by prior assumptions
about the nature of the system being fished and the state of the fishing
technology.

With emphasis placed on the need for practically useful results,
problems of adaptation and interaction in fish populations might
almost be considered as nuisance phenomena which cause the actual
catch to deviate from expectation. Catch variations have often been
treated this way. However, if adaptations and interactions have
important influences on long-term yield, careful collection and
treatment of data provide the possibility of measuring their effects as
deviations in the structure and quantity of yield from yields predicted
by simple population models. With time the possibilities, as well as the
need for this approach, have grown.

The first important development in this research was based on the work
of Hjort on the Norwegian herring fisheries. Hjort showed that major
changes in herring catch were associated with the occurrence of
occasional exceptionally strong year-classes. Given this major condition,
subsequent changes in catch appeared to be more or less orderly, and
took place gradually, often over periods of many years. That is, fishery
effects appeared to be small and systematic relative to the influence of
the natural environment. It was therefore reasonable to conclude, as a
first approximation, that environmental effects should be treated more
or less independent of effects within the fish-stock itself, possibly even
as random variables whose long-term net effect would average to zero.

It was on the basis of such reasoning that Baranov (1918) first proposed
a simple population dynamics model in which the effects of fishing
would be investigated in terms of the yield per unit year-class strength,
or more familiarly ‘yield-per-recruit’. That is, it would be assumed ini-
tially that major changes in year-class strength, as reflected in their
abundance at the time of entry to the fishery, were largely independent
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of fishing. First-order density effects (those which determine the
number of ‘recruits’) were to be ignored for the purposes of optimizing
practical management, and attention focussed on the direct effects of
fishing on changes in density and yield, once the year-class was
vulnerable to capture. Developments based on this approach were
virtually responsible for growth of the whole field of fisheries
population dynamics in which the names of Ricker, Beverton and Holt
have played a prominent role.

There are many aspects of this development which are of interest in
themselves. What is of most importance here is that fisheries models
constructed on a ‘per-recruit’ basis appeared to predict changes in the
average age-composition of exploited age-groups in fish stocks. This
observation led to methods of estimating mortality rates from relative
age-composition and comparisons with changes in the amounts of
fishing (Ricker, 1958). A knowledge of the growth-rates and weights of
animals involved then provided a simple basis for calculating relative
yield changes under a variety of fishing conditions. A logical approach
to management appeared possible even though the results would be
difficult to verify from simple trends in catch.

Ricker (1954) made the first major advance in the theory and practice
of fisheries management beyond the developments of Baranov. On the
basis of a review of data for a number of exploited and experimental
populations, he observed that over-all changes in year-class strength
were consistent with the theoretical expectations of a relationship
between the abundance of parent and filial generations of fishes living
in a resource-limited environment. If this were generally true, long-term
predictions and management strategies based on simple models may be
in error in neglecting the first-order density effects. His formulations
indicated the manner in which fishing could either enhance or reduce
the productive capacity of the exploited natural populations.

Density-dependence within fish stocks has not often been questioned as
a concept which may have general applicability. The problem was to
find out whether or not it was important enough to require alteration
of the simple models on which prediction was based. While analysis in
terms of ‘yield-per-recruit’ had provided explanation of some relation-
ships among various parameters without invoking density effects, with
the advent of computers adaptative responses could be built into the
models and their potential influence explored. The results (e.g.
Paloheimo and Dickie, 1965, 1970) suggested that the effects on
long-term vyields could be large. However, the data showed such
unexplained variability that there was always the problem of testing the
validity or applicability of any model. Interpretations were question-
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able even in cases of ‘natural experiments’ created by abrupt changes in
fishing rates and yield during and after two world wars.

An alternative analytic approach was advocated by Schaefer (1967)
who for many years had worked towards the development and
application of models which had the concept of density dependence in
a ‘limited environment’ built into them. His models predicted effects of
fishing different from those given by the yield-per-recruit models and
implied that different types of regulation were necessary to achieve
optimum yields. However, the problem of variability remained; the
data appeared to exhibit such scatter that they could not be used to
indicate which type of basic model was the more appropriate.

Gulland (1955, 196l) in further studies of the variability problem found
that statistical data on catch and fishing activity by area and season
could be identified and collected in such a way as to permit weighted
running means of relative abundance change. He then applied running
means of two- or three-year periods to the long series of statistical data
available for the Icelandic fisheries. The smoothed data permitted him
to explore the possible applicability of resource-limited as opposed to
yield-per-recruit models to describe them. In the Icelandic data for cod
fisheries he found that a resource-limited model appeared to be more
satisfactory than did the vyield-per-recruit model, while the yield-per-
recruit model provided a better description for other species. However,
upon re-examining the data series he further concluded that the data
deficiencies were such that the available smoothed data were unsuited
to providing an objective assessment of the importance of density-
dependent effects on long-term natural fish production.

This situation roughly characterizes the nature of some of the problems
facing fisheries research and management to the late 1960's. In the next
section we review more recent studies which indicate the considerable
advances made in this area, particularly when indices of environmental
change were explicitly re-introduced into the analyses.

Production-Environment Relations in the Low-Frequency
Range of Variations

With the hypothesis developed by early modellers, that methods of
optimizing the fishery yield might well be independent of changes in
year-class abundance, it is hardly surprising that studies of environ-
mental impact on abundance should have developed almost independ-
ently. In fact, the literature shows that the scientific community often
became polarized between two camps. One of them espoused the view
that fishery exploitation was responsible for all important trends in
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yield, and called for more comprehensive management. The other
claimed evidence that important catch trends were associated with
abundance changes related to environmental, or climatic, trends and
questioned the efficiency of all or most restrictive fishing regulation.

This state of affairs is well portrayed in the review of Bell and Pruter
(1958). They describe in detail a number of papers which develop
correlations between yield and environmental indices (mainly tempera-
tures) and discuss weaknesses in the basic data. Three deceptively
simple conclusions seem to emerge from their study. The first, which
supports the general experience of population dynamics workers, is that
the year-to-year changes in catch data appeared as much to reflect
change in catchability as in true abundance, hence data refinements are
likely to lead to significant advances in understanding. The second is
that development of correlations between environmental and fishery
data is not likely to be profitable until at the very least there is evidence
that the data reflect phenomena in an identifiable physical and
biological system. The third conclusion is that the correlations must
remain suspect unless there is some evidence of the nature of the
mechanisms involved. No one expects that it is a simple matter to
overcome all the weaknesses in fisheries data which are implied in these
conclusions. There may be no studies which can satisfy all three
requirements simultaneously. However there are a number of excellent
recent studies which taken together leave little doubt of the direction
of future results.

Refining the catch data

Garrod (in press) in a paper presented to the recent Stock-Recruitment
Symposium treats his fisheries data in a manner which meets many of
the criticisms of earlier analyses. He employed the ‘virtual population’
method to calculate mortalities and population sizes of individual
year-classes in a number of the major world fisheries. This method uses
estimates of catch of a particular year-class at each age throughout its
life-history in the fishery, and associates the integrated abundance
changes with parallel estimates of relative fishing mortalities. Given
the strength of individual year-classes at a particular pre-recruit age,
Garrod then calculated a replacement index, as the ratio of the strength
of a given year-class to the estimated average strength of all the
year-classes which were parents contributing to the spawning of that
year-class. For ease in exposition, Garrod also observed that to maintain
abundance any increase in fishing which decreased the spawning stock
must be associated with a commensurate increase in the spawning
success. He therefore rescaled the parent stock estimates to their
equivalent in an unfished stock. This rescaled index he named the
‘relative survival index’. If this index changed in proportion to fishing
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mortality, it would indicate a compensatory response of recruitment to
fishing. That is, his analysis was designed to test the hypothesis of
significant departure from a curve representing compensatory or
density-dependent survival response to changes in the accumulated
fishing mortality per year-class.

The results of Garrod’'s calculation provide what appears to be the
strongest general case yet made for density-dependent resource
limitation among the pre-recruit phases of fish populations. Despite
apparent vicissitudes in natural conditions for survival, there was an
increase in the rate of recruitment as fishing increased. Apparently the
survival of young was determined by the ‘carrying capacity’ of the
environment rather than by the number of eggs produced. His data also
suggested, however, that in certain cases as spawning stock decreased
there was an asymptotic change in survival rates so that at the lowest
spawning stocks a maximum egg production and survival may be
reached which results in a larval population below the carrying capacity
of the environment in a ‘good’ year.

It may be that clarification of the relationships found by Garrod
will only emerge once there is a better understanding of the apparently
different response among species and areas. In his analysis, North Sea
haddock appeared to be much more heavily exploited than the
Arcto-Norwegian cod and yet did not show similar signs of recruitment
failure. The California sardine showed it at even lower fishing
mortalities. Such differences invoke the question of mechanism, an area
which clearly has high-priority for future research. For present
purposes, what seems of particular importance is Garrod’s demonstra-
tion that careful treatment of the fisheries data can overcome some of
the difficulties in abundance estimation noted by Bell and Pruter. At
the same time Garrod’s work exposed the possibility of significant
interpretations of the higher frequency variations. He suggested, for
example, that residual scatter of the points about the ‘relative survival
regression line provides a relative measure of the density-independent
variations in survival, or the ‘fitness of the environment’ for the survival
of young fish between the time of spawning and recruitment. This is an
acceptable definition to the extent that the virtual population method
is capable of eliminating the biases or correlations in the higher
frequency sources of variation treated as sampling errors.

Defining the environmental system

Garrod’'s analysis used data for a number of species occurring in
well-known historical fisheries. In general, these probably correspond
with definable physical oceanographic systems, although this is not
explicitly established. Moreover, the analysis does not by itself define
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the mechanisms through which the population responses operate. In
these two areas other investigators supply valuable information.

Sutcliffe (1972) deals with specific physical phenomena in an
identifiable oceanographic system, and provides an illustration of the
potential of this approach in explaining fisheries changes. His studies
began with measurement of experimental parameters relating to the
nitrogen budget in a small bay. From it, he concluded that of the order
of half the nitrogen supply comes from the upwelling of deeper water
into the mixed-layer or euphotic zone. This upwelling appeared to be
related to the estuarine vertical mixing generated by fresh-water
outflow. The possible consequences of such a mechanism were then
tested in the Gulf of St. Lawrence. The St. Lawrence River is known to
undergo marked seasonal and annual fluctuations in discharge and the
readily definable area under its immediate influence supports significant
fisheries. The results for four different species indicated that more than
60% of the annual variation in fisheries catch was associated with prior
fluctuations in annual river discharge. The average time-lag for the
different species suggested that the mechanism of action involved
survival at the pelagic larvae stages. Since periods of higher outflow
appeared associated with improved survival, the relationship was
consistent with the explanation that high nutrients were creating more
favourable survival conditions rather than alternative theories that
survival of larvae somehow depends on effects of circulation on their
dispersal.

Sutcliffe’s hypothesis for the mechanism underlying abundance changes
supports the findings of Saville (1959, 1965) who studied the survival
and drift of larvae of a number of species in northeast Atlantic
oceanographic systems.

Saville and Sutcliffe’'s results provide evidence for the kind of basic
density-dependent mechanism required by Garrod’s hypothesis, that is,
a long-term compensatory survival of ‘recruits’ operating in a field of
high environmental variation. Their results also substantiate the
conclusion of many authors that survival effects determining year-class
abundance must operate primarily at early life history stages. Saville’'s
work further suggests that important nutrient-enriched areas may be
found in the vertical mixing generated at boundaries of major oceanic
currents, while Sutcliffe’s work indicates that they may be identified
with regions of strong estuarial action. In the latter case, it is known
that the outflow of the Gulf of St. Lawrence has a strong influence on
oceanographic conditions along the continental shelf to the south of
Cabot Strait and may broadly affect survival and distribution of fish
larvae (Serebryakov, 1971). Many other major river systems may be
expected to have comparable, potentially wide-spread effects.

22



Sutcliffe found significant effects on catch of changes in annual
outflow over a range of approximately 1:1.5. However if, as he
suggested, the mechanism involved larval survival, these annual data
must in reality reflect correlated changes in outflow over relatively
shorter seasonal periods when the larvae are pelagic. This is confirmed
by a more recent study in which the catches are most strongly
associated with outflow in particular months (Sutcliffe, in press). It
becomes of considerable significance then to note the conclusion of
Neu (1970, and pers comm.) that regulation of the St. Lawrence river
system has altered the within-season outflow pattern of the estuary
from an initial ratio of 1:2.9 between season minimum and maximum,
to a present 1: 1.7. That is, there has been a reduction of the seasonal
differences in flow by about 50%. Further flow control of this, as of
most major river systems, is contemplated for hydro-electric power
development. The within-season flow changes involved are clearly
comparable in magnitude to the annual and monthly changes which
from Sutcliffe’'s work appear to affect biological productivity and
fisheries yield in the entire system. While the biological effects of
seasonal change in river flow patterns and the size of the area within
which they may be important cannot now be predicted, production
declines in the Azov Sea following regulation of the Don River
(Moiseev, 1969) or in the Mediterranean affected by the Nile
(Aleem, have left little doubt that they can be large. Fisheries
management which failed to take account of such effects would have
about the same significance as regulation of commercial marine salmon
catches when the river in which they spawn is in the process of being
dammed.

