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Foreword

This book concerning life within the oceans is of extraordinary
value and interest. It deals with a subject that is of importance to
eople throughout the world, summarizing in a manner not hereto-
ore accomplished our present knowledge concerning the living re-
sources of the sea. :

In a major respect the book is unusual, if not unique. So often
writings on any given subject represent compendia of accumulated
knowledge and that is the end of them. The striking characteristic
of this book is that its author, with restless purpose, seeks to demon-
strate not so much what is known as what is not known. While this
book is replete with existing information concerning marine re-
sources, its great significance lies in the fact that it so vividly em-
phasizes what still remains to be learned about the life that lies
within the most extensive element of our earth.

The author is under no illusion that these areas of ignorance can
be easily dispelled. He recognizes, as we all must, that the dra-
matic advances that have occurred in the physical sciences are due
in large part to the fact that the phenomena that physicists work
with are regular in their properties and act predictably under given
circumstances, whereas, as the author expresses it, “the principles
that underlie the behavior, the abundance, the very existence of wild
plants and animals, particularly those that live out of sight in the
depths of the sea, are exceedingly elusive—much more difficult to
discover than laws of matter and energy.”

It is not as if the conquest of ignorance concerning marine life
is desirable merely for some theoretical reason. Mankind has com-
pelling need for the immeasurable quantities of self-generating re-
sources that could be drawn from the oceans if there were sufficient
knowledge and skills at our command. It is an undeniable fact
that at the present time the production of organic resources from
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land cultivation is not meeting the basic food requirements of to-
day’s world population in an adequate manner. This expresses the
situation even too temperately, for the truth is that the majority of
the world’s people suffer undernourishment in varying degrees of
intensity. Today the world population is increasing by more than
100,000 each day or more than 40,000,000 annually. The urgent
and essential value of this book, therefore, is its contribution to
thought and action so that the pressing needs of human beings can
be better satisfied.

It is evident that there is a marked shortage of well-trained re-
searchers in marine biology. With today’s competition for scien-
tists of ability, this field is not attracting its due share of talent.
Further, fundamental research in marine biology must be coupled
with research in the social and behavioral sciences if the sea is to
become a more abundant source of food and other resources and if
its products are to be widely used. The author clearly recognizes
that fundamental research is expensive and demands prolonged
dedication on the part of the worker. However, it is this type of re-
search that especially calls for greater talent as well as funds, be-
cause applied research, geared to produce short-run economic re-
turns, can more readily attract financial support. Yet such applied
research can never resolve the fundamental problems that are in-
volved.

The qualifications of Lionel Walford as the author of this study
are exceptional. He is not only eminent in his field of science but at
the same time is sensitive to conditions affecting human welfare.
He is enriched by his contacts throughout the world, both with the
scientific fraternity and with people engaged in the practical aspects
of developing marine resources. He happens to have a warm in-
terest in the problems of less developed areas and is realistic enough
to be aware that the people of these countries have to resolve social
as well as technical questions before increased marine resources be-
come available to them. He rightly maintains that fundamental
knowledge will best be advanced in countries that can command
trained personnel and afford costly equipment. Yet he envisages
that the new knowledge to be derived can, in turn, be put to use in
underdeveloped countries.

The imagination of the world is presently captivated by explora-
tions into interplanetary space, accomplished through the expendi-
ture of huge sums of money and the exercise of remarkable talents.
Yet at our doorstep, so to speak, are the great oceans containing
riches that may be put to man’s use but of which we still know so
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little. Even though there may be no cessation of man’s dramatic
quests into the outer universe, is it not of first importance to dis-
cover ways of supplementing the essential requirements of humanity
on the only planet which promises any guarantee of continuing ex-
istence? May this book, then, prove of far-reaching influence in
pointing the way to a great and immediate task.

Fairfield Osbom
President

The Conservation Foundation



Preface

The sea is a wilderness. Threadbare though that phrase may
have become in poetic literature, it still expresses an overwhelming
fact. The sea is a mysterious wilderness, full of secrets. It is in-
habited only by wild animals and, with the exception of a few spe-
cial situations, is uncultivated. Most of what we know about it we
have had to learn indirectly with mechanical contrivances designed
to probe, feel, sample, fish.

This study was undertaken to determine how the harvest of sea
fisheries could be substantially increased for the benefit of humanity.
Human food needs are world-wide, and so therefore is the scope
of this study. Emphasis, however, has been placed on the problems
of those regions where population pressures and food needs are most
critical.

What I have written is addressed, in effect, to everyone who is
interested in the rich possibilities of the marine wilderness and is
concerned with using the planet intelligently. Specifically, I hope
it will prove both helpful and stimulating to fishery scientists and
students who are preparing for careers concerned with fisheries; to
government administrators of marine fishery agencies; to commer-
cial fishermen, brokers, and processors; and perhaps most of all to
those who direct philanthropic organizations and seek ways to dis-
burse grants for furthering human welfare.

Although we have conquered the land as we have conquered our
ignorance about it, the problem of conquering the sea is much more
formidable and complex. The sea cannot be cleared or plowed,
sown or fertilized, or set apart for the exclusive use of the desired
animals and plants. The open sea will probably always be essen-
tially a wild place, and we who concern ourselves with it had best
accept that fact. But as we become more intimate with the world
of the sea, and with the natural laws governing its inhabitants, we
can develop a science of exploiting its resources and to that extent
the sea need not remain a complete wilderness. One hopeful point
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of attack is the inshore environment which borders many coasts.
Now largely wasted, these could be cultivated economically and
made to yield wondrously rich returns.

The chapters which follow focus more on what is not known
than on what is known. They concern themselves with gaps, with
relatively neglected subjects, and draw attention to important prob-
lems which must be solved before sea fishing can reach a level of
technical competence commensurate with agricultural science. We
must accept the fact that our philosophies and technologies can-
not be radically changed in a hurry. It will take many years to
amass the knowledge, to learn to apply it, and to persuade people
to apply it. Therefore, this study is attentive as much to the fore-
seeable problems of generations hence as it is to those of today.

The material rewards of the special effort which all this research
would require cannot honestly be foretold. The rewards in knowl-
edge, however, could not be anything but rich, so little is our present
store, and at the very least that would be its own reward.

This study was sponsored by the Conservation Foundation, and
its President, Fairfield Osborn, showed monumental patience with
the slow tempo of its progress. So did Lucille, my wife. Informa-
tion, advice, and criticism have been sought from many people in
America and abroad, and their response has been generous indeed.
To all I am most grateful. Among those who have been especially
helpful are Robert Snider and Peter Stern of the Conservation
Foundation; John Lyman and the Hydrographer, U.S. Navy Hydro-
graphic Office; Albert Tester, Paul Thompson, Paul Galtsoff, Ray-
mond Gilmore, Herbert Graham, Clyde Taylor, Charles Butler,
Norman Wilimovsky, John Clark, Reynold Fredin, Robert Rucker,
and George Rounsefell of the United States Fish and Wildlife Serv-
ice; Alfred Redfield of the Woods Hole Oceanographic Institution;
Roger Revelle of Scripps Institution of Oceanography; Richard
Fleming, Erling Ordal, and James E. Lynch of the University of
Washington; Henry Bigelow, Elizabeth Deichmann, William H.
Weston, and William Schevill of Harvard University; George S.
Meyers of Stanford University; Michael Graham, D. H. Cushing,
and John Corlett of the Fisheries Laboratory at Lowestoft, England,;
L. H. N. Cooper of the Marine Biological Laboratory at Plymouth,
England; Harold Barnes, of the Marine Station, Millport, Scotland;
Neville Woodward of the Institute of Seaweed Research, Mid-
lothian, Scotland; Cyril Lucas of the Marine Laboratory, Aberdeen,
Scotland; N. B. Marshall of the British Museum; Georg Wiist of the
Institut fiir Meereskunde, Kiel, Germany; H. Friedrich, Director of
the Institut fiir Meeresforschung, Bremen, Germany; A. Biichmann
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. of Max-Planck Institut, Wilhelmshaven, Germany; Donald Finn,
Jan-Olaf Traung, G. L. Kesteven, and Sidney J. Holt of the Food
and Agriculture Organization of the United Nations; Raoul Seréne
of the Institut Océanographique de I'Indochine, Nhatrang, Vietnam;
H. Saanin of the Laboratory for Inland Fisheries, Djakarta, Indo-
nesia; Boon Indrambarya of the Department of Fisheries, Bangkok,
Thailand; and Alfred Needler of the Fisheries Research Board of
Canada.

These good friends must not be saddled with any responsibility
for the conclusions, which are wholly my own. Nor do tﬂe conclu-
sions represent official policy in any way.