The possibilities for multiple correlation

While both density dependent and density independent effects on larval
survival appear to have a major bearing on year-class strength and yield,
it would be foolhardy to conclude that biological and environmental
variables associated with larval survival alone are sufficient predictors
for management purposes. This point has been made by Backiel and
LeCren (1967) who point out that survival is likely to be the major
density-dependent biological response at larval life-history stages, but
growth responses may be of major significance to production among
older animals. Cushing and Bridger's (1966) calculations showed how
important growth changes may be, whether or not they are actually
density-dependent. There is also abundant evidence for growth rate
changes in relation both to feeding (Kohler, 1964), and temperature
(LeCren, 1958). We thus have every reason to expect both
density-dependent and density-independent influences to operate over
the post-larval period. To these must be added the expectation that
there will be significant interactions between adult growth and larval
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survival, because of correlations between growth and fecundity, egg
size, and age at maturity (Hempel, 1965; Nikolskii, 1962). Garrod’s
evidence for compensatory survival rates in the pre-recruit phases may
well have involved a number of such effects for fishes. Density effects
among adults are well known for sea-mammals, and at least in these
cases do not appear sufficient to compensate for reproductive losses
under fishing pressure (Chapman, 1961; Laws, 1962).

Studies such as these often suggest that in natural populations there are
so many sources of variation in situations of such complexity that
analysis, even with multiple regression techniques, is unlikely to be very
enlightening. From this viewpoint a study reported by lles (in press) is
an exception of particular importance. In a paper to the Stock
Recruitment Symposium he re-analyzed the much discussed California
sardine data in a manner which permits more detailed consideration
than was possible from Garrod’'s study. He noted that among fisheries
generally, changes in year-class strength were sometimes reflected in
changes in growth rate, especially among the O-group fish, although
this density effect was not always evident from simple correlations,
perhaps because of simultaneous large but unmeasured changes in
environmental ‘carrying capacity’. He therefore calculated a survival
index as the ratio of year-class or brood strength to parental abundance.

lles then studied the rate of change of growth of fish in relation to his
density (year-class abundance) and environmental (survival) indices.
Their average effects were of about the same order of importance, but
the growth response to density changed with the survival index, and
became very small under best survival conditions. Considering these
observations lles deduced that the relative growth might be used to
‘grade’ estimates of year-class survival in a given year, in relation to the
maximum possible survival expected for that year. That is, he could
compare estimates of observed recruitment with that expected under
‘standard’ conditions. lles’ analysis of the California sardine shows
parallels with that of Garrod, and it is unfortunate that at the present
time the published data do not permit detailed comparison of their
indices of survival. If subsequent study reveals that the two sets of
survival or replacement indices are in substantial agreement, lles’ results
provide strong support for the hypothesis that actual replacement rates
of sardines in the latter years of the fishery were lower than the
environment could have permitted. That is, the spawning stock was
severely reduced by a combination of naturally poor brood years with
an intensification of the fishery. The combination prevented recovery
in later good brood years. On this basis, the development of the anchovy
population on the sardine grounds must be seen as a consequence,
rather than a cause, of the sardine fishery failure.
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lles carried his analysis an important step further and compared indices
of (environment) survival among various fisheries and areas (Pacific
salmon and herring, Alberta whitefish). While it is important to
remember that the treatment of the catch data is not necessarily
comparable to the analyses of Garrod, the results are striking. They
show strongly associated variations in relative survival for different
species within oceanographic systems. They also indicate significant
associations over wider geographic areas, which suggest that the
mechanisms giving rise to year-class fluctuations may ultimately be
measurable in terms of changes in meteorological systems. We are thus
brought back full circle to the subject matter reviewed by Bell and
Pruter, but with the conclusion that improvements in the data appear
to verify the reality of the relationships which they questioned.

As frequently seems to be the case in science, the return to the original
subject matter is not so much a circle as some form of spiral. From the
more recent analysis we may now conclude that within the broad
constraints of environmental carrying capacity, fish populations show a
remarkable capacity for density-dependent response. This response
clearly involves reproduction, apparently in important association with
the feeding opportunities during the youngest life-history stages. It
further appears that severe predator pressure, such as is now
experienced by some long-lived adult fish stocks, measurably reduces
the effectiveness of the biological compensating mechanisms, and
increases the probability that fisheries on them will suffer economic
collapse. In at least the Californian sardine situation the population
balance appears to have been sufficiently upset that the structure of the
producing community has changed to some new kind of ‘equilibrium’.

These conclusions do not represent anything new in concept in
ecological theory or experiment. What is new is the demonstration that
even with existing high levels of natural variability, interactions can
apparently be induced in large wild population systems by predation
pressures generated by present economically and technologically
supportable rates of fishing. To this conclusion must be added the
likelihood that current man-induced environmental alterations in
estuarial regions are within the order of size which significantly affects
the level of production in biological systems.

As was pointed out earlier, we are still not in a position to understand
the larger question of why the limits of adaptative response by fish
populations should be different among species or between areas. Riley
(1972) reviews information on productive efficiency and community
structure in three oceanographically different ecosystems and indicates
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that while differences in overall primary production seem quite clearly
related to nutrient supply conditions, it is not easy to understand
differences in the subsequent pathways of energy flow. We are thus far
from being able to anticipate the long-term effects of heavy fishing. On
balance, it is likely that as our knowledge grows we will find that the
adaptative responses shown by Garrod for single species apply a fortiori
to the complex of fish species comprising most communities. That is,
we may find it possible or even necessary to deal in management with
the multi-species population, as suggested by Parker (1962).

The foregoing has at least two important implications for future
fisheries science. In the first place we may recognize with earlier
workers in population dynamics that environmental variables are
random or stochastic. But when they operate on a biological system
their effects do not average to zero even though their expectation
values may be zero. Once an extensive event has occurred, its influence
is felt in the system for years to come. The effect on future stocks of a
severe winter this year will not be removed by an exceptionally mild
winter next year. Therefore even without significant changes in
environmental patterns, any reduced adaptability from fishing or other
causes implies that variations which in the past elicited adaptive
response may appear as factors representing a hazard, which can result
in catastrophic change. The management system must necessarily
consider environmental as well as fishery variables.

The second consequence is that under present conditions the concept
of continuous models of fishery ecosystems may be inapplicable at the
species level. In fact, the problem of determining at what level of
population or of ‘community’ of organisms continuous models may be
used, and the relation of their population systems to their component
‘species’ has changed from an intellectually interesting exercise to a
question of practical importance requiring early understanding. The
importance of these interactions is underlined by the California sardine
history.

The Pollution Problem - Interpretation of High-Frequency
Variability

From the foregoing we infer that the general properties of single-species
fish populations are reasonably well established as a basis for predicting
shorter-term trends - of the order of 3 to 5 years. However, such
predictions rely undesirably heavily on running averages of data,
necessitating an assumption that the higher-frequency variabilities are
effectively cancelling out. To increase accuracy and reliability of
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prediction the immediate task of the resource research program must
therefore be to study the short-term variability in sample data, with
two principal objectives in view: first, to ensure that testable predic-
tions can indeed be made; and second, to ensure that predictions for a
system can be based on fewer data than were required for its initial
description,

In these respects the approach of research programs in resource
management becomes very like that which we require in our concern
with pollution. Pollution research has, of course, requirements of study
which are more or less peculiar to it: it must provide information about
the effects of a great variety of chemicals on feeding, growth,
reproduction, activity and survival of various life-history stages of many
aquatic organisms - a very large laboratory program indeed. But while
pollutants are taken up by individuals, it is their collective effects on
natural productivity and exploitable yield that are the chief concern of
fisheries management. That is, we have to measure the effects of
pollutants on the same adaptative responses that have been the subject
of resource research. This requires that we understand pollutant
distribution, uptake and effects in relation to rather precisely defined
details of the ecological production mechanisms.

Evidently, assessing pollution effects in nature and monitoring to detect
significant changes in levels of hazard requires that we face the problem
of describing and interpreting the high-frequency variability of samples.
While this is an area in which we are still weak, our experience has
grown rapidly in the past two to three years. Recent scientific literature
indicates some of the problems involved in carrying out pollution
sampling studies, identifies methods by which they may be resolved,
and gives some indications of the more promising lines of research.

The problem of uptake of pollutants has been considered in a recent
review by Kerr and Vass (in press), with particular reference to the
apparently ubiquitous DDT and PCB compounds. They conclude that
uptake in aquatic systems is overwhelmingly associated with diffusion
through respiratory surfaces and is therefore a function of metabolic
rate and available concentrations. On this basis it would be expected
that concentration per unit volume would be generally higher among
the smaller organisms than the larger, a fact which is generally
confirmed by sampling (Ware, pers. comm.). Food chain transfer
appears to be secondary in importance in aquatic systems, a fact which
may make them different from terrestrial systems and have important
implications for differences in regulatory measures. Given this
information as a basis for preliminary pollution models, it still appears
that where aquatic animals are large and relatively long lived, the larger
of them may show increasing pollution concentrations, especially where
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they are feeding on small particles as do the whales and the fast-growing
large pelagic fishes. In these cases, metabolic conversion and elimination
rates of pollutants play an important role in explaining observed
concentrations. There is relatively little information about these
physiological properties of the larger animals and fishes.

If this basic uptake model is upheld by further work, it suggests that
the study of local distribution of pollutants in relation to the life
history stages of fish, particularly of the pelagic larval and O-group
stages, is an area for high-priority research. Pollutants seem most likely
to be concentrated in the surface layers or in coastal embayments and
estuarial mixing zones, those very areas where year-class success is most
likely to be determined.

Platt and Conover (1971) have studied in detail the processes of
production and exchange of waters in and out of a small coastal
bay. They sampled hourly, over a period of a day, for physical,
phytoplankton and zooplankton parameters, supplementing the field
observations with laboratory experiments to determine certain phys-
iological rates. Their results indicated that about 60% of the daily
chlorophyll production was exported from the bay, the remainder
being almost all taken up by zooplankton grazing. Production of
zooplankton could not be accurately measured, but the amount
exported was measured in wet weight terms and found to be equivalent
to approximately half the export of the phytoplankton.

The most important aspect of their study was the examination of
mechanisms of transport of organisms in relation to the physical water
transport. The hourly data showed a strong negative correlation of the
concentration of organisms with rate of transport (obtained using
continuously recording current meters), with the result that only 35%
of the daily export of phytoplankton and less than 1% of the
zooplankton exchange were associated with the mean flow. That is,
65% of the phytoplankton and almost all zooplankton export from the
bay were associated with the fluctuations (hourly) in the flow,
apparently associated with tidal influences, although some 2.5 hours
out of phase with it.

These observations suggest three conclusions of significance to
pollution studies in relation to fisheries production. First, a high
proportion of the daily biological production of coastal inlets is
exported from them, and the amount exported is very much higher
than the measured net mean water exchange. Evidentially, coastal inlets
and estuaries are much more important in supporting production
systems of coastal waters than has been estimated in the past by
multiplying the net physical exchange by the average primary
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production. Since coastal inlets are also especially liable to pollution
effects, this finding alone suggests that coastal inlets require much more
priority in fisheries research programs than has generally been given
them. Of second importance is the finding that a high proportion of the
production exported from coastal embayments may be at a relatively
high trophic level, and that the amount exported at various trophic levels
or particle sizes may be very different. A relatively high trophic level of
the export would make coastal inlet production that much more
important as a source of nourishment for larval and juvenile fishes,
which are commonly found to congregate in the near-shore areas at
some stage in their life history. Since pollutants are generally associated
with particulate material in the water, but their concentrations vary
with particle sizes, we must conclude that a considerable number of
detailed experiments and observations are necessary to permit
generalizations about the dissipation or flushing of pollutants from
inshore areas or the significance of their contributions to the coastal
waters. Finally, Platt and Conover's work shows that mean water
exchange from coastal inlets is not by itself a reliable estimator of
biological exchange. The more significant parameters are associated
with phenomena at the very high frequency end of the scale of
variability. Such observations suggest that requirements for pollution
monitoring programs are far from simple and, at least for the important
coastal and pelagic zones, would have to be carefully designed around a
knowledge of existing conditions if the results are to bear any
relationship to reality.

Platt (1972) has studied the nature of high-frequency or local-scale
variability in phytoplankton in the mixed layer. Chlorophyll concentra-
tions were continuously measured at a point station in the Gulf of St.
Lawrence at 8 metres, using a fluorometric technique. The station was
occupied during midsummer, that is, outside the main spring bloom
period. He found that the fluctuations in concentration of chlorophyll
were satisfactorily described by a minus 5/3 power relationship over
space scales of from 10 to 1000 metres or time scales of from 1 to 100
minutes. This suggests that not only do the high-frequency fluctuations
present in oceanographic sampling exhibit a definite pattern, but that
for phytoplankton this pattern may be strongly influenced by small
scale events in the physical medium. The possible relationship with, say,
turbulent flow suggests that analogous generating mechanisms may be
of considerable significance to the design of appropriate predictive
models of dispersion and uptake of pollution in biological systems.

Steele (in press) has examined the nature of fine-scale zooplankton
distribution in nature, in relation to zooplankton dynamics. Using
estimates of growth, mortality, and grazing rates from laboratory
experiments he calculated time series of phytoplankton-zooplankton
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biomasses, which under certain conditions show considerable fluctua-
tions. From the models he was able to estimate their joint probability
distribution for different population abundance states. This he
compared with the frequency distribution of biomass samples taken
over a relatively short time in a dispersed zooplankton patch. The fit of
the natural variations was satisfactorily close to the calculated
distribution, although it was somewhat dependent on estimates of ‘rate
of sinking’ of zooplankton from the population, a phenomenon which
seemed not to be satisfactorily identified and measured in nature. This
result suggests once again that fine-scale distributions of zooplankton
are far from random. In the case of the zooplankton, in contrast to the
phytoplankton, fluctuations appear rather more dependent on the
population dynamics than on the medium, but the important result is
that the distribution can be understood in relation to environmental
and biological generating mechanisms.

The results of Steele’s work support those of Platt and others which
indicate that assessment of the influence of various factors, such as
pollutants, on ecological production processes is not yet a job for
amateurs. The results clearly indicate, however, that such assessment
can be done, provided we are prepared to put the effort into studies of
the kinds of variations that have frustrated fisheries resource research in
the past. That is, it should be possible to make the kinds of
generalization which will permit pollution assessment without invoking
the astronomical expense of detailed study of each individual potential
pollution site.

Conclusions

In studies of fisheries resource management problems, the limited
amounts of physical research resources have frustrated many of our
attempts to understand the basis for observed catch changes, sometimes
for no other reason than that we have been too busy trying to cope
with measurement of the symptoms as they showed up again and again
in important fisheries. In retrospect this situation may not have been so
very ‘bad’. For one thing, the longer series of annual data now available
have made it possible to measure production changes in relation to a
much wider range of fishing mortalities, and are only now on the point
of exhibiting significant interactions. Perhaps we could not have
anticipated these effects very much sooner in any case. In addition, it
appears that fishing effects alone have not led to irreversible population
changes. The Antarctic whale fishery is perhaps the most seriously
affected and it is gone for many years. But this situation was detected
by the scientific community some time ago; the failure was a result of
slow international administration, accompanied by a poorly or
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insufficiently informed public. The populations may recover in time.
The California sardine fishery collapsed, but the geological record
indicates that the sardine has been replaced by the anchovy at various
periods in the past, so that the effect of heavy fishing may only have
been to increase the probability of a natural ‘adaptation’ of the
productive community. And now the research results have indicated
that there appears to be rather clear-cut short-term alternatives for the
Arcto-Norwegian cod. Thus, while we are still unable to foresee the
longer term consequences of ecosystem change of the kind which lead
to fishery collapse, the possibilities for short-term diagnosis of
symptoms is encouraging and justifies continued efforts towards the
understanding of fishery conditions.

Unfortunately, pollution problems are not quite the same. Effects of
pollutants arise from chemicals of which we have disposed, and which
have accumulated or are accumulating in the environment. We cannot
afford to wait until the symptoms of their action show up in significant
production changes in order to test the validity of scientific models
describing their effects. By the time we are able to test the theories by
the results or symptoms, the time scale of recovery is likely to be SO
long as to make it a practical impossibility. It is necessary to anticipate
pollution effects and take preventive action. This necessarily involves a
knowledge of mechanisms responsible for production control and
pollution effects in nature. That is, it requires specific and detailed
studies of the sort which have been slow to develop in traditional
fisheries research.

It must also be emphasized that effects from pollution appear likely to
be most profound in those very parts of our world where pollutants are
most likely to become concentrated: the coastal fringe and the mixed
water layer over the continental shelves. That is, they occur in those
areas where our studies indicate that control of production of
commercial species takes place. Given the evidence that interaction of
fishing and natural environment change is significant, it is inconceivable
that pollution effects will not be found to magnify the interaction.

We can only conclude that fishery resource management has special
reason to promote our understanding and prediction of pollution
effects, and to insist on their control. In its simplest terms, it is clear
that resource management of our continental shelf fisheries cannot
effectively take place independent of the insurance against deteriora-
tion of the quality of the environment. We have every reason to believe
that the resource science community is relatively well prepared to carry
out the work. However, it is virtually certain that this will require a
more intensive, detailed and sophisticated study of natural ecosystems
than has so far been our custom. Solving this problem is very much the
responsibility of government administrators, politicians and the public.
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ToC

The Gulf of St. Lawrence

M. J. Dunbar, Marine Sciences Centre, McGill University, Montreal

The map of Canada shows four main drainage basins: one drains
westward into the Pacific, another northwards to the Arctic coast, a
third (the largest of them in area) drains into the Hudson Bay complex
(Hudson Bay, Foxe Basin, Hudson Strait and Ungava Bay), and the
fourth, containing all the Great Lakes, drains eastward into the Gulf of
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The main watersheds of Canada.

St. Lawrence. Hudson Bay and the Gulf of St. Lawrence are large
inland seas with obvious estuarine characteristics. There are other
smaller drainage systems, such as that draining to the Labrador coast.
The total amount of fresh water in Canada represents some 14% of all
the fresh water supply of the world, which is a handsome endowment.
The total flow from Canadian rivers, averaged over the year, is about
117,200 m® /sec.

There are three ways in which fresh water inflow can affect coastal
biological productivity - (1) by the direct contribution of nutrients
from the land, (2) by the ‘entrainment effect’, by which deeper,
nutrient-enriched salt water is brought in toward the shore and upward
to the surface, and (3) by the effect on the density, and hence nutrient,
stratification in the water column. It seems to be widely believed
among non-oceanographers that the rivers of the world are largely
responsible for the supply of nutrient salts (phosphates, nitrates,
silicates, trace elements) to the sea. In fact, rivers bring down each year
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an amount of material that is quite insignificant compared with the
enormous nutrient capital that recycles within the sea itself. These
nutrients are recycled from organic detritus which often sinks well
below the euphotic zone (i.e. the upper layers into which sufficient
light penetrates to permit the growth of green plants), so that in order
that the spring plant blooms may take place the nutrients have to be
brought back to the surface. This is done in several different ways, and
the global map of marine productivity is really a map of the intensity of
these processes. The entrainment of salt water by outflowing fresh
water at the surface is no doubt the most important aspect of fresh
water inflow to coastal areas. One of the other standard mechanisms in
the sea by which nutrients are brought to the surface is the increase in
density in surface water owing to fall and winter cooling. By this means
there is a continued exchange of surface water with the water
immediately beneath. This process is progressive, reaching farther down
as winter progresses. The less freshened the surface water is, the easier
this process becomes, so that there is an element of conflict between
this exchange process and the coastal entrainment mechanism. If the
fresh water outflow were cut off completely, in a given area, the
salinity of the surface layer might be increased enough to encourage the
vertical winter exchange, so that the lesser run-off would enhance
rather than depress the productivity. The rules therefore will not be the
same in all regions; each will have to be studied for its own sake. and
this applies possibly even to different regions of the Gulf of St.
Lawrence, certainly to areas outside the Gulf.

The St. Lawrence River ranks seventeenth among the world’s rivers, and
the flow varies significantly from year to year. The total fresh water
input to the Gulf, averaged over a nine-year period (1957-65), is 15,810
m®/sec, of which 13,443 m%/sec is river flow, the remainder made up
of net precipitation (precipitation less evaporation) (Trites, 1971).

The term ‘estuary’ in this paper refers to the region between the City of
Quebec and Pointe des Monts, the region east of Pointe des Monts,
bounded by the Strait of Belle Isle in the northeast and Cabot Strait to
the southeast, constitutes the Gulf itself (Forrester, 1967). The area of
the Gulf is approximately 214,000 km? (Forrester and Vandall, 1968).
It receives the drainage from a land area of about half a million square
miles which includes the Great Lakes-St. Lawrence River system
extending inland for 2000 miles. It is the principal sea access to our
largest cities and to over 60% of the population of Canada, and it is the
source of more than 40% of all Canadian sea-fish landings. It displays
physical and biological properties ranging from subtropical to subarctic,
and it has a far-reaching impact on the economic and social life of the
eastern and central regions of the country.
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The Gulf of St. Lawrence.
History

According to recent geophysical studies (Keen, 1971) the Atlantic
Ocean has appeared twice since Precambrian times, with an intervening
disappearance or closure. The second opening-up of the Atlantic
appears to have begun in Triassic times (between 225 and 195 million
years ago). The St. Lawrence River appeared in Jurassic-Cretaceous
times (between 190 and 65 million years ago) as part of a river system
formed on uplifted terrain by erosion; a tilting of the area toward the
sea began the formation of the Gulf itself in the early Tertiary (about
60 million years ago). The physiography of the area began at that time
to take on its present-day appearance. The Laurentian Channel, a deep
trench that appears off the mouth of the Saguenay River, cuts through
the Gulf south of Anticosti Island and passes out through Cabot Strait
to the Scotian Shelf, was formed much later by glacial action in the
Pleistocene (about 2 million years ago).

A bibliography of physical oceanographic work in the Gulf (EI-Sabh et
al.,, 1969) lists as the earliest scientific publications one on surface
temperatures by Kelly (1837), one by Austin (1866) on fishes, and one
by Whiteaves (1872) on benthic fauna. The first solid contribution was
probably W. Bell Dawson’s paper on tides and currents (Dawson, 1898).
Particularly intriguing is a paper by H. T. Barnes of McGill University,
published in 1913, on the temperature effects of icebergs. Barnes is
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especially worthy of mention because his was the first effort, the first
speculation, on the possibility of controlling climatic conditions in the
Gulf of St. Lawrence area, and, in particular, the possibility of reducing
or inhibiting the ice cover in winter.

Percé Rock, Gaspé Peninsula, Gulf of St. Lawrence

The first large-scale attack on the problems of the hydrodynamics and
the biological production of the Gulf was the 1915 Canadian Fisheries
Expedition under the direction of Dr. Johan Hjort of Norway (Hjort,
1919). This study produced the first description of the water masses,
the circulation, temperatures and salinities, and the plankton, and it
was a long time before anything approaching that scale of work was
undertaken. A study of the Strait of Belle Isle was made in 1923,
directed by Dr. A. G. Huntsman, and there were other local
investigations in various parts of the Gulf, but research did not begin to
gain momentum until the late 1930’s and especially in the years since
the second world war. The Atlantic Biological Station of the Fisheries
Research Board and the Province of Quebec Marine Station at Grand
Riviere have contributed in large part to this advance, and more
recently the Atlantic Oceanographic Laboratory and the Marine
Ecology Laboratory of the Bedford Institute of Oceanography (BIO). A
most important study of the bottom sediments of the Gulf has now
been completed by Loring (in press) and the sediments of Northumber-
land Strait in particular have been described by Kranck (1971). The
universities have begun to play an increasing role in research in the
Gulf. A continuing study of ice movements, formation and decay, and
the factors controlling them, was started by Pounder and Johannessen
of McGill University in 1967 (Ingram et al., 1968); McGill University
also undertook an extensive investigation of the primary and secondary
production for four field seasons (1969-1972) (Steven, 1971; Bulleid
and Steven, 1972). D'Anglejan (also of McGill) is working on suspended

37



matter in the Gulf (d’Anglejan, 1970), and also on alkalinity
and dissolved oxygen (d’Anglejan and Dunbar, 1968). A most
significant development has been the formation of GIROQ (Groupe
Interuniversitaire de Recherches Oceanographiques du Quebec), which
includes the Universities of Laval, McGill, Montreal, and the Rimouski
campus of the University of Quebec. This group took shape in 1970
and has been working on the physical, biological and geological
oceanography of the St. Lawrence Estuary (Brunel, 1971).

A fuller measure of the history of scientific work in the Gulf can be
gained by examining the two bibliographies available, that of EI-Sabh et
al. (1969), already mentioned, and the bibliography on the fishes
prepared by Srivastava (1971). An attempt is made in this paper to
summarize briefly the present state of knowledge of the Gulf, and to
point out the large amount of work which remains to be done, in
particular the study of the mechanisms, physical, chemical and
biological, which make up the Gulf as a whole system, which is one of
the purposes of the Gulf of St. Lawrence Project, or “Year of the
Gulf’, now being planned.

Water Masses

The 1915 Canadian Fisheries Expedition established the existence of
the famous ‘cold layer' in the Gulf, which in summer separates the
warm upper layer from the deep water below. This cold layer extends
from about 50 metres down to some 150 metres, varying somewhat in
time and place. The salinities in it are of the order of 31 to 33%,. (in
summer) and the temperatures lie at or below 0°C. It extends outside
the Gulf through Cabot Strait to the Scotian Shelf. It was long thought
that this cold layer consisted of Arctic or Subarctic water entering
perhaps through the Strait of Belle Isle, more probably through Cabot
Strait, but more recent study has shown that at least a large proportion
of it must be formed in situ by a process of winter cooling (Forrester,
1964). It is interesting, however, that this cold layer contains
planktonic species of distinctly Arctic affinities.

Although the water mass pattern shows a three-layered structure in
summer, the basic pattern is in fact two-layered, the pattern exhibited
in winter, when there is a cold upper layer varying in thickness from
100 to 150 metres with temperatures as low as - 1.7°C and salinities
from about 32.5 to 33%. This is underlain by the deep water
extending to the bottom of the Laurentian Channel, with temperatures
between 4 and 5°C (or up to 6°C) and salinities close to 34.6 %.,. The
cold layer contracts markedly in volume in spring and summer as the
upper water is heated by the sun and freshened by the spring land
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drainage, so that a third layer appears at the surface, extending down to
some 50 to 75 metres, with temperatures as high as 16°C and salinities
down to 30 %o or lower (see also Forrester, 1964). It is interesting that
the temperature of the deep layer varies, not seasonally, but rather in

response to changes in this water mass outside the Gulf (Trites, 1971;
Lauzier and Bailey, 1957).

Dissolved Oxygen

Walton (1971) gives typical oxygen concentrations as 8 ml/l for the
surface layer (7.5 ml/l in shallow areas), and as low as 1.8 ml/l in the
deep layer. The low concentrations in the deep water have been given
special attention by Dunbar (1971) and d’Anglejan and Dunbar (1968),
who measured oxygen concentrations over most of the Gulf, recording
values as low as 2.63 ml/l southwest of Anticosti and 2.70 ml/l in the
Esquiman Channel west of Newfoundland. Mann et &/. (I 965) recorded
values of dissolved oxygen on the continental slope of Nova Scotia, and
over the Grand Banks, which correspond to the lowest values found in
Cabot Strait, and there is little doubt that this level of slope water is the
origin of the deep layer in the Gulf (d’Anglejan and Dunbar, 1968). The
lowest concentrations are found at the inner extremities of the
Laurentian and Esquiman Channels. A study of the flushing time of the
deep water would be valuable and would help to gain an estimate of the
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total oxygen demand and hence of animal production. The oxygen
profiles in the deep layer usually show the oxygen minimum in the 200-
to 300-metre level. Thus oxygen depletion does not appear to be a

simple function of depth, which is relevant to the location of the
highest oxygen demand.

Knudsen bottle operation for the collection of water samples
Lawrence in winter.