I am indebted to the American Geographical Society and to the
Twentieth Century Fund for permission to use and adapt a number
of maps that appeared in publications sponsored by these two or-
ganizations. The map projection I have used is the creation of
William A. Briesemeister of the American Geographical Society,
who also prepared the outline of the continental shelf for a map in
this volume. The remainder of the graphic work was done by Gale
Pasley of the Woods Hole Oceanographic Institution.

Lionel A. Walford
Washington, D.C.
February, 1958
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The Problem

Some time ago, The Conservation Foundation, an organiza-
tion devoted to the proper use of natural resources for the wel-
fare of mankind, asked me to explore the following question:

What scientific researches, apart from those which are in progress,
would contribute significantly toward learning how to enlarge the
yield of food from the sea in answer to human needs?

Back of this question are these assumptions: (1) We have
not yet learned how to exploit the food resources of the sea
fully; (2) scientific research will show the way; (3) there are
gaps in present research programs which need filling. What
are those gaps? This chapter begins by discussing the world
food problem. Populations in various parts of the world are
suffering from ills caused by protein deficiency. Much more
protein food of animal origin is needed than is now being pro-
duced, and still more will be needed in the future. The sea
evidently does have untapped food resources, but we do not
know how extensive they are, nor how to exploit some of them;
nor have we explored fully all of their possible uses. This
ignorance limits exploitation of the sed’s food resources but
so also do factors in the fields of economics and sociology.

A great deal of research about the sea and its resources is
going on in many parts of the world. Most of this is con-
ducted by governments, and for the most part it is concerned
with estaglished fisheries and is aimed directly at practical ap-
plication. Applied sea fishery research is given considerable
attention. It is in the realm of pure or fundamental research
that the most important gaps occur and where augmented
support is most needed. This book will explore those gaps.
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People living today know more about the conditions of their
fellow men than was possible in any previous generation. Those
who cannot read may study the photographs in the picture maga-
zines and newspapers that now find their way into the remotest
places, or they may hear about life in other countries as broadcast
by radio, or even behold it on the cinema or television screen, for
these things have spread everywhere. The most important agent
~ for bringing men to§qthg has been the airplane. Twenty years ago

a trip abroad would have been a great undertaking, even an im-
possibility, for many of us who now can almost casually visit the
middle of Africa or India and be back home in a week. We put
down on an airstrip near a village that a short while ago may hardl
have known that such people as we or such a life as ours existec{
Now they know. And we in turn know about them. We know
of the wretched lives that other men must endure, and they must
suspect from the glimpses they have had that such a life may not be
necessary. This was probably the most significant consequence of
the last war, when soldiers of many countries traveled all about
the world—plain, simple men who might have thought themselves
poor in their private lives, but who found themselves supremely
wealthy with their lavish supplies of chocolate sweets and tins of
beef. How can the well-fed ever be complacent again? How can
the starved ones possibly accept their lot?

Among the questions that emerged from the war, one aroused
the most widespread interest and seemed the most baffling. Is it
necessary that the majority of people in the world—the majority—
should never have enough to eat?

This problem has troubled political scientists and economists
for a long time but never before has it been the subject of such a
“movement” as is now underway. Since World War II the Food
and Agriculture Organization of the United Nations has been born
and has spread its work widely. An impressive body of literature
has appeared to document the present situation, which can be
described simply thus: Human populations are growing tremen-
dously; in some regions they have far outstripped their food supply.
Starvation—food deficiency of one kind or another—is widespread
throughout the world. No country is quite free of it, not even the
United States, and in some countries it is a chronic public ill. It is
a problem that cannot be solved simply by shipping excess supplies
from the richer to the poorer regions. There is not enough excess
for that, and if there were there would not be the means to pay
for it. In what ways, then, can needy peoples magnify their food
supplies by their own efforts?
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This is one of the most perplexing problems of our time. It oc-

cupies the attention of authorities in many different fields, and they
reach conclusions which are often conflicting. Their disagreement
is a measure of the difficulty of the problem and a sign that they
have not yet found a solution. Indeed, perhaps none can be found.
Some authorities conclude, after weigEing all possible means of
increasing food production, that the situation is hopeless. Only
wholesale birth control can solve the problem, and the barriers to
that seem insuperable. Other authorities feel more optimistic.
Technological improvement in the use of our planet, they say, can
add enormously to food production. This, coupled with the fact
that birth rate levels off as standards of living improve, should
eventually bring food supply and populations into a more satis-
factory balance than they are at present.

This opinion is bolstered by the fact that agriculturists are im-
proving the use of the land, and they are working constantly by
many different lines of research to improve it still further. For
example, by selective breeding they develop strains of plants and
animals that have desirable qualities such as disease resistance and
fast growth; by the scientific blending of feeds they reduce the cost
of raising cattle and poultry; by the proper use of fertilizers they
increase the productivity of soils. They have made spectacular
progress in developing poisons for destroying insect pests.

Yet even with the benefits of agricultural science, production is
still not enough to satisfy world needs. Some other source of very
large quantities of food, especially of animal protein food, must be
found. Where? Many food economists have pointed to the sea as
the most likely place. This idea seems logical. The sea occupies
/71 per cent of the earth’s surface. Not only is it broad (139 million
“square miles) but it is deep (about 24 miles on the average). Any-
one who has looked through a well-illustrated natural history book
knows that the sea is filled with wondrously rich fauna and flora
composed of galaxies of strange forms. Drifting at the surface or in
layers at intermediate depths are vast meadows of minute plants
and swarms of small and large animals grazing upon them and
preying upon each other. On the bottom are fields of all kinds of
sedentary creatures feeding on the rain of disintegrating plant and
animal bodies that falls from above. Chemists have analyzed enough
of these strange organisms to know that many of them have about
the same food values as fishes, shrimps, oysters, and clams.

The species of animals and plants in the sea number hundreds
of thousands. There are 20,000 species of fishes alone. People who
earn their living from the sea fisheries know they use only a part of
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what they catch or could catch. North Atlantic fishermen who
seek haddock or cod throw away vast amounts of other species.
Argentine fishermen are well aware of shoals of pilchard off the
coast of Patagonia, but have developed no important fishery for
them. Many similar examples come to mind—hake off the west
coast of North America, cod in the Bering Sea, tunas and herring
off West Africa, sardines in the Indian Ocean, and many kinds of
invertebrates in all seas. These are all rich in nutrients. They seem
to be abundant. They are not queer-looking monstrosities but com-
monplace kinds of animals that are easily recognized as edible.
Many of them occur close to areas where people are suffering from
protein starvation. Fishermen also take enough specimens of odd
things to know there is much which their nets and hooks miss, which
might have value if caught in sufficient quantities.

We know from experience that certain parts of the sea are ex-
tremely fertile. Some regions which are heavily fished yield large
quantities of food. Such are the fishing grounds of the North At-
lantic and North Pacific Oceans, where 19 million tons are produced
annually, or about 78 per cent of the world’s total. These are not
the only rich grounds. There are other regions which might yield
comparable quantities if they were fished as intensively. Some of
these have hardly been touched. Thus untapped food resources do
exist in the sea; there are regions and species which are not fished
to capacity, and others which are not fished at all.

Since there is a human need and since there are supplies, why
not use them? There may not be enough to satisfy all the protein
requirements, but what there is ought to go a long way. Why not
open up this untapped world of the sea and use those of its resources
which we now neglect? What stops us?

A complex of obstacles stops us. It appears that the ocean is
being exploited about as much as economic and social conditions
and technological knowledge will permit. As many men engage in
marine industries as are willing to. Fishermen use methods they
know will work and catch as many pounds as they can sell at prices
which will induce them to persist in so dangerous and uncomfortable
an occupation as fishing. They take all the kinds of marine animals
and plants that their markets will accept. They preserve their
catches as well as they know how, but only as much as will keep
for foreseeable uses. They ship as much into the interior regions
of their countries as transportation facilities and economic condi-
tions permit. "As many people as have money to buy fishery products
do so as often as they want them in preference to something else.
As many men now invest as much capital in marine industries as
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they will risk against the uncertain supply of raw materials and the
heavy operating costs involved in working with marine environ-
ments.

These general principles apply everywhere but in differing ways.
Moreover, we must reckon with many sorts of geographic variations.
The fertility of the sea varies over a wide range. The distances be-
tween rich areas and good port facilities and good markets vary.
The length of the period during which weather is favorable enough
for work at sea varies. The capacity of the fishery resources to
withstand intense exploitation varies. The conditions of men who
have access to the sea—their culture, economy, politics, physical

well-being, education, enterprise, wealth—vary. The tastes of peo-
ple vary from one place to another, as well as willingness to try un- +

familiar foods.