, Gulf of St.
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There is one area in which the deep water (below 150 metres) is not
low in oxygen, having values similar to those in the upper water. A
ridge between the Esquiman Channel proper (or Esquiman trough) and
the region toward the Harrington coast isolates the deeper water of this
region from the deeper water of the rest of the Gulf; presumably the
bottom water in this pocket is derived from surface water, possibly
from inflow through the Strait of Belle Isle.

A summer oxygen maximum is found toward the bottom of the
thermocline just above the summer intermediate cold layer. The narrow
range of density found there has a mean value close to the density of
the surface layer in winter (o, = 25.76). Supersaturation in the summer
mixed layer and in the thermocline is frequent and it is clear that
heating of waters formerly in equilibrium with the atmosphere takes
place in summer. These conditions support the view given above that
the summer intermediate waters are a residue of the winter-formed cold
layer.

Ice

Ice conditions are well described by Matheson (1967). from whose
work the accompanying figure is taken. This information is based on a
five-year average (1961-65); the original observations were published by
the Meteorological Branch of the Ministry of Transport. The ice comes
from three sources: (1) Labrador ice from the north, drifting in through
the Strait of Belle Isle, (2) ice from the St. Lawrence River and Estuary,
and (3) ice formed in the Gulf itself.

“Using the weekly ice summary charts, Forrester and Vandall (1968)
divided the gulf into ten regions and estimated ice volumes and average
ice thicknesses in each of the regions at two-weekly intervals through
the six ice seasons of 1962 to 1967, and also through the six-year mean
(1962 - 1967) ice season. For the mean ice season they found the
greatest average ice thickness (24 cm) occurred in the region around
Prince Edward Island early in March. Over the gulf as a whole the
greatest average ice thickness (16 cm) occurred at the end of February
for the mean ice season.

“It is essential to carry out heat budget studies in order to understand,
and hence predict, the formation, growth, and break-up of the ice. Few
complete studies of this character have been carried out in the Gulf of
St. Lawrence; however, Lauzier and Graham (1958), Lauzier and
Bartlett (1961). Coombs (1962) and Matheson (1967) have investigated
the subject. Matheson (1967). from his study on the meteorological
effect on ice in the Gulf of St. Lawrence, has shown that high heat
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losses during the season do not necessarily imply severe ice conditions.
As pointed out by him ‘computation of the heat fluxes revealed the
very high heat gains or losses which may ensue if an airflow type is
maintained over a long period. It is imperative that these high heat loss
periods continue for at least three consecutive days in order to produce
a significant effect on the ice cover” (El Sabh et al., 1969).

The McGill University ice drift study (mentioned previously) included
the operation of a ‘manned drifting station’, air reconnaissance and the
use of a drifting buoy, and showed that the ice fields take part in the
tidal motion and that maximum response of the ice drift to changing
wind stress is achieved in less than three hours.
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Transmitter buoy mounted on a small ice flow, Gulf of St. Lawrence.
Wind and water stress, ice study, McGill University.
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Tides

On tides and tidal currents, Trites (1971) reports: “The semi-diurnal
and diurnal tides from the North Atlantic Ocean are both propagated
through Cabot Strait (Farquharson, 1962). There are two amphidromic
points for the M, (lunar semi-diurnal) constituent - one near the
Magdalen Islands and a second near the western end of Northumberland
Strait. In most areas of the Gulf, the semi-diurnal constituent
dominates. Tidal range increases rapidly towards the St. Lawrence River
with a mean range of about 13 feet near Quebec city.

“Except in the St. Lawrence Estuary, Cabot, Belle Isle and
Northumberland Straits, and other locally confined regions, tidal
currents seldom exceed 0.5 knots. In Cabot Strait, tidal streams are
typically of the order of a knot. In some areas, the phase of the tidal
stream varies significantly with depth. Forrester (1970) has found
evidence of internal tides in the St. Lawrence Estuary seaward of the
Saguenay River entrance. It is possible that internal tides exist
throughout much of the Gulf, but sufficient data are lacking at present
to clarify the situation. If present, their behaviour is likely to vary
substantially from season to season as the density structure undergoes
marked variation in the upper part of the water column.”

Circulation

Much remains still unknown about the currents in the Gulf, particularly
the movement of the subsurface water and the deep currents. The
surface currents are reasonably well known for the summer months, but
the whole winter regime at all depths demands a great deal more
investigation. Brief accounts of what is known,, together with the
history of the field work and the methods used, have been published by
Trites (1971) and El-Sabh et al. (1969).

The surface currents are influenced largely by the winds and by the
inflow from the St. Lawrence River, which together result in a general
anticlockwise pattern of surface movement. The dominant feature is
the Gaspe Current, which varies considerably in strength, but which is
normally strong and pressed against the Gaspe coast. Water from this
current floods the Magdalen Shallows. The outflow round the northern
tip of Cape Breton Island, in Cabot Strait, is partly balanced by an
inflow round the southwest of Newfoundland which turns to the north
up the Esquiman Channel. The Gaspe Current is coupled with
west-flowing water along the North Shore, north of Anticosti, and also
along the south coast of Anticosti. The pattern of flow through the
Strait of Belle Isle is still uncertain: the inflow from the Labrador coast
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is clearly intermittent and small, the outflow rather more constant and
mainly along the southern part of the Strait. These two currents,
inward and outward, alternate in dominance in a pattern which appears
to be related to the north-south atmospheric pressure gradient and the
effect of the wind.

Both clockwise and anticlockwise gyres in the upper (mixed) layer have
been observed in the Magdalen Shallows. These are some 20-30 km in
diameter and appear to move in a general southeasterly and easterly
flow north of Prince Edward Island (Blackford, 1965, 1967). The gyres
may have significant biological effects, but much work remains to be
done before either the physics or the biology of them are properly
understood.

Subsurface currents are as yet imperfectly known. It is possible that the
pattern of water exchange through Cabot Strait may be as variable as
the much smaller exchange through the Strait of Belle Isle. In the
Laurentian Channel there is evidence for the circulation to be as
expected, namely a seaward current along its southern side and a
landward (westward) motion along its northern side (Lauzier, 1967a).
In the Gaspe Passage the deep water, in summer, has been observed to
move westward, underlying and to the north of the much faster Gaspe
Current flowing in the opposite direction.
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The first and (so far) only attempt to study the winter circulation in
the Gulf is that of El-Sabh and Johannessen (1972), based on
observations made on board HMCS Labrador in March 1956 and 1957,
and the CSS Baffin in February 1962. This study is also distinguished
by the application of the Defant method of determining the reference
layer for dynamic computations, within which layer the motion is
taken as zero; the depth and thickness of this layer vary from locality to
locality. According to the results of this method, the large anticlock-
wise gyre southeast of Anticosti Island, which is a consistent feature of
the summer circulation, disappears in winter. Quoting from this paper:
“On the contrary, a smaller clockwise gyre has been observed southeast
of Anticosti Island. In general the gyres are associated with depressions
in the zero reference layer.” The surface flow through Cabot Strait in
winter was found to be outward on both sides of the Strait, stronger on
the Cape Breton side, which agrees with drift-bottle observations in
winter; and with a strong inflow of surface water through the middle of
the Strait which is diverted to the north and south and joins the
outflowing current on both sides of it, an effect which might be caused
by the prevailing northwest winds. The net volume transport through
Cabot Strait was estimated to be 6000 m*/sec, which agrees well with
the February and March estimates of net fresh water inflow to the Gulf
given by Trites (1971).

Marine Climatic Change

Natural climatic changes are reflected in both the atmosphere and the
hydrosphere; we are concerned here with the latter. Climatic changes in
sea water have immensely important economic effects in terms of local
productivity and the shift in the distribution patterns of economically
important species. On the global scale, there is at present a general
cooling trend, which reversed the well-documented warming between
about 1915 and the 1940's. Lee (1967) has summarized the situation in
the North Atlantic region, and Lauzier (1967b) has documented the
decline in temperature, amounting to about 1°C, in the surface water of
the Canadian eastern seaboard, including the Gulf of St. Lawrence,
between about 1955 and 1965. The pattern of change, however, is not
simple; surface temperatures in West Greenland, for instance, appear to
have been rising during this same period (Hermann, 1967), and the deep
water of the Gulf of St. Lawrence showed no cooling trend up to 1957
(Lauzier and Trites, 1958), although cooling became apparent in the
core of the warm layer in Cabot Strait from 1958 to 1967 (Lauzier,
1967b). From 1967 on there is evidence of temperature increase
( El-Sabh pers. comm.).
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CSS Dawson, iced-up after a winter cruise in the Gulf of St. Lawrence.
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Fauna, Productivity, and Fisheries

Biogeographically, the Gulf of St. Lawrence is a remarkable transition
zone between the Subarctic and the Subtropical. On one definition
(Dunbar, in press) it falls within the marine Subarctic, the zone in
which Arctic water (ultimately from the Arctic Ocean) and non-Arctic
water are found together. Although as already mentioned above the
amount of Labrador Current water in the Gulf is controversial, there is
no doubt about the existence of Arctic and Subarctic species in the
Gulf, and indeed water of Arctic origin penetrates farther south into
the Bay of Fundy and the Gulf of Maine. As examples the typically
Arctic copepods Calanus glacialis, C. Hyperboreus, and Metridia longa,
are all common in the cold layer of the Gulf, as is also the Arctic
Mysid Boreomysis nobilis (Maclellan, pers. comm.).

For most of our knowledge of the biogeographical position of the Gulf
of St. Lawrence we are indebted to Dr. E. L. Bousfield of the National
Museum (Bousfield, 1956, 1960, and Bousfield et a/., in press), who
has established that the fauna consists in part of Arctic and Subarctic
forms whose distribution ranges from the Arctic Ocean to the Gulf of
Maine, and partly of temperate or Virginian forms, ranging in
distribution from the southwestern part of the Gulf of St. Lawrence
and western Nova Scotia to northern Florida and the Gulf of Mexico.
General information on the fauna of the Gulf would not be appropriate
here. Details of the seals, whales, and fishes are published elsewhere.

On present evidence, the Gulf is biologically the most productive
Canadian marine region, and in fact it has several characteristics which
should make it so. It is for the most part fairly shallow, which favors
the ready return of the nutrients to the euphotic zone and encourages
large phytoplankton and seaweed production; at the same time it
possesses a deeper channel which supplies nutrient-rich water from the
shelf outside the Gulf; it is an inland sea, which favors the retention of
both nutrients and living crops within itself, and it is in part an estuary,
with the advantage of the ‘entrainment’ effect of the fresh water runoff
which brings deep water to the surface as described above.

The Canadian International Biological Program (IBP) study of primary
and secondary production in the Gulf of St. Lawrence, organized in the
Marine Sciences Centre, McGill University, was undertaken during three
and a half open seasons from 1969 to 1972 (Steven, 1971; Bulleid and
Steven, 1972). The results of this massive survey have still to be
analyzed fully, but certain broad outlines are clear. Primary production
is highest in the western part of the Gulf, especially in the Gaspe
Passage, and falls off progressively to the east and southeast. The
northeast Gulf is the lowest in production, although by no means
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negligible. The ‘Gaspe Current production system’ is the dominant
feature in the pattern, and is driven apparently by upwelling of
nutrient-rich deep water at the head of the Laurentian Channel in the
estuary, off the mouth of the Saguenay river. The physical mechanism
of this upwelling has not yet been established, but is probably a
combination of entrainment by fresh water outflow, tidal forces, and
the Coriolis effect. The overall pattern is shown in the figures. As the
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Gaspé Current moves east and southeast, the high phytoplankton crop
gives way to high secondary (zooplankton) production in the Magdalen
Shallows; the zooplankton supports the important fisheries of that area.

Chlorophyll concentrations in the Gaspe system were more recently
measured by Platt (1972), using the fluorescence method, in June
1972. Platt's figures are somewhat higher than the McGill IBP
measurements, but not incompatible with them; and moreover Platt
demonstrated areas of especially high concentrations of chlorophyll
which could be interpreted as gyres.

The measurement of secondary production (zooplanktonic herbivores)
is considerably more difficult than the measurement of primary
production, but from present knowledge of standing crops of
zooplankton it is clear that the production levels are in keeping with
the high primary productivity. Estimates of the production of two of
the most important zooplanktonic groups, the copepods and the
euphausiids, are being made at the time of writing.

A most interesting direct relation between variations in fresh water
runoff and commercial catches of several fish and shellfish species has
recently been demonstrated by Sutcliffe (1972). The number of years
of lag, or ‘slip’ required to match the catch against the runoff, is
approximately the age at which the species in question enters the
commercial take. Fresh water runoff, in fact, by virtue of the
entrainment effect, may be responsible for some 60% of variations in
commercial catches.

The commercial exploitation of Gulf of St. Lawrence animal stocks
accounts for more than 40% of the Canadian sea fisheries output. The
information in Table 1 is taken from Dr. B. Muir's (BIO) reduction of
International Commission for the Northwest Atlantic Fisheries
(ICNAF) statistics.

Compared with ICNAF areas 2, 3 and 4 (southwest Labrador Sea, the
Grand Banks region, and the Nova Scotian shelf and slope regions), the
productivity as measured by fish catch for the Gulf was 4.0 metric tons
per square kilometre, 3.0 metric tons for areas 2, 3 and 4 for 1970. For
1969 the corresponding figures were 3.7 and 3.2. The herring catch is
probably on the decline, the mackerel and capelin on the increase, the
remainder holding their own. Most of the fish production stays within
the Gulf, so far as we know. Part of the herring stock moves out along
the south shore of Newfoundland, some of the cod move to the region
east of Cape Breton Island, and the mackerel are fully migratory, going
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TABLE 1

Total 1970 Gulf of St. Lawrence fish catch including winter migrant
herring and cod caught outside. Figures in brackets are the Canadian
catch (metric tons). Included in the totals are those for fish taken
outside the Gulf but of presumed Gulf origin.

Herring 313,889 (313,889)
Cod 179,818 (104,277)
Redfish 87,588 (79,732)
Haddock 581 (575)
Halibut 508 (489)
American plaice 11,005 (10,999)
Greenland halibut 1,112 (1,112)
Winter flounder 2,204 (2,204)
Witch flounder 4,418 (4,415)
Flounder (non-specified) 3,047 (3,047)
White hake 5,795  (5,780)
Mackerel 5,888  (5,888)
Alewife 2,518 (2,518)
Smelt 1,754  (1,754)
Sea scallop 10,221  (10,221)
others (yellowtail, cusk, 4,284 (4,213)

pollack, wolf fish, other
ground-fish, salmon, capelin,
eel, etc.)

TOTAL 635,886 (552,369) metric tons

south during the winter. Foreign fishing activity within the Gulf
increased in 1970, particularly in the cod fishery, and the area has now
been declared an exclusive Canadian fishing zone, ready for unified
management.

There are several invertebrate species of considerable commercial
significance in the Gulf, notably lobsters, oysters, other molluscs, and
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shrimps; and certain of the seaweeds are also valuable economically.
The lobster, in fact, to quote Wilder (1965) is one of Canada’'s most
valuable marine resources. Southwest Nova Scotia and the southern
part of the Gulf of St. Lawrence are the two Canadian areas of their
greatest abundance. The fishery is operated close to shore, usually in
water less than 50 metres deep. The total landed value of the lobster
fishery in 1961 was $17.9 million (compared with 15.4 for cod and 4.6
for haddock in the same year). The southern Gulf lobsters, although
rather smaller than those of other areas, account for more than half the
total Canadian landings.

An economic study of the Maritime oyster fishery has been published
by Morse (1971). and Medcof (1961) produced an excellent general
account of it. Oysters are produced throughout the southern part of the
Gulf from Baie des Chaleurs to Cape Breton Island, the most
important producer being Prince Edward Island. The annual value to
the fishermen is of the order of half a million dollars, and according to
Morse the potential of the industry is very much higher than this. There
is very strong competition from the United States, whose output is
much greater than the Canadian (Atlantic coast), and there has been a
discouraging history of oyster disease and the effects of pollution by
human sewage.

Pollution

“Quebec and the Atlantic Provinces constitute the last North American
stronghold for Atlantic salmon and eastern brook trout” (Trites,
1970). The greatest producer of Atlantic salmon in the world is the
Miramichi system in New Brunswick, and both salmon and trout
populations were seriously threatened by the spraying of the woods
with organochloride insecticides in the 1950’s, in an effort to combat
and control the spruce budworm. Organophosphate substances, such as
Sumithion, were later substituted for the organochlorides, the former
being less damaging to fish. The organochlorides, however, are highly
stable compounds, and furthermore it is to be expected that the supply
of them to the Gulf of St. Lawrence from the enormous drainage basin
of the St. Lawrence River was, and perhaps still is, very large indeed,
and we have very little information as yet on the extent of the damage
done to other animal and plant species as, for instance, the sea birds.
Nor do we know what quantities of pesticides (or of other pollutants,
such as metals) reach the Gulf water by the atmospheric route. Of the
pesticides sprayed from the air, probably only about half reaches the
ground at the site of spraying; the rest becomes air-borne and may
travel considerable distances.
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The gannets on Bonaventure Island (located at the eastern end of the
Gaspe Peninsula) are suffering from the thinning of their egg shells, one
of the consequences of organochloride intake in the diet. Their diet
consists very largely of small to medium-sized fish, including herring
and mackerel. The limited information we have on the pesticide
content of indigenous fishes in the Gulf indicates that the level is low
(less than 0.1 ppm for the whole fish, and from 6 to 15 times as high
for the viscera alone). The level in mackerel is considerably higher, up
to 1.0 ppm for the whole fish, and in all probability the mackerel gain
these levels outside the Gulf. Our knowledge of the whole matter of
organochloride concentrations in the Gulf, however, as of most other
pollutants, is still rudimentary.

There are approximately 50 pulp and paper mills whose effluent
reaches the Gulf of St. Lawrence. The complaint about this effluent is
that it is aesthetically displeasing, which is a serious effect with regard to
tourism and the interests of riparian owners. At river mouths the
effluent discourages salmon from migrating upstream and, if con-
centrated in a contained area, can impose abnormally high oxygen
demands on the water.

Trites (1970) has estimated that some 200,000 Ib of mercury are
released annually into the St. Lawrence watershed, most of it coming
from the Chloralkali industry. The threat is clearly to the River rather
than to the Gulf. Quoting from Trite’'s report: “Lesser amounts of
mercury may reach the Gulf from other sources, such as pulp and paper
mills. As of 1968, five mills situated in the Gulf of St. Lawrence
drainage basin were reported to be still using mercury compounds as
slimicides, although the total annual usage was probably only of the
order of 3000 Ib of phenylmercury acetate (Fimreite, 1969).” And
again: “In the Gulf of St. Lawrence, analyses have been undertaken on
clams, herring, flounder, mussels, lobsters, crabs, oysters and shrimps.
Preliminary results indicate that apart from a few samples taken nearby
known mercury sources, levels have not exceeded the 0.5 ppm (wet
weight) guideline of the Department of Health and Welfare (Bligh, pers.
comm.). Relatively few analyses have been undertaken on the biota
from the St. Lawrence Estuary seaward of the Saguenay. From the
distribution of known mercury sources, it is likely that values in this
area will be somewhat higher than in other parts of the Gulf “(Trites,
1970).
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Petroleum residues (oil) in the Gulf have been studied by Levy and
Walton (in press). The grounding of the Arrow in Chedabucto Bay in
February 1970 had at least one positive result, namely the inauguration
of general studies of the oil problem on our coast. Surveys in the Gulf
were made in the summers of 1970 and 1971, the results of which are
reported by Levy and Walton. The most interesting conclusion is that
the concentrations of dissolved and dispersed residues are higher
outside the Gulf than inside, and that there is a constant influx of oil
with the water entering through Cabot Strait. In the deep water of the
Gulf there is a progressive reduction of the concentration with distance
from Cabot Strait, from 5-10 pg/l to less than 1pg/l. The authors point
out that the dissolved oxygen values decrease in a similar pattern (see
above), and that the biological degradation of the oil probably plays a
part in the oxygen decline. Surface oil was found to be present at half
the stations occupied, in concentrations less than 100ug/l, except in
the vicinity of the Whale, a barge sunk in September 1970 on the
Magdalen Shallows carrying a cargo of 4000 metric tons of fuel oil,
where concentrations as high as 12,400 pg/l were recorded. The Whale
sank intact, or almost so, and has been leaking persistently ever since.

Future Work, Future Management

This account of the state of our knowledge about the Gulf of St
Lawrence may give the general impression that we know quite a lot
about it. A false impression, unfortunately; in fact, we are still quite
ignorant of many of, the most vital points required to give us a real
understanding of the mechanism of the Gulf as a whole and therefore
to make management of its resources finally possible.

We talk much today of the ecosystem, of systems analysis and the
systems approach to many sorts of scientific problems, an approach
which is both appropriate and useful. Dickie (1971) has emphasized the
need to discover what the limits of such systems are in the Gulf of St.
Lawrence, and he has proposed to define a ‘system’ as a “set of units
combined by nature or art to form an integral, organic or organized
whole; an orderly working totality”. By that definition, which is an
excellent one, the whole world in all its complexity and its diversity of
the physical, the biological, the historical and the human, is a system,
which indeed it is; so that within that large system all we can hope to
do is to identify subsystems, and these subsystems will be open and
interconnected. In order to understand a mechanism such as the Gulf of
St. Lawrence, it is necessary to break it down into units, or subsystems,
and then to build models of them based on measurements in the field.
It is this ecosystem research that we now have to do in order to manage
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the resources of the Gulf satisfactorily, and it requires study of the
physical units (bodies, populations), rate processes (photosynthesis
rates, growth rates), and interrelations between them. To use a parallel
from a smaller scale, in order to understand the working of a molecule
it is necessary to know both the atoms and the bonds between them,
and the one is as important as the other. This is the essence of
interdisciplinary research.

The Gulf of St. Lawrence system, for our purposes of resource
management, must obviously include the human society and its
economic life, determined by the facts of the productivity, climate
history and geographic position of the Gulf. But to treat that side of the
system adequately would require an article at least double the length of
this one, and an author with a different sort of training. It is necessary
to end here, therefore, on a note of invitation.
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ieledl  The Bedford Institute of Oceanography
and Industry - Experience and Progress
in the Past Decade

R. L. G. Gilbert, C. S. Mason, Atlantic Oceanographic Laboratory

Over the past ten years the Bedford Institute of Oceanography has
developed close working relationships with Canadian industries,
particularly with firms in the Halifax-Dartmouth region. As a result of
growing recognition of the importance of the resources of the sea and
the problems of marine pollution, this liaison is receiving careful
attention. An opportunity to further increase industrial involvement at
the Institute is presented by the new ‘make or buy’ policy of the
Federal Government. This policy, which is based on recommendations
contained in Volume 2 of the Lamontagne Report', states that 50% of
government research will be carried out by contract with industry by
1980.

Institute contacts with industry cover a wide range of activities, and
may usefully be divided into four broad categories:

- outside services providing support to projects carried out by
Institute staff, e.g. equipment maintenance;

- contracted research, e.g. for the design and development of new
equipment;

- transfer of new designs of equipment and new techniques from the

Institute to world markets, using industry as the vital link and to
mutual advantage;

- consulting services, drawing upon the broad base of expertise
available at the Institute.

Services

When the Institute was founded there were insufficient support
facilities in the area to meet all the requirements. This led to a build-up
of in-house competence which naturally tended to grow to meet all the
needs of the Institute. Only recently has the emphasis swung towards a
greater use of external services.

Services such as illustrations and drafting, photography, and building
maintenance can depend heavily on outside support. To ensure quality
it is essential to have a small group of highly skilled staff employed at
the Institute who are knowledgeable both of the research and survey
programs concerned and of the technology involved in the service. In
addition to quality control, in-house staff also administer the contracts
and guide and instruct the user at the Institute how best to proceed to
meet his requirement. This approach benefits the Institute by
economically providing the level of service necessary to meet the
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demand, which can vary from month to month. It benefits the local
area by encouraging the growth of support industry which is a material
factor in attracting new industries.

Electronic and electro-mechanical equipment which is normally used in
the laboratory rather than in the field can well be serviced by local
industry. Currently most of the electronic test equipment as well as
several types of highly specialized and unique apparatus are maintained
under contract. The success attained in contracting out. many service
requirements is leading to a gradual transfer of more of this work to
industry.

It has traditionally been considered essential for the Institute to provide
maintenance facilities and skilled personnel in the field programs and
aboard ships. Yet these skilled staff are employed in the field for only a
portion of each year and when at the home base are occupied with
more routine technical services. We are attempting to broaden the
involvement of industry by contracting for the services of skilled
technologists required to support selected surveys in the field. It is
possible that eventually only sufficient maintenance staff will be
retained in-house to ensure quality and provide contract management.
However, experience has shown that to monitor and control the quality
of contracted work we must continue to employ a nucleus of highly
skilled personnel who are familiar with the problems of working under
the difficult conditions aboard ships and at remote land-based support
stations.

An increase in the use of contracted services may also be observed in
the Institute’s ship charter program. Some of the more routine survey
operations have been successfully transferred to charter vessels and in
1972 a complex hydrographic and geophysical charting program was
highly successful using a chartered ship. The seasonal nature of
requirements such as surveying makes the use of a charter advantageous
as the vessel is ‘off strength’ immediately at the end of our requirement
- thus we need not maintain an expensive facility in a standby
condition. While we shall always require highly sophisticated research
vessels on a year-round basis, probably provided in-house, recent
experience has proven that some requirements can be successfully met
by chartering commercial ships. We are transferring our seasonal vessel
requirements to long term, five-year charters, which ensures continuity
of program both to the Institute and to the supplier.
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Contracted research and professional services

The first experience at the Institute with a completely funded research
and development contract dates back to before the opening of the
present building in 1962. The project, for the development of a
comprehensive shipboard plotting system, was a complete disaster. The
specifications were unrealistic and incomplete, and the contractor
grossly underestimated the costs and was also inexperienced to the
point of being incapable. The project was probably technologically
impossible at that time. As a result several hundred thousand dollars
and considerable ship-time were wasted. These events made it clear that
in order to interpret and translate the needs of the user to the designer
the Institute requires engineers on staff who are closely involved with
the field programs. The requirements of the Institute for improved
productivity can only be interpreted and translated into technological
development if the real needs of the user can be communicated to the
designer.

As a result of the above experience a different approach was used when
the Institute attempted to acquire a new instrument by outside
contract. This time detailed specifications for the completed and
working item were provided. The first instrument produced using this
approach was also a failure despite the fact that it was developed by a
Canadian company which was a world expert on land-based instruments
of similar type. At the heart of the problem was a failure of the
Institute and the developer to fully recognize the requirements for
extended periods of field trials before an instrument can be successfully
completed.

Over the past ten years, experience has shown that the vast majority of
oceanographic equipment, even apparently true and tried equipment,
does not work when received at the Institute. In many cases the
problems are minor and are relatively easily rectified after field testing,
but it is sometimes necessary either to undertake considerable redesign
or to reject the instrument as unsatisfactory. In recent years more
recognition has been given to this, and a period of extensive trials,
jointly carried out by the Institute and the developer, is now part of
any program for the acquisition of new equipment. These trials in
effect constitute a major subsidy to the company developing a new
product for the world-wide market. Several non-Canadian firms have
benefited from this type of indirect support, leading to a successful
product subsequently manufactured out of Canada. Recognition of this
has now led to a more determined drive to channel this type of
development to Canadian, and preferably local, industries.
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There remain several sources of delay in setting up a development
contract with a local industry. The necessity of considering most
seriously the lowest bidder for any contracted item does not always
favour the selection of a young local firm against established foreign
competition. It is not yet clear how or whether government make or
buy’ policy will tackle this problem and achieve the objective of
developing Canadian industry in a competitive economy.