Thus, to meet human food needs by increasing exploitation of the
sea requires attacking all sorts of problems in a number of different
fields—in economics, sociology, anthropology, education, as well as
biology, oceanography, and technology.

If the human problems can be solved—and they are being at-
tacked by such organizations as F.A.O.—a large amount of sea food
will be needed. Merely to keep the present per capita consumption
in step with the growing population will necessitate increasing
production of sea food over the next fifty years by about 8.5 million
tons. To include the entire population of the world (i.e., the pro-
portion which is now starving), the increase during that period
would have to be something of the order of 50 million tons.

Such an amount cannot come simply by expanding present fisher-
ies. Species of vertebrates and invertebrates which are now neg-
lected would have to be utilized, new fishing grounds exploited, new
methods of fishing invented, and perhaps a new philosophy of ex-
ploiting the sea would have to be developed. At this point we do
not know how to accomplish all of these things. We do not know
all the species of sea animals or all their possible uses. We do not
know all the fishing grounds or how to reach or catch certain species
which we believe to be abundant. We have measures of abundance
for only a few of the more intensively exploited species and for none
- of the unexploited ones. Thus a wall of ignorance about the sea
fishery resources would impede our exploiting them, quite apart
from the human problems.

In judging possible yields to be derived from the sea, people
often assert that fishery is analogous to agriculture. There is an im-
portant difference, however. An agriculturist manipulates the en-
vironment. He fertilizes, tills, weeds, eliminates animal pests, and

e
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fights diseases. He selects particular species for cultivation and
within those species particular strains which have desirable qualities.
A farmer can do all that; a fisherman cannot. A fisherman generally
uses the marine environments only as hunting grounds, accepting
conditions as he finds them. Sea farming is practiced in a few
places, but for the most part it is primitive compared with land
farming. There is no marine environment of which we have much
more than rudimentary knowledge about the properties which are
essential to sea life. We know nothing about the genetics of any
marine species and therefore cannot engage in selective breeding.
We know next to nothing about the diseases of marine organisms.
Save in a few special cases, we do not know how to rear marine
animals on a commercial scale. No one has yet learned fundamental
causes of fluctuations in abundance and occurrence of marine or-
ganisms. A few transitory correlations have been found, but no
causes. There is the problem. We are too ignorant of the sea and
its resources to know how to intervene to the degree possible in
farming. We cannot do what agriculturists do; we cannot manip-
ulate the environment. Nor will we until we have acquired a great
deal more knowledge than we now have.

This is not to say that the sea and its food resources are neglected
subjects of study. Actually, more effort is going into fishery and
oceanographic research than ever before. Many governmental and
international agencies are working diligently all over the world to
stimulate new industries, particularly fisheries, and to determine
the most profitable rates of exploitation. They carry on all sorts of
activities—biological, oceanographic, and technological studies, gov-
ernmental regulation for conservation, exploratory fishing, technical
assistance to necessitous countries, advertising and educational cam-
paigns, and so forth. In reading the journals about fisheries no one
can fail to be greatly impressed by the multiplicity of activities di-
rected toward improvement of fishing industries and toward the
full, rational use of the sea’s food resources.

In general, these programs are directed toward practical goals.
Altogether, people engaged in them are coping with a tremendous
job. The phrase “vast ocean” gives no inkling of how vast it really
is. Exploration of only a small area of the sea requires more money
for operating ships than is ever available for the purpose. The task
of inducing an underdeveloped country to fish and eat fish takes
more trained personnel than existing organizations can ever spare.
The problems of increasing the use of ocean resources far exceed the
means of attacking them. Fishery research-and-development pro-
grams are concentrated in only a few areas, so that very great
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stretches of fertile sea remain almost completely unexplored, and
many underdeveloped places are without fishery aid programs.
Present effort might be added to or multiplied and still leave large
geographic gaps. One simple way to attack our problem would be
to fill in some of those gaps by starting new programs in regions that
are now ne§lected, and by contributing to existing programs that
are now inadequately supported. However, that would be to ignore
gaps of another sort.

Most of the questions which existing programs pursue are tied
closely to the known, and researchers are obligated to practical
application. For example: How are known kinds of fishes distributed
in unexplored regions? How can fishing by known methods be ex-
panded? How can known techniques of fishing and technologies
of handling fishery products be improved? How can they be adapted
to local conditions? How can rates of fishing the known exploited
resources be controlled to produce optimal yields? How do the
abundance and availability of fishery organisms relate to known
properties of the environment? How can people use or manipulate
the known to their advantage?

By far the largest part of present marine biological research is
concerned with questions of this sort and is conducted almost
wholly under governmental direction. These are not the only ques-
tions that government fishery agencies study—governmental re-
search deals with a great diversity of problems—but they are domi-
nating questions. In general, the research conducted to answer them
is limited in the extent to which it deepens or broadens our under-
standing of the marine environment, and it does not arouse the in-
terest of scientists whose preference it is to carry on fundamental
research.

Most of the financial and moral support goes for these purposes,
to achieve ends which can be easily foreseen. On the other hand,
negligible support goes for probing the unknown, for simply enlarg-
ing knowledge of the marine environments and the life which they
contain, and for doing this without the obligation of showing an
eventual application. It is in this kind of undirected research that
principles of wide application are most likely to be discovered and
from which the now undreamed-of treasures of knowledge are most
likely to emerge. There is an evident gap which marine research
institutions are neglecting. Scientists often call this kind of research
“fundamental” or “basic,” in contrast to “applied.”

Fundamental research is the wellspring of a science. Neverthe-
less, it is difficult to define because it does not have clear-cut bound-
aries. And however it may be defined, it is often difficult to defend.
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It is not, as some people imagine, aimless pottering. I doubt that
a good scientist indulges in such a whimsy except for relaxation.
Fundamental research is generally aimed toward the discovery of
natural laws, that is, principles which underlie great processes. It
is closely akin to a fine art. It grows at its own pace, depends heav-
ily on logic, respects intuition, is rarely fruitful when pushed or
nagged. It is the kind of work that a man is driven to do by inner
necessity because he is passionately interested in the doing of i,
without thought of an ultimate application.

The most %.ighly developed sciences, chemistry and physics, are
founded on systems of principles. These were discovered through
fundamental research that was impelled only by a desire to under-
stand mysteries of nature and carried on with no predetermination
to produce a mechanical age. Yet not one of the marvels of today—
automobile, diesel engine, airplane, radio, electric light, telephone,
synthetic chemicals, or atomic force—would have been possible
without prior knowledge in such fields as mechanics, light, heat,
sound, electricity, and behavior of molecules, which had emerged
from seemingly impractical studies in laboratories over the course
of two centuries. These principles give chemists and physicists the
necessary tools for thinking ahead, for predicting, and hence for
inventing.

Presumably populations of living organisms in the sea also react
predictably under given circumstances, but we have yet to resolve
the multiple parts of the controlling circumstances. Of course the
materials that physicists and chemists work with are superbly reg-
ular in their properties. Molecules respond to law with nice pre-
cision, always in the same way under given circumstances. Princi-
ples which underlie the behavior, the abundance, the very existence
of wild plants and animals, particularly those that live out of sight
in the depths of the sea, are exceedingly elusive, much more difficult
to discover than laws of matter and energy. The most obvious lack
in marine research programs is the pursuit of principles.



2
Geography

In this chapter we introduce and discuss a series of maps
that were especially prepared to serve as visual reference ma-
terial for the chapters that follow. These maps reveal the re-
gions of the world in which the need for new sources of pro-
tein is greatest. They also reveal the extent of our ignorance
about the resources of the sea off the coasts of many of the
densely populated underdeveloped regions of the world.

We shall see in this study that although most of the marine part
of the world, from polar seas to tropics—"the sea—may look mo-
notonously like nothing but water, it is actually composed of many
kinds of environments. Like land environments, these range in
fertility from desert to rich pasture. They range from salt marshes
to open seas, from the surface water masses to great depths at the
bottom, and on the bottom, from great sandy plains to rolling hills
and rocky mountains. They vary in the amount and quality of the
organisms which they contain. Not all of those organisms which
might be useful can be reached, for the prevailing weather varies
from one place to another; therefore, the amount of time that can be
spent fishing varies. In any given area, the abundance and avail-
ability of fishery stocks vary, going through rhythmic seasonal
changes, as well as sporadic fluctuations.

Variation affects every facet of our problem, not only those that
relate to the seas but those that relate to human affairs as well.
Human environments are as variable as those of the sea. Human
populations also differ in many ways. Like fishes, they are unevenly
distributed, being densely concentrated in a few areas that are par-
ticularly favorable to human life and sparse in other (and very

11



12 LIVING RESOURCES OF THE SEA

large) areas that are unfavorable. There are many (f)opulations,
with differing cultures and traditions and differing demographic
properties. Birth rates and death rates vary widely from one popu-
lation to another, and consequently, the age composition varies, as
well as the rate of population growth and the prognosis for future
courses.

The problems of producing enough food to support these grow-
ing populations differ according to the geography. There are large
regions where masses of people have long suffered from chronic
starvation. The extent, severity, and causes of this starvation vary.
We are concerned with protein deficiency. This varies from one
region to another. Therefore, the need of increasing the production
of protein foods varies.

The means of increasing it also varies, for the wealth of nations
is unevenly distributed. Economic systems and conditions differ;
consequently the opportunity of the average man to improve his lot
and the number of people in a position to invest money differ from
one country to another. Some peoples strive ceaselessly to improve
their living standard; others seem less interested in, or even passive
toward, material advancement. This lack of ambition may be one
symptom of starvation. It is hard to judge how much a prevailing
lack of drive may be attributed to innate qualities, how much to mal-
nutrition, and how much to choice.

One detail of human culture which bears most directly on sea
fishery is love of the sea. Maritime peoples do not have this in equal
degree. Those that have developed it most strongly are rich in
ships and seafaring traditions. They are not afraid to go out beyond
sight of land to fish on far distant banks or to trade with other coun-
tries. It is one thing to foster new sea fisheries in countries where
there are already plenty of skilled shipbuilders, net-makers, marine
engineers, sailors, and fishermen. It is quite another thing to at-
tempt this in countries which are deficient in such labor forces and
where there is no immediate enthusiasm to live on the sea. How
to stimulate such enthusiasm is a problem in itself.

The degree of exploitation of marine resources varies over the
world. In some regions, particularly in the North Atlantic and
North Pacific oceans, where the oldest of the great sea fisheries are
carried on, most of the usable fishery stocks are known and at least
partly used. A few are overfished and could be made to yield larger
returns only by scientifically controlling fishing rates. Obviously it
is not there but in the underfished areas that e%orts to increase pro-
duction of sea foods might be intensified most effectively.
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Laboratories for marine research tend to be more numerous in
regions that are heavily fished than in those which are underfished.
Thus the means of study and exploration, that is, the laboratories,
research vessels, and scientists, are unevenly distributed over the
world, and it is to be expected that knowledge about the seas and
their resources should follow a similar pattern.

Whatever is done to encourage expansion in the use of the sea’s
resources to help satisfy human food needs, whether simple ex-
ploratory fishing or research in biology, oceanography, technology,
or economics, it should be carried on where the needs are greatest,
that is to say,

Where human populations are densest

Where protein starvation is most serious

Where poverty is most severe

Where the least is now known about the sea and its resources
Where fisheries are least advanced

Where the weather is favorable to fishing

Where the most countries could share in the benefits of the work

Thus we are dealing with a geographic problem. What are the
regions that best meet all these criteria? The maps that follow
provide some of the information needed for an answer. However,
the correlation of the geographic factors remains a challenge for
students of population and resources.
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DiscussioN oF FiGUReE 2

Over 2,600 million people live in the world today. They are unevenly dis-
tributed, two thirds of them being concentrated within four regions, which
together comprise only about one tenth of the land surface. The densest
populations are in eastern Asia (China, Korea, Japan and Java), India, Europe,
and the urban centers in northeastern United States.!

The distribution of people is influenced by combinations of many factors
such as climate, soil fertility, physical relief, accessibility to the sea and to land
routes of commerce, availability of raw materials, and the varying development
of human institutions, culture and skills.

In any given area population growth is influenced by many factors, among
them fluctuations in economic conditions, the practice of birth control, the
incidence of calamities such as war, disease, and famine. Consequently it is
impossible to predict with a very high degree of certainty the future of human
populations. Nevertheless, demographers, studying assembled data in the light
of indicated trends of population growth, agree that during the second half
of the twentieth century, the number of people in the world will increase by
some figure between 850 and 945 million. How this increase will be distributed
(according to one estimate) is shown in the following table:

TaABLE 2-1. PoPULATION OF THE WORLD, BY CONTINENTS

1950-2000

(millions )

P Increase
1950 2000 1950—2000

World ... ... .. ool 2,400 3,250 850

North America ................. 166 220 54
Middle and South America ....... 162 280 118
Europe, excluding USS.R. ....... 396 440 44
USSR, ... 193 260 67
Asia, excluding USS.R. ......... 1,272 1,750 478
Africa .............. ... ....... 198 280 82
Oceania ....................... 18 20 7

Source: W. S. Woytinsky and E. S. Woytinsky, World Population and Production
{New York: The Twentieth Century Fund, 1953}, p. 260.
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Fic. 2. Populated areas of the world. Courtesy American Geographical Society.



Discussion oF Ficure 3

In many areas of the world people suffer from partial starvation. They may
get enough food to satisfy conscious feelings of hunger and yet not enough to
satisfy their physiological needs. Growth and replacement of tissues in the
human body depend on a diet containing carbohydrates, proteins, fats, minerals,
and vitamins. If any one of these classes of nutrients is deficient for a long
enough period, disease is the inevitable result. Because carbohydrates are
' cheap, filling, and a rich source of energy, those are the foods with which people
in the poorer classes must usually fill themselves. In doing this they may
appease the sensation of hunger, but they suffer in more obscure ways for want
of other essential nutrients, and they die prematurely.

The most important of the other essential nutrients are proteins. These
are derived from various sources, such as leguminous vegetables, cereals, milk,
eggs, cheese, and the flesh of animals. Proteins differ in composition and con-
sequently in their value for the synthesis of tissue. Proteins are complex
nitrogenous compounds consisting of amino acids bound together by peptide
linkage. The amino acid composition varies widely from one protein to an-
other. Of the twenty-six or more known amino acids, the human body can
synthesize all but ten. These ten, known as the “essential” amino acids, must
be ingested in foods and must all be present in the body at the same time,
in fairly specific proportions, if optimum tissue synthesis is to take place. The
foods which contain the ten essential amino acids are called complete proteins,
while those in which one or more of the amino acids is lacking are called in-
complete. Proteins from animal sources, including fish, are complete, while
those from vegetable sources, such as legumes and cereals, are incomplete.

It is possible to get the full complement of the essential amino acids in a
suitable combination of protein-containing vegetables. However, to do this
requires special knowledge which most people lack. It also requires an assort-
ment of vegetables which is often not available in local markets. Proteins of
animal origin, being complete, present no such problem. Unfortunately they
are expensive. Indeed, in many parts of the world they are beyond reach of the
great majority of people in anywhere near adequate amounts.

The results of amino acid deficiency are felt in several ways. One of the
first, and perhaps the most widespread, is lethargy and reduced productivity.
Reduced resistance to infectious diseases is frequent, and a number of patho-
logical conditions, such as the syndrome called kwashiorkor, result from animal
protein deficiency.

These illnesses impose a terrible drain on the economy of a country where
they are prevalent. If they could be eliminated, an enormous improvement in
productivity and living standards should result.

Figure 3 shows areas where diseases attributed to protein starvation are
common.?

18



F1c. 3. Areas of protein starvation. Courtesy American Geographical Society.



DiscussioN oF Ficure 4

Figure 4 shows the distribution of the two types of economies.® In the
regions shaded red, which include 74 per cent of the world’s habitable area
and 76 per cent of its people, a peasant agricultural economy predominates
over all activities.* People grow crops, raise livestock, carry on primitive hunt-
ing and fishing, and engage in handcrafts primarily for home use. Only some-
times, after paying taxes and the profits owing to the landowner or boat owner,
does a subsistence farmer or fisherman have left any surplus that he can sell
on the local market. Although subsistence producers sometimes manage, -on
the whole, to satisfy their moderate needs, they are, as a class, among the poor-
est people in'the world. In general, it is in these countries that effort to improve
fishery industries is most needed, and it is in these countries that the most diffi-
cult obstacles to industrialization will be found.

In the stippled areas, the market-and-money economy prevails; that is,
people produce food and goods primarily for sale or exchange, There is much
variation from one area to another in the proportions of labor devoted to food-
producing and non-food-producing occupations. In general, a relatively high
proportion of the labor force in industrial production, commerce, and profes-
sional services indicates a country that is technologically advanced and rich.
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Fic. 4. Generalized types of economic activity: subsistence economy and money economy. Courtesy Twentieth Century Fund.