A second problem which we have not yet solved relates to the delays
caused through contracting procedures within government agencies.
This particularly affects the scientist who requires a new item of
equipment to be developed as quickly as possible. Hopefully, as new
procedures are developed and as contracting becomes more routine, less
time will be lost in initiating new projects under government contract
regulations.

Another problem relates to the delays involved in attempting to obtain
services in the local area. Obtaining expertise locally is a difficult
problem; at least twice we have delayed programs for about one year in
attempts to obtain local support. In both cases the work had to be
finished in-house and seriously delayed the successful completion of the
scientific program. The inevitable reaction on the part of the user was a
reluctance to go outside within the short-term range of any single
program. As science-based industries expand in the local area much of
this difficulty will disappear, but several more years at least will pass
before we can expect an immediate local response to some difficult or
unusual problem. We do not believe that the permanent solution lies in
sending the work out of the region to central Canada (where many
services are readily available which give a quick turn around) because of
problems of communication and also the difficulties such services have
in understanding the complexities of the marine environment (the latter
increasing rapidly with the distance of the firm from the sea).

The Federal Government has announced its intention that 50% of
government research will be carried out by contract with industry by
1980. If the capability to carry out this work is going to exist, industry
will clearly be employing large numbers of research and development
staff. It is likely that an appreciable proportion of this staff will be
recruited from government laboratories - indeed the process has already
begun at the Institute - but, during the next two or three years, most
firms will not be financially in a position to hire full-time staff.
Part-time staff may be hired, from universities or government
laboratories, in order to handle the first contracts. Rules concerning the
part-time employment of government staff by industry are not clearly
laid down, but in recent years several Institute staff have been granted
leave of absence without pay so that they can carry out consulting
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work with a commercial enterprise. No doubt the introduction of the
‘make or buy’ policy will force the clarification of this issue, either in a
formal or in an informal manner, as the demand for research and
development staff grows.

The recent drive to transfer equipment originally designed and
developed at the Institute to industry has led to a greater participation
of non-Institute engineers in our field program (see ‘Transfer of new
equipment’ below). In addition we have had industrial engineers
participating in field programs to test marine equipment which they
have developed but which is intended for non-Institute applications.
While it may seem difficult to justify this direct subsidy to a local firm,
it must be remembered that such projects develop a base of greater
experience in ocean engineering within Canada and in particular in the
Halifax-Dartmouth region. The ‘make or buy’ policy should enable us to
increase this base and expand science-based industries in this area,
already a major world centre for oceanographic research. There are
already approximately 586 scientists, engineers and senior technical
staff working in the marine sciences field in the Halifax-Dartmouth
area’; thus, assuming a ratio of professional-to-support staff of 1:3,
approximately 2000 people are directly employed. With such a large
base on which to build, we hope that a significant nhumber of new
programs at the Institute will have a substantial proportion of outside
participation.

Transfer of new equipment

As a result of the Institute’s research and development programs, a
number of new instruments have been developed in-house over the
years and there has been a continuing program to transfer these
developments to local industry. One of the problems associated with
such transfers has been the very limited local capability for research and
marketing. One of the first instruments developed at the Institute was,
when first commercially available, the only one of its type in the world
market. After completion of the development at the Institute and the
successful licensing through Canadian Patents and Development
Limited all work on the project ceased at the Institute. As a matter of
policy no diversion of effort was made to continue engineering support
to the licensed manufacturer on the assumption that continued
subsidization would not help and might hinder commercial success. The
manufacturer made design changes which prevented the instrument
from giving correct results, and in addition after several years a newer
and much improved version became available elsewhere. The failure of
the locally built instruments reflected badly on the Institute and on the
original developer, and resulted in a major financial loss to the
manufacturer who had an unsaleable inventory on hand: As a result of
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this experience we now continue some support for an instrument
marketed after Institute development. Test facilities in the field and at
Institute laboratories are provided and the Institute endeavours to keep
informed of any new innovations which might cause quick obsoles-
cence.

Recently one of our engineers has assumed the responsibility for
technological transfer and we are working much more closely with
manufacturers of Institute-designed apparatus. A major bonus to the
Institute from this program is that the transfer from a prototype unit to
one which can be manufactured routinely from engineering drawings is
much more successful. We aim never to build more than one of any
piece of apparatus, thus ensuring development staff are not employed
in routine production. The assistance from local industry in producing a
marketable version frees our own staff from the type of work which, by
its very nature, is not done well in a research facility.

During 1972 we have concentrated on supporting the manufacture of
two new developments of the Bedford Institute of Oceanography, both
licensed through Canadian Patents and Development Limited. The first
of these is a porpoising towed body called Batfish which undulates
continuously between the surface and 200 m depth while towed
forward at a speed of up to 8 ms™. The body carries a number of
sensors which make in situ measurements and transmit data to the ship
for interpretation. Used to study density distributions in the upper
mixed layer, it is currently being employed for studies in the Gulf of St.

Batfish
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Shallow water rock core drill.
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Lawrence and in the International Field Year for the Great Lakes. In
July 1972, using the CFAV Bluethroat, a cruise was conducted on
which the Batfish system was demonstrated to a number of
non-Canadian purchasers. Development of the Batfish system is
continuing and we anticipate that several new sensors will be
commercially developed in 1973, with the Institute assisting in field
trials. A newly developed shallow water rock core drill was also tested
from the Bluethroat during the summer of 1972. This drill is designed
for operation on the continental shelf and will retrieve a 2 cm diameter
core of rock up to 6 m in length. A commercial user of this type of
apparatus participated in one of the cruises. We now hope that further
development of the drill by this user will result in improvements which
will in turn benefit the Institute; in 1973 we hope to participate in a
‘non-Institute’ cruise during which these developments will first be
tried.

Consulting services

As a result of the diversified program at the Institute, we have experts
on staff from a variety of scientific and engineering disciplines. Thus
the Institute is a source of expert knowledge and our staff are
frequently involved in providing advice on a variety of local, national
and international problems. We are consulted on many aspects of new
industrial developments which relate to the sea. Our staff have been
concerned with environmental impact studies for new oil. handling
facilities at Lorneville, New Brunswick; Come By Chance, Newfound-
land; and Canso, Nova Scotia. An extensive study of the wave climate
of Halifax Harbour was initiated in support of container pier
construction. Geologists, geophysicists and physical oceanographers
have been consulted on a variety of topics (such as meteorology, wave
climate, bottom sediments, and bathymetry) associated with offshore
oil exploitation. Institute experts are involved with international
problems such as deep-sea dumping, law of the sea, and marine
transportation.

The Institute’s role often goes beyond the provision of expert advice
alone. It is sometimes necessary to conduct field studies on which to
base an expert opinion. Thus the Halifax Harbour wave study involved
the installation of several measuring stations and a program of complex
data analyses before specific conclusions and recommendations could
be made. More data on currents were required at Come By Chance, and a
cruise was conducted to install strings of current meters at carefully
selected critical points. The Institute played a major role in the
environmental crises associated with the sinking of the tanker Arrow in
Chedabucto Bay, Nova Scotia, and the ‘red’ herring phosphorus
pollution incident in Placentia Bay, Newfoundland.
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The Institute is represented on the local Marine Applications Council.
The Council is a group of industrial and research experts from the
Atlantic region with a common goal of fostering development of
Canada’s maritime resources in a meaningful and well planned fashion.
Another point of contact with industry has been in recent scientific and
technical missions to Japan and the Federal Republic of Germany.
These missions, which are sponsored by the Ministry of State for
Science and Technology, serve a twofold purpose: the relationship
between the Institute and Canadian industries is strengthened as a result
of joint participation in a mission with a common goal; and the prime
purpose of broadening Canadian international contacts is achieved.

A major program in which the Institute and industry participated
jointly was a recent geophysical study in Baffin Bay. This joint
industry-university-Institute program has been cited by A. E. Pallister,
Vice-Chairman of the Science Council, as an example of fruitful
scientific cooperation.

Conclusion

The Bedford Institute of Oceanography is involved with Canadian
industry in many facets of its work. This symbiotic relationship will
continue to develop, particularly as the government's ‘make or buy’
policy results in a more free and easy exchange of people and ideas
between industries and government laboratories. We can look forward
to an interesting and challenging future as Canadians (and in particular
scientists and engineers in the Halifax-Dartmouth area) combine their
talents to meet the expanding challenge of using and managing our
marine environment.
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ToC Marine Pollution Research

D. C. Gordon, Marine Ecology Laboratory; A. Walton, Atlantic
Oceanographic Laboratory

Pollution is generally defined as the deleterious alterations occurring in
the environment as a result of man’s activities. Pollution is as old as
man but few recognizable problems were apparent until the coming of
the industrial revolution at the end of the nineteenth century. Since
then both the extent and severity of pollution have been increasing
steadily such that today even the oceans are showing signs of serious
pollution.

Pollution has brought about the most obvious changes to the marine
environment in coastal and estuarine areas. Many river estuaries in
developed nations have lost forms of biological life and, in several
instances, the chemical conditions have changed from oxidizing to
reducing during the past few decades. In many cases these profound
changes can be ascribed to the discharge of sewage (substantially
untreated) to coastal waters. In the major industrial areas of the United
Kingdom it has been estimated that 80% of all estuaries are in poor
condition and in need of improvement, and 40% are considered to be
grossly polluted. In the United States, in the case of the Hudson
estuary, it is understood that the assimilative and recycling capacity of
the water body for nutrients (e.g. phosphates, nitrates, silicates) is
already being exceeded by a factor of 5 to 10.

Until recently there was little interest in marine pollution outside of
coastal areas. Few people realized that problems existed or were even
developing in the seas and oceans. However, numerous pollution studies
have recently been stimulated at marine laboratories throughout the
world by many alarming events and observations:

- the increasing frequency of oil spills and occurrence of tar lumps on
the sea surface and beaches near major shipping routes;

- the reports of high concentrations of toxic metals in certain food
fishes;

- the apparent widespread distribution of organochlorine pesticide
residues in marine organisms from all depths and geographic regions of
the sea.

Pollutants entering the marine environment can be divided into two
distinct categories: ‘natural’ and ‘man-made’. Natural pollutants are
compounds which are products of natural processes; included in this
category are: unrefined petroleum compounds, heavy metals such as
mercury and cadmium, and nutrients such as nitrogen and phosphorus.
Because of man’s influence the flux of these compounds into the
environment has accelerated. Studies of their behaviour are complicated
by the need to distinguish between the natural background concentra-

67



tions, which can fluctuate quite significantly from time to time and
place to place, and the amounts added as a result of man’s activity.
Failure to recognize and appreciate natural concentrations and
fluctuations can introduce serious errors in interpreting results.

Man-made pollutants on the other hand are those that do not occur
naturally but have been synthesized by man; such as, certain refined
petroleum products, halogenated organic chemicals such as DDT and
polychlorinated biphenyls (PCB’s), plastics, detergents, pharma-
ceuticals, and radioactive elements. Since there is normally no natural
background concentration the mere presence of these substances in the
ocean indicates contamination. This broad group of pollutants is
generally more persistent and perhaps more dangerous than natural
pollutants since natural systems may not be capable of utilizing,
degrading, and recycling them.

Marine pollution research involves many scientific disciplines, including
meteorology, physical and chemical oceanography, geochemistry,
physiology, and ecology. All must work together to tackle the problem
of a suspected pollutant, deciding whether or not it is endangering the
health of the ocean. This multidisciplinary approach requires both
investigators with broad scientific backgrounds in oceanography and
research teams composed of specialists with different scientific
backgrounds.

All pollutants reaching the ocean can be classed as chemicals, with the
exception of heat. When a new pollutant is recognized the first step in
its investigation is the development of suitable analytical methods for
detecting it in different reservoirs of the marine environment (in the air
as aerosols, in seawater as suspended matter, in organisms ranging from
plankton to whales, and in sediments). This is the task of analytical
chemists. It is a generally difficult one because pollutant concentrations
are extremely low, often in the parts per billion range. It is not
surprising therefore that most analytical methods developed to date are
for measuring pollutants in marine organisms where concentrations are
usually greatest. For example, concentrations of organochlorine
residues in seawater are only a few parts per trillion while in organisms
they generally range from 1 to 10 parts per million. When analytical
methods become used routinely in different laboratories it is imperative
that interlaboratory calibration checks are frequently made to ensure
that all analyses are comparable.

Once an analytical method has been developed in the laboratory,

suitable sampling procedures must be devised; such sampling is
generally done from ships. The problem is to avoid contamination of

68



the specimen during the sampling operation since all vessels constantly
exude many of the same pollutants as those under investigation; for
example: petroleum hydrocarbons originate from stacks, deck machin-
ery, bearings and bilges; trace metals are present in rust and paint chips;
and even chlorinated hydrocarbons, such as PCB's, are present in
hydraulic fluids. These pollutants can quickly spread across the sea
surface and easily contaminate samplers being lowered to deeper water.

Having developed accurate analytical and sampling procedures a survey
can be conducted, in the marine area of interest, to determine the
pollutant concentration and distribution in different environmental
reservoirs. Again, care must be taken in the case of natural pollutants to
distinguish true pollutant concentrations from natural background
levels. This may require several years of observation in regions where
seasonal changes are extreme, such as off eastern Canada. The whole
issue of mercury contamination in pelagic fish was confused by failing
to understand natural background concentrations. Recent evidence
strongly indicates that high mercury concentrations occur naturally and
are not the result of pollution.