DiscussioNn oF FIGURE 5

High seas fisheries (as contrasted with shore fisheries) are most highly
developed in countries where a seafaring tradition is strongest, and this in
turn is reflected in the means of going to sea. In Figure 5 the per capita tonnage
of merchant vessels which are 100 gross tons or more has been rated in five
orders of magnitude as listed below.> Countries whose flag is used by foreign
owners and whose per capita tonnage figures would otherwise be similar to
those of their neighbors (i.e., Panama, Liberia, Honduras, Costa Rica) are
unshaded.

1.
2.

3.

Countries with over 0.5 gross ton per capita: Iceland, Norway.
Countries with 0.1 to 0.5 gross ton per capita: Denmark, Finland, Greece,
Netherlands, New Zealand, Sweden, United Kingdom, U.S.A.
Countries with 0.02 to 0.1 gross ton per capita: Argentina, Australia,
Belgium, Canada, Chile, France, Germany, Hong Kong, Israel, Italy,
Japan, Portugal, Spain, Switzerland, Turkey, Uruguay, Venezuela.
Countries with 0.004 to 0.02 gross ton per capita: Brazil, Cuba, Dominican
Republic, Ecuador, Egypt, Eire, Mexico, Nicaragua, Peru, Philippines,
Poland, U.S.S.R., Union of South Africa, Yugoslavia.

Countries with less than 0.004 gross ton per capita: Albania, Bulgaria,
Burma, Ceylon, China, Czechoslovakia, Egypt, Guatemala, Haiti, Hun-
gary, India, Indonesia, Iran, Iraq, Korea, Lebanon, Morocco, Pakistan,
Rumania, Salvador, Saudi Arabia, Sudan, Syria, Thailand,
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Fic. 5. Merchant shipping fleets of the world. Countries are shaded according to their relative tonnage of merchant shipping, on a
descending scale from 1 to 5 (see text discussion ).



Discussion oF Ficure 6

Areas readily accessible by railroads and highways are shown in Figure 6.°
The distribution of fishery products from sea coasts to consumers living inland
depends on fast mechanized transport. Some densely populated areas in Asia,
Africa, the Caribbean, and Latin America still depend on animals and men for
the transport of goods. Consequently, in these areas the kinds of fishery
products that can be transported over K)ng distances are generally restricted to
those which will keep in hot weather without refrigeration, that is, dried, salted,
or canned fish, ,
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Fic. 6. Areas readily accessible by modern surface transport facilities. Courtesy Twentieth Century Fund.



Discussion oF FiGure 7

Knowledge about any part of the oceans must be more or less proportional
to the number of observations made there. In Figure 7, areas have been
shaded according to the number of occasions that research vessels have stopped
to collect considerable oceanographic data (i.e., the number of “oceanographic
stations occupied”) per quadrangle of 5 degrees of latitude and longitude.?
Probably the number of biological observations is more or less similarly distri-
buted, since biological and physical oceanographic researches are often, if not
usually, associated.
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Fic. 7. Knowledge about the seas. Legend indicates the number of recorded occasions on which data were collected by oceanographic
vessels, as plotted on quadrangles of five degrees of latitude and longitude.
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Fic. 8. Distribution of marine laboratories. ( See p. 65 for a discussion of this map. )
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DiscussioNn oF FIGures 9-12

In judging where new fisheries might be developed, how much money to
invest in an enterprise, and what kind of vessels and equipment would most
likely be needed, it is necessary to consider the weather.

In Figures 9 through 12 the isopycnics (lines of equal quantity) represent
the average percentage of time that weather would probably be favorable
enough for vessels of 100 feet or more to fish during February, May, August,
and November, respectively. For smaller vessels conditions would probably be
less favorable than the figures indicated on these maps, especially in areas wi;ere
the percentage frequency of favorable fishing is relatively low.

In drawing up these maps, oceanographers at the U.S. Navy Hydrograﬁhic
Office assumed that fishing must be limited by sea ice, topside ship icing, high
swell, and high winds. They made a statistical analysis of data on all of these
factors to reach the indicated estimates. They disregarded ordinary precipita-
tion and assumed that, under modern conditions, heavy fog or other visibility
restrictions would not hamper fishing operations, and that the occurrence of
very heavy sleet, hail, or snow would be very rare and therefore need not be
taken into account.
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Fic. 9. Weather and fishing: percentage of time fishing is feasible in February.
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Fic. 11. Weather and fishing: percentage of time fishing is feasible in August.
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DiscussioNn ofF FiGures 13 anp 14

Taken altogether, the fertile areas of the sea are larger than the arable areas
of the land. For the most part they extend far beyond the range of coastal
fishing boats such as are operated {y fishermen working for their own sub-
sistence or for small, day-to-day markets. It is not only distance which limits
the availability of the fertile offshore areas, but weather as well, for some of
the most fertile parts of the seas are seasonally too rough for fishing. Even in
the favorable seasons, bad weather prevails some of the time, so that vessels
must be very stoutly built for distant sea work.

Obviously, offshore fishing is a demanding, difficult, costly undertaking, and
one that is profitable only for relatively high-priced species such as tunas,
salmons, swordfish, and certain of the groundfishes. The countries where dis-
tant offshore fishing is economically and sociologically feasible tend to fit into
this common pattern: they have long traditions of seafaring; they are deficient
in supplies of protein produced on the land, and therefore fishery products can
compete successfully in their markets with meats and poultry; seafaring labor
is abundant and relatively cheap.

Countries not fitting into this pattern tend to be more closely bound to the
land. Where meat is plentiful and labor scarce and costly, it has generally not
proved economically feasible to embark on very long fishing voyages, even
though seafaring traditions may be long established. American tuna clippers,
for example, stay out three or four months at most; North Atlantic trawlers,
two or three weeks. It is hard to induce American fishermen to remain at sea
much longer than that.

In the less advanced countries, on the other hand, fishermen do not venture
far from land for other reasons. They do not have the traditions, training, or
equipment for distant fishing. Furthermore, they are generally too poor to
afford the high cost imposed by the operation of ocean-going vessels.

A few countries, notably Japan and the U.S.S.R., send factory ships and
mother ships accompanied by fleets of scouting and catcher boats to fish on
the high seas for fin fish. These go far from home ports and stay out many
months at a time before returning home with their loads, which are sometimes
predetermined by quota according to estimated demand. Some Japanese
fishing vessels go across the Pacific, through the Panama Canal, and all the
way to the coast of Africa on voyages lasting seven months. Others work in
the opposite direction into the Indian Ocean. Several countries, chiefly Norway,
the United Kingdom, and Japan, engage in whaling in the Southern Ocean,
thousands of miles from home.

The problems of exploiting the offshore areas are exceedingly perplexing.
Some of these are how to reduce the time required to locate and catch fish;
how to operate in marginal weather so as to stretch the short season; how to
make it economically feasible to use some of the less recherché species which
are now discarded or avoided; how to design small vessels so as to extend the
area which shorebound fishermen can exploit. These are problems on which
special research needs to be centered in order to improve the utilization of the
offshore fertile areas.

Figure 14 shows that the largest fertile areas are in the North and South
Pacific, the North and South Atlantic, and the Southern Ocean. The Indian
Ocean looks discouragingly poor. Its evident lack of extensive fertile areas on
the high seas must limit fishery activities more or less to the use of coastal waters
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and the cultivation of inshore environments. It must be observed, however,
that the Indian Ocean has been studied very little and that its resources have
not yet been fully assessed. It is there that extensive marine biological re-
search is particularly needed.

The South Atlantic Ocean has very large fertile areas, rich fishery resources,
and therefore high fishery potentialities. Favorable weather prevails most of
the year. Countries borlgering the South Atlantic need fish, for they suffer
severely from protein deficiency. Yet the South Atlantic is far underexploited.
There are few laboratories in the maritime countries of Africa and South
America and there has been relatively little systematic research into marine
fishery resources. Probably nowhere else in the world would fishery research
prove more rewarding.

The Pacific Ocean has the largest fertile areas and is a region of tremendous
fishery activity. Extensive marine research and offshore fisheries programs are
directed from Japan, the U.S.S.R., Australia, the Hawaiian Islands, and North
and Central America. The North Atlantic has long been intensively exploited
and the subject of fishery research by all the maritime states of Europe and
North America.

Considering, then, the criteria set forth on page 13, it is less in the North

Atlantic and Pacific that new research is needed than in the South Atlantic and
in the Indian Ocean.
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Fi16. 13. Distribution of fishing grounds of the world. The yield of the sea is suggested by the relative intensity of the shading.



F1c.. 14, Fertile areas of the seas. Red indicates areas where oceanographic processes are conducive to enrichment of surface water,
hence to production of plants and animals.



3

Conservation

Conservation means the intelligent use of resources. In that
sense, this study deals with a conservation problem: how,
when, and where to harvest the biological resources of the sea.
There are many misconceptions about conservation. Ama-
teurs tend to be particularly opinionated on this subject and
often succeed in influencing governmental action, sometimes
to bad effect. In this chapter I try to show that conservation
of fishery resources is a complex, highly technical subject, bet-
ter left to experts.” Fishery research to provide knowledge
which is to be the basis of legislation is most appropriately
conducted by government conservation agencies. In recent
years, such research has been expanding in scope and spread-
ing throughout the world. Government fishery research nec-
essarily concentrates on the relation between intensity of fish-
ing and abundance of fishery stocks. However, fluctuating
environment also affects abundance, but in ways which are yet
far from understood. There is a need to expand fundamental
research about environments from a biological point of view.
Much of this should be undertaken by the research labora-
tories of universities and of private institutions. Meanwhile,
study of the philosophy of fishery conservation, of the con-
servation of fisheries in relation to that of other resources and
to human affairs in general, has been much neglected. This
chapter suggests how this gap might be filled.

One of the most direct approaches to expanding the use of marine
food resources is to start new fisheries on virgin stocks that have the
capacity of sustaining large yields. We know of a number of these
in various parts of the world. However, there are usually reasons
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why they are virgin: they are too remote from markets; consumers
" are unfamiliar with them; fishermen have no means of catching
them; or fishermen are not aware of their value or of their existence.
To overcome these obstacles, someone must do some commercial
developmental work. That requires capital for boats, equipment,
operations, and the expenses of establishing markets and market
facilities. However, before many investors would be willing to risk
much money in a new fishing enterprise, they would ask what they
could expect to get out of it. To give them intelligent a priori
advice, it would be necessary to have answers to questions such as
the following: Where are the prospective fishing grounds located
in relation to port, market, and (fistribution facilities and to refueling
bases? How large are those grounds? What are their boundaries?
How abundant are the fishery stocks in the area? How are the
stocks distributed in terms of pounds per acre and pounds per unit
of human work required in the harvesting? These are the obvious
questions which are fairly readily answered from the results of ex-
plorations; they are taken up elsewhere in this study. This chapter
deals with other questions which are equally important, perhaps
more so, but which take much more time and research to answer,
and which are usually neglected until sometime after fisheries have
become well established and the supply has begun to waver.

How do the stocks shift seasonally? Are they really quite inde-
pendent and virgin, or are they seasonal migrants from distant
grounds which are fished elsewhere in intervening seasons? How
much variation is there in availability of the stocks? Is the abun-
dance likely to hold up under a fishery? How large an annual har-
vest can the stocks sustain, on the average?

The most baffling complex of problems with which all people
engaged in fishery industries must contend concerns instability of
the supply. This is not necessarily a new condition resulting from
the intense mechanical exploitation of the modern age, but in large
measure is a characteristic of many, perhaps of all, animals and
plants, including those which are not exploited, as well as those
which are. The histories of all the great fisheries as far back as
records go are studded with sporadic famines and gluts of varying
duration. Among the pelagic fisheries there are more than a few
instances of stocks disappearing almost completely from fishing areas
and remaining absent for many years. How much is fishing respon-
sible for these vagaries? To what extent can fishing be controlled
to prevent them? All great fisheries eventually come to a point
where they must face these questions with their governments.
Hence, we had better consider them in relation to any proposed
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expansion of the use of fishery resources. They are questions which
are associated with the idea of conservation; they are leading topics
in the programs of governmental conservation agencies.

Conservation is a great cause of the twentieth century. It was
impelled by the tensions of crowded populations and by the experi-
ence of people who actually watched some virgin resources become
despoiled for want of proper management. The popular use of the
word in this sense is new, but the sentiment back of it is timeless, as
evidenced by references to fishery problems scattered through an-
cient writings. These have a familiar ring. Dipping at random into
a few likely books, I find that the Sumerians of 4,000 years ago pro-
vided for fishing rights and closed areas, and they had fishery in-
spectors. The Chinese of the Chou Dynasty (about 1000 B.c.) en-
gaged fish wardens, issued licenses, and imposed closed seasons to
protect spawning fish. In 1676, the Netherlanders passed a law to
prevent exhaustion of their coastal waters. This regulated the size
of meshes in nets and prohibited trawl-nets. The first of these pro-
visions was adopted because small meshes destroy fry; the second
because trawls kill spawn as well as the fodder on which young fish
live. Even then this was not a new idea in Europe; the English had
similar laws in the fourteenth century.

Thus it was not people of our time or our country who discovered
husbandry of natural resources. Americans merely rediscovered it
for themselves. They had lost it for a while during the settlement
of the new world when nature seemed boundless. But then even-
tually symptoms that the land was being spoiled restored awareness
of the need for providence. In along settled country, the awareness
comes naturally. People know from experience, if not instinctively,
that resources have limits. It is the most obvious logic that unless
enough seed is left after each harvest to provide for reproduction of
a stock, the stock will dwindle away. Hence, people tend to apply
this line of reasoning to aquatic animals, often preventing thereby
the taking of full harvests.

The knowledge of how much is sufficient seed to maintain sea-
fishery populations does not come by reasoning alone, however. It
comes only by scientific study and experiment. Nevertheless, there
never has been any lack of opinions on the subject. The common-
est of these is that fishing must be restricted so that people “won’t
take too much.” “We can’t go on this way” is a frequent cry of
fishermen while they proceed with their harvests. The most popular
of all opinions about fishery conservation is that fishing must not be
carried on at all during spawning seasons, or if that is not feasible,
that the spawning females at least must be protected.
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. of the great quantities [of tunny] which enter the Mediterranean to
spawn, some are caught by the fishermen after spawning, but the great majority
before fulfilling that function. How then can we conclude that the cause of this
diminution is not owing to the action of men?

That was written in 1888. People usually believe that immature
fish must be protected so that they can have the chance to reproduce;
and the largest, most aged specimens must be protected too, be-
cause they produce great quantities of spawn. Spare the mothers,
the young, and the aged.

Other ideas are of fairly recent origin, for example that nets are
harmful compared with hook and line, that purse seines are worse
than other kinds of nets, that commercial fishing is more destructive
than angling, that fish should be used only for human food, and that
manufacture into fish flour should be discouraged because it uses
dangerously large quantities of raw material. Most of such ideas
have emerged full blown because they seem reasonable. It stands to
reason that catching too many fish reduces the numbers of spawners,
and that the amount of spawn is proportional to the size of broods.
If fish have grown scarce, that must be because the number of
spawners has been depleted; ergo, the process can be reversed by
building up the spawning stock. This doctrine of the inviolability
of spawn has always been the principal ingredient of popular opin-
ions about the use of fishery resources, and is the basis of much
fishery conservation legislation. It is a perfectly reasonable idea.
For sea fisheries, however, it has one serious flaw: it is not often
clearly borne out by experience, for the volume of spawn is only one of
many factors influencing the abundance of a generation, and is rarely
the dominating one.

Yet in most maritime countries, the books are studded with fish-
ery conservation laws—closed periods, closed areas, bag limits, size
limits, prohibition against certain kinds of gear, against commercial
fishing, and all sorts of other restrictive devices largely intended to
protect or build up the spawning stocks. Many of these laws are
derived from preconceptions rather than from knowledge; they may
have little bearing on scientific husbandry and can do more to ob-
struct than to further true conservation.

I propose now to discuss briefly some principles to show that
scientific fishery conservation must be backed by a considerable
body of very special information, and that is not a job for amateurs.
Instead, in this field, an amateur can innocently, and with a sense of
great righteousness, do harm about as easily as good.

Disregarding economic considerations, the harvest of fishery
stocks should be permitted up to their “maximum sustained produc-
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tivity.” This is the ideal of scientific conservation: full utilization
for the benefit of mankind, not restriction for the benefit of fish.
The judgments which must be made to achieve this ideal must be
based not on intuition, but rather on knowledge of the biology of
the fishery populations.

Fishery Eicﬁogy, which is concerned with the development of this
knowledge, is a relatively new field of science, hardly more than
seventy years old, still in the process of evolution. It is carried on
as a governmental function by nations having important fishery
industries, and is gradually building toward a sound basis for scien-
tific direction of fisheries. Fishery biologists have devoted a great
deal of study to the effects of exploitation on abundance of fishery
stocks and to the causes of variations in the size of year broods.
Over the last seventy years, a mass of vital statistics has accumulated
on a few heavily fished species in various parts of the world. From
these statistics and from experience in regulating fisheries the fol-
lowing pattern is emerging.

Under primeval conditions, with no fishing by man, a stock of
fish produces an enormously excessive quantity of eggs. A high
proportion of the hatch dies from natural causes such as predation,
disease, climatic and hydrographic disasters, and starvation. When
man joins the constellation of influences by starting a fishery, he
enters into competition with the other—the “natural’—causes of
mortality, and the course of his fishery is determined in large meas-
ure by the success of this competition.