When significant quantities of a pollutant are found in the marine
environment it is necessary to determine where it originated. It is
important to measure the rates at which a pollutant is introduced into
the ocean and to understand the points and mode of entry. Pollutants
generally enter the ocean from rivers, precipitation, atmospheric
fallout, waste outfalls, ships, etc. Most pollutants enter the ocean in the
northern hemisphere near the large population and industrial centres.

Once a pollutant enters the ocean, concern turns to its dispersal and
transportation away from the injection point; both physical and
chemical processes are important here, including the chemical form(s)
and transformations of the substance.

There is increasing interest in the development of physical models
which explain, and which can be employed to predict, mass movement
of water in estuaries, coastal zones and the deep ocean. Although
estuarine areas have recently received most attention by modellers the
predictive capability of the ensuing models is apparently quite limited
at this time. Significant difficulties appear to arise because of the large
time variations occurring in such physical parameters as fresh-water
inflow and wind-stress under natural conditions. In many estuaries the
situation is further complicated by the variability caused by man, e.g.
the modification of the fresh-water inflow of rivers - a good example
of which is to be found in the St. Lawrence Estuary where the pattern
of river inflow from the Quebec drainage area has changed substantially
with the installation of hydro-electric schemes during the past decade.
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Of particular interest in studies of the chemical factors affecting
dispersal and transportation of pollutants is the role being played in the
oceans by sea slicks or surface films. These less-soluble films - organic
in nature - are suspected as being of significance in the transport of
some of the more notorious organic pollutants such as DDT, other
chlorinated hydrocarbons, and perhaps even the organometallic
complexes of heavy metals. Petroleum products occurring in the oceans
and originating from a number of sources, both natural and man-made,
not only serve to increase the occurrence of such surface films but also
constitute a route whereby pollutants can ultimately be transferred to
the biota in the process of biodegradation.

When significant concentrations of a pollutant are detected in the
environment it is necessary to determine what the hazard is. It is the
role of the life scientists, principally physiologists and ecologists, to
determine if the pollutant in question affects the ecological health of the
oceans in the form(s) and at the concentration in which it is found.

In studying the interaction between pollutants and marine organisms
two approaches are taken, (1) how do organisms affect pollutants, and
(2) how do pollutants affect organisms. The first approach considers
the transfer and alterations of a pollutant as it passes through biological
systems. It is important to understand how pollutants are taken up by
marine organisms and how they are subsequently altered and
transferred. Numerous mathematical models have recently been
developed which describe the dynamics of pollutant transfer in marine
production systems. It now appears that pollutants such as mercury and
organochlorine residues are not primarily concentrated through the
food chain, as was earlier thought, but are taken up from the water
around an organism at rates related to body size and metabolism. The
second approach considers the effects a pollutant can cause on
organisms that come into contact with it. Most work to date in this area
has been done using acute toxicity experiments which have many
shortcomings. More effort is now being expended to study the
long-term, sub-lethal effects of pollutants on biological processes such
as reproduction, growth, feeding, behaviour, and survival; this is being
done at various organizational levels ranging from single organisms to
entire  communities,

In order to determine the real threat of a pollutant in the sea a
multi-disciplinary study is obviously required. At the present, most of
the work in this field is done by university and government scientists
who find it increasingly difficult to keep up with the ever-expanding list
of new compounds introduced into the ocean each year.
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The Marine Ecology Laboratory, the Atlantic Oceanographic Labora-
tory, and the Atlantic Geoscience Centre, the three research labora-
tories at the Bedford Institute of Oceanography (BIO), are all involved,
often jointly, to varying degrees in marine pollution research. Also
located at the Bedford Institute of Oceanography are the laboratories
of the Environmental Protection Service, the federal agency responsible
for the abatement of pollution in both the marine and freshwater
environments. Two principal geographic regions in which marine
pollution research is being conducted by scientists at BIO are the Gulf
of St. Lawrence and a section between Halifax and Bermuda.

In the Gulf of St. Lawrence there has been growing interest in
understanding the various chemical, biological, physical and geological
processes. This interest has led to the proposed Gulf of St. Lawrence
Program, a multidisciplinary study of the Gulf spread over a period of
several years. However, a considerable amount of marine pollution
research has been in progress in this area for some time. Within the
geosciences studies have been directed toward a better understanding of
the influences of sedimentation processes on heavy metal pollutants. In
addition, certain paleontological studies relating to population changes
occasioned by industrial effluents are being performed. Physical and
chemical studies have been focussed on: the distribution of suspended
and floating petroleum residues and pulp and paper wastes; the
concentration of pesticide residues and PCB's in different types of
marine organisms and in sediment; and the determination of mercury in
sediments. The occurrence and distribution of petroleum residues has
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produced some interesting conclusions as may be seen from some of the
data presented in the figures. It is clearly evident that at the time of the
studies certain ‘hot spots’ were detectable. Leakage from the sunken
barge Whale is undoubtedly responsible for one hot spot on the
Magdalen Shallows. Other localized areas of high concentrations of
dissolved and particulate petroleum residues are believed to be
attributable to shipping activity. On the whole, however, the pattern of
concentrations is more likely the result of oceanographic conditions
prevailing in the region.

The Halifax-Bermuda section is of interest because it crosses a wide
variety of marine environments: Halifax Harbour and Bedford Basin,
the Scotian Shelf, slope water, the Gulf Stream and the Sargasso Sea.
The concentration, distribution, and effects of various pollutants can
therefore be compared under quite different conditions ranging from a
busy harbour to the open sea far from land. This section is also of
interest for marine pollution research because it lies just downwind of
northeast North America, a region of concentrated industrial activity.
To date along the section there have been studies of: the concentration
and distribution of suspended and floating petroleum residues; the
effect of observed petroleum residue concentrations on marine
phytoplankton photosynthesis: the concentration and distribution of
total mercury in seawater; and the concentration of pesticide residues
and PCB'’s in marine zooplankton.

72



In Canada a comprehensive survey of the degree to which pollution is
now affecting coastal areas is needed. Studies of some of these key
areas have been, and still are, underway; such as, Bedford Basin in Nova
Scotia, and the Strait of Georgia in British Columbia. However, an
assemblage of knowledge for the country as a whole is an important
task. From such a review a national policy could be developed for the
continued development of the coastal area in keeping with environ-
mental constraints.

As far as the high seas are concerned Canada undoubtedly has a
commitment to pursue scientific endeavours leading to greater
understanding of these areas. The fact that pollution knows no
boundaries in the atmosphere is also evident in the oceans. Coastal
waters and the further reaches of the oceans are inseparable as far as
physical, chemical and biological transport mechanisms are concerned.
In the past two years Canada has participated in discussions of marine
pollution matters and will continue to do so in the future. As a
consequence of the international deliberations on environmental
concerns held in Stockholm in June 1972, Canada has recognized her
obligations to cooperate with others in actions dedicated to the
preservation and enhancement of the quality of the oceans. Inter-
national agreement was reached in December 1972 to limit the practice
of dumping of hazardous chemicals and other pollutants in the oceans.
Although this agreement is in need of strengthening it does represent a
considerable step forward. Within the next two years further
international agreements are likely to be forthcoming. These will deal
with pollution from ships’ activities and the development of a
comprehensive law of the sea regarding the many aspects of the usage
of the oceans.

It is to be hoped that Canada will continue its role in environmental
matters as a country dedicated to concern for the surroundings. In
performing this role, however, Canada must be committed to the
development of tidiness in-house, i.e., in inland waters and Coastal
areas, in order to be able to speak forcibly in the international forum.
In-house attitudes rest eventually on the desires of the people for a high
quality of life as opposed to more immediate desires which may, in the
long term, lead to irreparable environmental damage.
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Baffin Bay - One Piece in the Jigsaw
Puzzle of Global Tectonics

D. I. Ross, Atlantic Geoscience Centre

Baffin Bay is a small intercontinental sea separating Greenland from
Arctic Canada. To the south it is separated from the Labrador Sea by
the Davis Strait sill and to the north from the Arctic Ocean by Nares
Strait. Additional access to the Arctic Ocean is provided by the Arctic
Channels, notably Lancaster Sound.
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Map of the Baffin Bay area showing in simplified form the geology and
bathymetry.
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The central basin of Baffin Bay reaches a depth of 2400 metres. To the
east, the continental shelf of West Greenland is broad and deep,
typically 400-600 metres. To the west the Baffin Island continental
shelf is narrow and, for the most part, at depths of less than 200
metres. Numerous transverse troughs cut both continental shelves.
There is a particularly prominent marginal channel in Melville Bay,
approximately parallel to the northwestern Greenland continental
margin; bathymetry data fail to reveal similar major features parallel to
the Baffin Island shelf. To the south the bay shallows gently to 600
metres over the Davis Strait sill. Early magnetic data suggested this sill
to be at least partly basaltic in nature, and possibly related geologically
to the Tertiary basalts occurring around Disko Island and Cape Dyer, In
the northwest there is a gradual shallowing into the southern portion of
Smith Sound. The topography here is irregular but is generally
shallower than 600 metres (Keen et a/., 1971).

The onshore geology surrounding the Bay is dominated by Precambrian
crystalline rocks. These rocks are overlain in places by late Precambrian
and lower Paleozoic sediments and on opposite sides of Davis Strait by
Cretaceous and Tertiary sediments and volcanic rocks. These volcanic
rocks are part of the Brito-Arctic province of Tertiary igneous rocks
stretching from West Scotland to the eastern part of Baffin Island.

In 1970 seismic refraction measurements showed that Baffin Bay was
not underlain by continental material as had been sometimes suggested.
The crust was surprisingly thin, the crust-mantle interface being only 10
km below the sea surface. This meant that Baffin Bay was in fact a
small ocean (Barrett et a/., 1971). Subsequent refraction measurements
in the area (Keen and Barrett, in press) have shown an almost uniform
thickness of 4 km of sediment across the central portion of the bay, as
illustrated in the following figure. The sediment thickness increases to
6-7 km in the northern limit of the deep basin.
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Crustal section across Baffin Bay from west to east as deduced from the
seismic refraction lines C2, C3, etc., spaced approximately 50km apart
across the deep central portion of the Bay (from Keen and Barrett 1972).
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The results of the seismic measurements raise the question of the origin
of Baffin Bay. From an examination of aeromagnetic profiles across the
Labrador Sea, Hood and Godby (1964) suggested that the Labrador Sea
was formed by sea floor spreading from a central Mid-Labrador Ridge.
Le Pichon et al. (1971) identified a central ridge using seismic reflection
techniques. In their reconstruction they suggested that the Labrador
Sea ridge was offset from a similar spreading centre in Baffin Bay by a
transform fault through Davis Strait (see figure). In present theories of
plate tectonics, sea floor spreading is the only mechanism which
satisfactorily explains the creation of oceanic crust. The geometry of
the area imposes limitations on any such spreading and is therefore an
important factor in deducing the history of evolution. Since the
thickness of the crust changes from 10 km to 30-50 km across an
ocean-continent boundary with a consequent major change in
near-surface mass, surface ship gravity measurements provide a powerful
tool in mapping the boundary. The extent of this transition zone as
shown by the gradient of the gravity field across the boundary will
depend on how the continental margin was formed and its subsequent
history.

In the summer of 1971 the Marine Geophysics Division of the Bedford
Institute of Oceanography carried out a major geophysical recon-
naissance program in the Baffin Bay area. The main objectives of the
cruise were:

- to study the variations in crustal structure across the bay in order to
delineate any ancient spreading centre which might have been
connected to the Mid-Labrador Sea ridge and which could explain the
origin of the basin;

- to map the ocean-continental boundary as accurately as possible;

- to study some of the major features known to exist on the
surrounding continental shelves which might throw some light on the
history of separation of Greenland from Arctic Canada;

- to obtain information on the crustal structure of Davis Strait and to
determine its importance in the evolution of the bay.

Although reconnaissance in nature the cruise proved very productive.
Seismic refraction studies (Keen and Barrett, in press) indicated a
remarkably uniform crustal section across the bay (see above figure)
but failed to indicate the presence of a buried ridge, a feature normally
associated with spreading centres found in major oceans. Of interest
also was the suggestion that the depth of the crust-mantle interface
increased significantly towards Greenland; this was further borne out
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by gravity measurements. A long reflection line through Davis Strait
indicated that a considerable thickness of oceanic crustal material
underlies the Strait similar to that observed beneath Iceland. The total
crustal thickness in Davis Strait is 22 km - twice that of the deep bay
to the north. Gravity measurements (Ross, in press) combined with
seismic data from strategic lines have enabled the ocean-continental

boundary to be well defined over most of Baffin Bay.
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A very simplified diagram of a possible ridge, transform fault structure
which may explain the opening of Baffin Bay. The centre of spreading is
defined by the dashed line. Note that spreading associated with the Nansen
Ridge in the Arctic Ocean subsequent to cessation of spreading on the
Labrador Sea, Baffin Bay, Alpha Cordillera system has resulted in the
displacement of the Alpha Cordillera west from the northern extension of
Nares Strait along the Nansen fracture zone.

The transition zones off Baffin Island and Greenland are both narrow,
consistent with the idea that they are primarily rifted margins. The
northern margin at the mouth of Smith Sound is less clearly defined.
Because of its striking linearity, Nares Strait has long been suggested as
a major fault structure, and it has been considered by some (e.g. Wilson,
1965; Vogt and Ostenso, 1970; C. E. Keen et a/.,, 1972) to be a
transform fault connecting the spreading centre through Baffin Bay
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with one of the ridges which crosses the Arctic Ocean, such as the
Alpha Cordillera; this is illustrated in the previous figure. Refraction
measurements in Smith Sound indicated a continental crust although
the total crustal section was not defined. The gravity data suggest a
broad transition zone from the central oceanic area into a region of thin
(~ 20 km) continental crust. Seismic reflection and magnetic data show
several fault-bounded, sediment-filled troughs crossing the shelf in a
northwest-southeast direction, and the reflection data also indicate
cross-faulting within these features - the direction of these younger
faults being approximately north-south. These troughs are aligned with
similar Paleozoic troughs in the Thule-Dundas area and are assumed to
be of a similar age. The cross-faulting within the troughs suggests
tension stress in an east-west direction subsequent to their formation.