A young, growing fishery gradually, or often rather quickly, re-
duces the accumulated stock, and therefore the number of spawners
and the production of eggs. But this does not necessarily result in
any diminution of the number of young surviving to fishable size. It
may even have a beneficial effect analogous to that which results
from thinning, relieving the severity of competition both among the
young and between the young and the adults. Thus a higher pro-
portion of fish survives the infant stages under a moderate fishery
than under primeval conditions. The word moderate, however,
requires definition. It means not extreme—not too little and not
too much. At one extreme, is the primeval stock, living under a
regime of no fishing and composed of a large accumulation of old
fish, which by taking up space and food and by cannibalism make
conditions unhealthy for their own young, so that the surviving
broods are relatively small. At the opposite extreme is a stock re-
duced to the vanishing point, with few spawners left, producing
few eggs and, therefore, small broods. Between these two extremes
of population abundance is a point of maximum efficiency of spawn-
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ing, wherein the number of infants surviving to young fishhood is
limited least by competition among their own kind and not at all
by the quantity of spawn produced. In this range of abundance,
year broods tend to be larger than at the extremes. However, judg-
ing from empirical data published in literature, these relations are
far from regular, for varying environmental conditions also exert
great influence on the survival of young fish. Consequently there
are enough records of large broods issuing from the extremes of
population abundance and of small ones issuing from the means to
discourage generalizations on the matter.

In reducing the accumulation of big old fish, the new intense
fishery shifts the mass of the stock toward the young fast growers.
In the early days of the American haddock fishery, for example,
specimens ten years old were common; whereas, within fifteen years,
few were surviving beyond the age of six. Although this effect often
arouses people to fear that a stock is on its way to extinction, such
fears are groundless. As a matter of fact, from the viewpoint of
resource use, big old fish are uneconomical, because they use their
environment uneconomically. A few very crude estimates will
illustrate the point.

A group of 100 sea bass which are each 20 years old weighs
about 3,600 pounds. During the course of a year, 10 of them,
say, die from natural causes, and 25, weighing altogether about 910
pounds, are caught by fishermen. At the end of the year, the 65
survivors, having grown in weight by about a pound each, weigh near
to 2,400 pounds. Thus, through natural and fishing mortality, this
group of bass has decreased in volume and value by a third. It has
consumed 80,000-40,000 pounds of food during the year, of which
only about 1 per cent has been used for building flesh, the rest
having gone into body maintenance.

The same amount of food could support instead 1,700 sea bass,
initially weighing 1,700 pounds, in their fourth year of life. Dur-
in¥ the year, around 170 (10 per cent), say, would die from natu-
ral causes. To get the same weight of harvest as the 20-year-old
stock yielded in our model (i.e., 910 pounds) would require catching
520 fish. At the end of the year, the 1,010 survivors would weigh
about 2,525 pounds. In spite of the depletion in numbers, there-
fore, the stock has increased in volume and value by 48.5 per
cent. Of the food which this group of bass consumed, about 25
per cent went into building flesh, about 75 per cent into body main-
tenance.! Thus in our model, the fast growing younger fish (which
predominate in a harvested stock) are shown to use their food more
efficiently than the slow growing older fish such as are common in
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a primeval stock. That is to say, they have used a higher proportion
of it for building flesh (25 per cent compared with 1 per cent) and
a lower proportion for maintaining existence. The stock has yielded
(in this hypothetical example) the same crop, 910 pounds, and it has
improved in value by 48.5 per cent, whereas the older stock has
depreciated in value by 83.3 per cent.

True, the older fish are more fecund than the younger, the 20-
year-old stock of our model producing 225 million eggs, the fourth
year stock only 55 million eggs.®> Yet, judging from actual experi-
ence with fisheries on which records have been accurately kept, the
population of younger fish in our model will be able to sustain itself
unless the fishing rate exceeds the replacement rate.

This model gives a very rough idea of the kind of considerations
that must go into managing a fishery resource.

Fish that have passed their period of youthful growth continue to
grow, but too slowly to keep pace with an intense fishery. Conse-
quently, the accumulation of big old fish that a new fishery finds is
inevitably cropped off and cannot be replaced unless the rate of fish-
ing is adjusted for that purpose. At first the annual catch increases,
as more and more men enter the fishery, until it reaches a peak.
Then the catch and the catch per fisherman decline sharply, as the
old fish are removed, until the stock reaches a level where replace-
ment by growth and new broods normally balance the annual crop-
ping by the fishery and by natural causes of mortality.

In the last twenty years or so, biologists have given a great deal
of attention to the dynamics of fishery populations, that is, to the
inter-responses of rates of birth, growth, and death. This is at the
heart of governmental biological research about marine fishery re-
sources. The fundamental concept behind the mathematical models
which are commonly used in these studies is that the rate of decrease
in numbers with time is equal to a constant factor (the total mortal-
ity rate) times the numbers present at that time. We start with
some large population. Under the pressure of fishing and natural
causes of mortality the population decreases rapidly at first because
the numbers present are large; as time goes on, the rate of decrease
diminishes as the numbers left in the population diminish.

This is the familiar idea of compound interest—but in reverse.
We learn from the compound interest formula that if we start with
some small sum and keep compounding at very short intervals of
time, the amount increases more and more rapidly. At the end of
a number of years, say ten, we may have a sum many times larger
than we started with. If we think of this final sum after ten years
as our initial population and then work the compound interest for-
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mula backwards, the situation is analogous to the decline of a popu-
lation. It proceeds rapidly at first, becoming slower and slower as
the population gets smaller.

Mathematically, biologists express these relationships in the form
of a differential equation:

dN/dt = — kN (1)

which simply states that the rate of change of the population
(dN/dt) with time (¢) is equal to a constant factor (k) times the
population (N) present at that time.

In a fish population, one usually considers N as the number of
fish of some stated age present at a given time, say 10,000 one-year
old fish at the beginning of 1952. This number will decrease year
by year until the last fish is captured or dies. In our Equation (1),
therefore, k will be negative because our original population is al-
ways decreasing. :

If there is no emigration, the only ways in which fish may be re-
moved from the population are by fishing and by natural death.
Our k, therefore, consists of two independent processes, fishing and
natural mortality. Let us call the coefficients of these F and M
respectively. Substituting F and M for k, we may write Equation
(1) as follows:

dN/dt = — (F + M)N (2)

Integration of Equation (2) gives a conveniently usable form of
the relationship:

Ny= N, ~ F+ 2 (3)

where N, is the number present at any time, ¢, and N, is the number
present at the beginning, which we take as ¢ = 0.

Further development of Equation (3) is essential to a realistic
treatment of population dynamics. A few rather simple mathe-
matical manipulations convert Equation (3) to an equation express-
ing the yield in numbers at stated rates of fishing and natural mor-
tality. Knowing the rate of growth and the relation between length,
weight, and age of the fish, the fundamental equation can be written
so as to give the yield in weight. In more complex models, one
may introduce adjustments to allow for variations in growth which
depend on density, and to allow for variations in natural mortality
rate, thus simulating the actual conditions the biologist finds in
investigating a population.

In this manner, given precise enough knowledge of rates of births,
deaths, and growth under various fishing rates, it is theoretically
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possible to adjust fishing so as to get the most profitable average
annual yield that a resource can afford. What the phrase “most
profitable” means is a matter for people who set economic and
sociological policies to define. It might mean most pounds of fish,
lowest cost of fishing, highest prices of fish, most fish of certain
specified sizes. It might mean highest catch per fisherman or high-
est income per fisherman. But whatever human interests prevail
in defining the desirable, it is theoretically possible, given enough of
the right kind of information, to achieve it, within the limits of the
properties of the resource.

Thus some fisheries could theoretically increase their harvests by
as much as 50 per cent—the haddock fishery of Georges Bank, for
example, could probably do that—by scientific adjustment of the
fishing rate. This may be accomplished in a variety of ways, de-
pending on the kind of fishery and the habits of the fish. For ex-
ample, it could be accomplished by setting a minimal size at which
fish may be caught, or by prohibiting fishing in nursery areas, or by
setting catch quotas.

The prediction of how a fishery stock would respond to a given
level of fishing intensity results from theoretical synthesis of data.
However, theory is one thing, fact another. The theory must be
tested by regulating the fishery experimentally and observing con-
stantly the response of the stock. On the basis of this response, the
theory can be revised if necessary and the regulation adjusted ac-
cordingly. Since regulation is ordinarily a responsibility of govern-
ment, the research required as a basis for it is better conducted as a
function of government than of private research institutions or uni-
versities.