Following on from the early government and university work the
petroleum industry commenced exploration in Baffin Bay and the
adjacent continental shelves in 1971 (Pallister, 1972). The thick
sediments suggested by magnetic data (Barrett and Manchester, 1969;
Hood, 1968; C. E. Keen et a/., 1972; M. J. Keen et al., 1972) were of
considerable interest to the petroleum industry, particularly when the
refraction results of 1970 showed velocities consistent with sediments
of Mesozoic and Cenozoic ages which are in turn consistent with the
possibility of oil deposits. As a result a greatly expanded exploration
effort has occurred on the Canadian side of Baffin Bay during the last
two years. It is important to recognize the complementary nature of
the work carried out by industry on the one hand and government or
university research agencies on the other. The research agencies are first
and foremost involved in obtaining a regional framework within which
the geology of the area can be explained. As part of this some
geological structure will require detailed mapping in order to provide
clues to the history of the area. The exploration industry is interested
in looking in detail at potentially interesting sedimentary structures.
The interpretation of data that they obtain in their localized surveys is
very dependent on the regional framework. For example, the
interpretation of seismic velocities in the range 5-7 km/s in Baffin Bay
depends critically on whether the velocities are observed in oceanic or
continental areas.

What then is the regional framework that has emerged? Baffin Bay is an
ocean with a surprisingly thin crustal thickness and abnormally thick
sedimentary cover. It is difficult to envisage how such an ocean could
have been formed except by sea floor spreading in the not too distant
geological past. No direct evidence exists for putting a date on the
opening of Baffin Bay, i.e. the date when spreading was initiated. There
is evidence that the initial rifting of Greenland and Canada occurred at
least 100 million years ago, but such rifting might have predated active
spreading by a considerable span of time. Accurate dating of the
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commencemerit of spreading is important in reconstructing the history
of the area. It is also important in considering the petroleum potential
because it provides a date for the commencement of marine
sedimentation in the area. The following figure shows the ocean-
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continent margin as presently defined. The definition of the boundary
is based primarily on gravity data plus the seismic refraction control
shown; it is uncertain in the southeastern region where the nature of
the outer Greenland shelf is not known. In the northwestern region the
boundary defined from the gravity data lies some 100 km closer inshore
than the topographic expression of the continental margin. Seismic data
in this region are consistent with a considerably increased thickness of
sediment (~ 7 km). This sediment appears to have been derived from
the Arctic Archipelago and transported along the Arctic channels which
formed part of the primary drainage system for the region.

On the continental shelves numerous sedimentary troughs are found.
Lanacaster Sound is a deep, sediment-filled trough opening out into the
northern part of the bay. On the Greenland side the Melville Bay trough
appears to terminate just south of Cape York, and does not link up
with similar smaller features observed in Smith Sound. Similar marginal
troughs do not appear to occur on the Baffin Island continental shelf,
although sparse data in some areas may result in small features being
discovered. In the northern part of this shelf a shallow basement ridge
parallels the shelf edge for perhaps 100 km. However, such features
tend to be small isolated structures unlike the continuous trough and
horst feature in Melville Bay. Presumably all are associated with the
rifting of the two continents.

The relationship of the Tertiary basalts observed on opposite sides of
Baffin Bay at Cape Dyer and Disko Island and their connection with
the basalt pile observed in Davis Strait is still unclear. It is tempting to
relate them to the commencement of sea floor spreading as have
O'Nion and Clarke (1972). The age of the basalts (52 million years)
may be consistent with a major change in spreading in the North
Atlantic-Labrador Sea system (Le Pichon et a/.,, 1971). The offshore
extent of the Disko Island basalts is now well documented (Park et al.,
1971; M. J. Keen et a/., 1972; Ross and Henderson, in press). The
southern limit of at least the shallow basalts is fairly clear but the
possibility of a connection at depth with the Davis Strait complex
cannot at this stage be ruled out. Grant (1972) has mapped the offshore
extent of the Cape Dyer basalts and shown that they may be
continuous with the shallow magnetic sources observed in the northern
Davis Strait but more work is required before the nature and
significance of Davis Strait can be fully understood.
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In considering the evolution of the North Atlantic and Arctic Oceans a
number of authors have discussed the opening of the Labrador Sea and
Baffin Bay. In all these cases virtually no direct evidence has been given
to explain the opening of Baffin Bay, and in fact in most cases little
consideration has been made of the geological constraints in the area.
From the information available prior to 1971, C. E. Keen et al. (1972)
proposed a two-stage evolution of the bay. Essentially this model
proposed some rotation of Greenland away from Canada about a point
in the Arctic Islands plus a second phase of essentially ‘strike-slip’
motion along Nares Strait. Subsequent work in 1971 has provided no
additional conclusive evidence for this model but rather has suggested a
number of possible discrepancies. Primacy among these are:

- lack of evidence of a transform fault in the southern area of Nares
Strait;

- present geometry of the oceanic basin is inconsistent with the
proposed evolution of the basin;

- a remarkable uniformity of sediment thickness in an east-west
direction across the basin;

- a crustal thickness which appears to increase across the basin
towards the Greenland margin.

Two areas of further study are strongly suggested: (1) northern Baffin
Bay continental shelf and Nares Strait area, and (2) Davis Strait and the
Greenland shelf immediately north of Davis Strait. Both these areas
have been proposed as sites of major faulting along which movement of
the continents could have occurred and are critical areas for further
investigation of discrepancies with present models. The resolution of
these questions would go a long way to completing the picture of the
tectonic framework of the Eastern Arctic.
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ToC Director's Remarks

In the period of this review we have not had so major an expedition as
the HUDSON 70 circumnavigation of the Americas, nor a crisis of the
magnitude of the Arrow oil spill, which together loomed large in the
affairs of the Laboratory in 1969 and 1970. Rather it has been
characterized by less spectacular but steady progress across the broad
front of our program: on physical and chemical properties and
processes in ocean waters; on inshore and estuarine processes; on
navigational and resource charting; and on the development of
advanced oceanographic equipment which contributes indirectly to the
development of the marine industry in Canada. Moreover, planning for
the largest and most complex undertaking in the history of the
Laboratory, the Gulf of St. Lawrence Project, has been underway in
close cooperation with colleague laboratories in universities and
government. This four-year, multidisciplinary study is discussed in the
review of the Gulf of St. Lawrence by Dr. M. Dunbar (see Ocean
Science Reviews 1971-1972, Part A of this Biennial Review).

In the latter part of the sixties our program took on a thrust towards
research motivated by the emerging concern for the quality of the
marine environment and for the prevention and abatement of pollution,
although resource development and management remained as the major
objectives. The pattern of sharpening focus on environmental questions
has continued as we have come to appreciate the fundamental nature of
the interdependence of resource development and quality of the
environment. There is an increased sense of urgency abroad in the
world of marine science about the monumental amount of effort that
must be expended to advance the state of knowledge of the oceans. It is
a prerequisite to bring knowledge to a level that will permit mankind’s
use of the oceans and their resources to be well managed, not only for
present needs but those of the generations to come.

The parable of the courtier seems to be coming into its own on the
global scale, even in respect of what was so recently thought of as the
inexhaustible resources and capacity of the ocean to withstand the
pressures of man. The courtier asked as a reward that he be given one
grain of wheat on the first square of a chessboard, two on the second,
four on the third and so on for sixty-four doublings. Little did his king
realize that the last square would need many times the world’s
production of wheat for a year. It is important to note that each square
needs more than all the previous squares together, i.e. 8 is larger than 1
+ 2 + 4. Doubling times of less than twenty years are reported for many
substances entering the sea through the action of man. Some are of a
foreign and dangerous, or potentially dangerous, nature. While action
has been taken to control in some degree the amount of such
substances entering the environment, as for example DDT, there are
many more over which no effective control exists. Moreover, it is

87



generally true that little or nothing is known about their fate in the sea.
These concerns have been extensively documented in the scientific
literature, in the reports of various international study groups such as
GESAMP (Group of Experts on the Scientific Aspects of Marine
Pollution), and in the documentation of the United Nations Conference
on the Human Environment, Stockholm, 1972, to mention only a few.
These concerns and the formal recognition of the need to do something
about them are being expressed in such forums as the Convention on
the Dumping of Waste at Sea, November 1972, the forthcoming Law of
the Sea Conference, and the Intergovernmental Maritime Consultative
Organization Conference of November 1973, which will have for
consideration a protocol on the discharge of toxic substances from
ships.

The Declaration on the Human Environment, approved by the 110
governments in attendance at Stockholm, is a milestone as the first
international political consensus on ways of preserving and improving
man’s habitat. In its preamble the Declaration states that a point has
been reached in history when “we must shape our actions throughout
the world with a more prudent care for their environmental
consequences”. The defence and enhancement of the environment has
become “an imperative goal for mankind”. Such statements add up to
the promulgation of a new ethic of social behaviour which may well go
down in history as one of the most important milestones of our time.

Acceptance of this new ethic must come with the recognition that the
earth is in a very real sense a space-ship, a closed system, entirely
dependent upon what it carries to survive, the only exception being the
absolutely vital supply of energy received from the sun. Mankind must
learn how to live with and to manage the space-ship, Earth, to husband
its large but not unlimited non-renewable resources, to nurture its
renewable resources of air, water, food and all the vast array of other
things we need or want, and to cope with the fact the population cannot
continue to increase for the billions of those now aboard the ship and
the several billion more who will be aboard by 2000 A.D. It is the great
challenge of our time, if not the greatest ever faced by mankind.

For the oceanographer this great challenge is compounded by the
relatively primitive state of knowledge about the oceans. The oceans are
often thought of as the last great frontier on earth; the surface of the
moon is much better mapped than the bottom of the ocean. Yet it is
not an untouched frontier - man’s influence is everywhere. Species of
whales are in jeopardy; stocks of commercial fish are under pressure;
polychlorinated biphenyls are found widespread through the marine
ecosystem; petroleum is observable on the surface and in the water
column almost everywhere over large ocean areas. To the degree the
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frontier is not untouched, so must be the sense of urgency. There is so
much to be done, not just in applied pollution research or monitoring,
or surveillance, but throughout the whole spectrum of scientific
endeavour related to the seas. Without theoretical and basic observa-
tional investigations into ocean dynamics, chemical processes and
biological systems, the exploitation of marine resources and con-
comitant application of control measures are likely to prove at best
inefficient, at worst ineffective. These then are the broad philosophical
considerations that underlie and guide the program of the Laboratory.

It is appropriate to draw attention to the important role of the
Hydrography Division in the Laboratory, particularly on the occasion
of this our tenth anniversary. The Division is part of the Canadian
Hydrographic Service which traces its beginnings back to 1883. The
Service has been an element of the Marine Sciences Directorate for ten
years but its entity as a Service has been preserved and indeed
strengthened as it has gained new recognition for the progressive
character of its program of surveys and the high quality of its output of
navigational, natural resource and fishery charts, and of tides and currents
tables, pilot books and other aids to navigation. The program of the
Division, requiring as it does a heavy use of ship time and other support
services, takes about 40% of the budget of the Laboratory. A
description of the program will be found under the Hydrography
section of the Review. It is readily apparent that the output of the
Service not only serves the traditional role of aid to navigation but vital
new roles in offshore resource development and in the preservation of
the quality of the marine environment.

The HUDSON 70 Expedition continues to be a presence in the Institute
although the ship returned to home base more than two years ago at
this writing. This is particularly so for Dr. C. R. Mann who was
principally responsible for organizing the Expedition and who was its
Chief Scientist for the first four phases, a period of three months, and
later rejoined the ship at Tuktoyaktuk for another month on the
homeward leg to Dartmouth. As one follow-up he is preparing a volume
comprising the collected scientific papers which continue to flow from
the many scientists who participated in the Expedition. It is a special
pleasure to record that the Nova Scotia Technical College on the
occasion of its 1972 Spring Convocation awarded Dr. Mann the degree
of Doctor of Engineering honoris causa for his work in studying the
fundamentals of the physical processes occurring in the ocean,
investigating the Gulf Stream system, heading a winter expedition to
measure the flow of bottom water through the Denmark Strait, and
organizing the HUDSON 70 Expedition that circumnavigated the
Americas.
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It is a matter of some pride and satisfaction to make note of the
appointment, in January 1972, of Dr. B. D. Loncarevic, formerly
Assistant Director (Research) of the Atlantic Oceanographic Labora-
tory, as Director of our new colleague organization in BIO, the Atlantic
Geoscience Centre. His leadership bodes well not only for the Centre
but for the Institute as a whole.

Late in 1971 Dr. W. M. Cameron stepped down to return to the
laboratory bench. From its inception over ten years ago he headed the
Marine Sciences Branch of the Department of Energy, Mines and
Resources (now of the Department of the Environment), of which AOL
is the Atlantic region component. It was during his directorship that
this Laboratory and the Bedford Institute of Oceanography grew from
an idea to its present size and status, thanks in large measure to his
foresight, determination and leadership. Dr. Cameron was succeeded by
Dr. A. E. Collin, who brings to his position not only youthful vigour
and enthusiasm, but a breadth of relevant experience as naval officer,
physical oceanographer, Arctic surveyor and latterly as Dominion
Hydrographer.

Administrative Review

The personnel strength of the Laboratory has reached 552 man-years
and a budget of $10,742,000 during the period covered by this review.

At the end of 1972 the Atlantic Oceanographic Laboratory’s Personnel
Division became part of the Department of the Environment's new
Regional Personnel Services. This unit serves the Maritime Region of
the Department with its headquarters at the Institute. Mr. P. H.
Sutherland, the Division Head, was appointed Regional Manager of the
new service.

The Administrative Division continues