The scientific staffs of government conservation agencies char-
acteristically must concentrate their researches on a few most im-
portant species and neglect the rest. This is necessitated by the
small amount of money appropriated for fishery research; that is, it
is small in relation to the magnitude of the job. Disregarding such
practical considerations, I shall in later chapters argue a case against
this focusing of fishery research on individual species out of context
of their environmental systems, against giving too much attention to
the effect of fishing on the stocks, and against too complacently
assuming that natural conditions which affect adult fish stocks re-

. main constant from year to year. Pertinent though these arguments

may be, certain things must be learned about each species, no
matter how the fishery for that species is to be managed, whether by
judgment or by science, whether the course of the management is
to be static or dynamic, whether it is to be species by species, each
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without regard to the other, or in accord with action of ecological
principles, or whether the management is to be directed by govern-
ment or by the fishing industries themselves.

The first problem to solve in any fishery investigation is the iden-
tification and definition of the stocks being fished. A stock remains
genetically distinct because of a variety of barriers which may be
geographic or biological, or both. Thus two stocks of one species
may be kept apart by a continent, by a water mass having a repelling
temperature, or by a submarine canyon; or they may intermingle
freely part of the year and separate during the spawning season.
A stock thus isolated may have distinctive habits, fecundity, growth
rate, longevity, resistance to disease, and response to fishing pressure.
If so it must be dealt with separately in any conservation action.

For each stock the following need to be studied:

The geographic distribution throughout the year

The abundance

The growth rate

The migratory habits, age by age

The spawning habits, spawning season, and fecundity

The relation between fishing rates and productivity

The mechanisms by which fluctuations in the environment affect nat-
ural mortality and distribution of infants and older ages

The features of the environment which affect distribution and habits

Because every circumstance in the lives of marine organisms is
affected by external conditions; because the conditions for life in
every part of the sea undergo continual changes; because while
some of these changes are transitory, others extend over decades or
even centuries—for many such reasons, fishery studies on the topics
listed above can never end. True, these studies will change their
character as information and the knowledge of principles accumu-
late. True, too, research about a fishery species might in the course
of years progress so far that rather simple routine observations
carried on by technicians might be enough to provide a strong basis
for rational direction of the fishery. So far, however, marine fishery
scientists have not yet reached that point for any species. In fact,
they have opened up more problems, and more difficult ones at
that. This does not mean that fishery biologists are impractical
ivory tower residents, as some of their critics often charge, but that
they are in the midst of the slow process of developing their science.
Because of the nature of their subject, they are forced to feel their
way blindly, revising their judgments as fast as they improve their
perception of the shapes of facts. Different biologists, groping in-
dependently, sometimes reach quite different conclusions concern-
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ing the nature of these shapes, and dispute about their differences of
interpretation. This is only further evidence that the science of
fisheries is one in the making.

Meanwhile fishery research is continually enlarging its scope
everywhere. Countries where such work had been going on for
many years have lately been providing funds to increase the number
of species and the areas studied by their governmental agencies and
to expand research staffs and facilities. Other countries that had
previously not shown interest in the subject have been establishing
marine laboratories and sending students abroad to learn techniques
of fishery research. The following commissions and councils have
been organized to study problems of intergovernmental interest:
Indo-Pacific Fisheries Council (16 nations); Inter-American Trop-
ical Tuna Commission (3 nations); International Commission for
the Northwest Atlantic Fisheries (10 nations); International Coun-
cil for the Exploration of the Sea (13 nations); International North
Pacific Fisheries Commission (3 nations); International Pacific
Halibut Commission (2 nations); International Pacific Salmon Fish-
eries Commission (2 nations); International Whaling Commission
(17 nations); Atlantic States Marine Fisheries Commission (15
states); Gulf States Marine Fisheries Commission (5 states); Pacific
States Marine Fisheries Commission (3 states). It can hardly be
said, therefore, that fishery research has been languishing for want
of public interest and financial support.

It would be presumptuous to specify any technique or particular
line of research which could with certainty speed the achievement
of useful results. As in any kind of research institution the produc-
tion fluctuates in quality and quantity, and it varies in these respects
geographically. Even so, taking all things into account, it progresses
about as fast as can reasonably be expected.

I have argued that fishery research is best carried on by govern-
ments and that it must be carried on along certain lines as listed
above. It must be directed toward assembling certain information
about the more valuable of the commercially important species.
Doing just that much takes all the funds, facilities, and staffs which
governments make available, leaving almost nothing for studying
species which seem to be unimportant. This includes many commer-
cially worthless but biologically enormously effective predators and
competitors, and also all the myriad organisms of the food pyramid
including the plants of the phytoplankton. Nowhere are there
sufficient funds and talent available to cope with the problems of
analyzing the tangle of interrelations among the species of that vast
complex or of determining how the physical environment affects
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the existence of fishery stocks. In short, adequate provision is not
made for studying marine environments as such. Consequently,
there are only vague concepts of the biologically significant prop-
erties and actions of environments. In spite of all the talk about
marine ecology and biological oceanography the amount of work
done in those fields is negligible in relation to the magnitude of the
subject, and in comparison with the effort put into fishery biology
and physical oceanography. At the same time fishery biologists on
the one hand and physical oceanographers on the other—the two
groups now dominating marine research—have not yet found (per-
haps not really sought) the kind of questions that would lead toward
understanding the role of environments as media for living organ-
isms. Formulating those questions is in itself a research problem.

The study of the environments of the sea is perhaps the widest
gap in marine research programs, in which teams of scientists well
educated both in biology and in physical oceanography and there-
fore able to straddle both fields should be engaged. Because such
research appears to be remote from practical application, it is hard
to justify for the scientific programs of government fishery conserva-
tion agencies. On the other hand, it fits without question into the
functions of universities and oceanographic laboratories. In gen-
eral, with a very few notable exceptions, however, such institutions
have not concentrated much attention on the subject. How this
condition might be corrected will be discussed in following chapters.

Perhaps in the long run greater increase in the harvest of the
sea will come from scientific conservation (i.e., control of fishing to
Eroduce maximum sustained yields) than from development of new

sheries. However, scientific conservation requires not only in-
formation about the animals and plants of the sea. It also requires a
willingness on the part of the general public, and especially of in-
terested groups such as fishermen and men in political office, to
accept and use this information intelligently as it is acquired. Very
little provision is made to encourage this attitude through education.
Here I mean education, not propaganda; classroom teaching, book
learning, not sporadic television programs interspersing commercial
advertising.

The principle that conservation-is-desirable hardly needs to be
fostered any more than that honesty-is-the-best-policy. It is already
pretty well accepted. The issues of conservation, however, are some-
thing else again. People in general, and that sometimes includes
government officials, have very fuzzy notions as to just what con-
servation means. They are hardly aware of the fact that every con-
servation action requires choosing among several conflicting but
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often equally appealing human needs. The choice is often made in
response to specious sentiment or to the pressure of interested
groups rather than accordin% to the judicious consideration of prin-
ciples and all the needs of the public as a whole.

As is generally true of government centers, the office of a fishery
conservation agency is hardly a place for quiet contemplation.
Letters come in daily by the -hundreds asking for information, de-
manding courses of action, seeking or giving advice, complaining
about conditions here and there. They must all be answered po-
litely and fully—*“My dear Mr. Blank: In reply to your interesting
letter . . .” Even more insistent is the telephone, and visitors, who
come singly and in delegations to pay duty calls, to chat—“Have
you a minute?”—or to influence decisions with plausible arguments.
Meetings, designated with various degrees of dignity as conferences,
hearings, conventions, or convocations, are almost daily occurrences.
The demand for appearances, speeches, reports, articles, or formal
opinions which comes in a never abating flood must be met affirma-
tively. All effort to be thoughtful and judicious is confounded by
crosscurrents of dogmatically and often authoritatively represented
opposing interests advocating or condemning, pushing or pulling,
praising or disapproving, accusing or defending.

Of course this is the life of any man in public office. Public
officials working in the commoner fields of government like law,
economics and political science are probably much more subject to
conflicting pressures. But in the background of their learning is a
great philosophical literature. This is full of controversy, to be sure,
as would be true of any literature on human affairs. What is im-
portant about it is that it has grown and matured in the objective
atmosphere of scholarly centers.” All universities have faculties
who devote themselves to teaching and thinking and writing in
these fields. They have nothing comparable for conservation in
spite of the fact that this is likely to become one of the most pressing
subjects of concern in human affairs.

Most of the literature bearing on fishery conservation reports the
results of biological research required as a basis for regulation of
fisheries or for predicting catches under given circumstances. It
covers such topics as life history, migratory habits, rates of birth,
growth and death, relative abundance, optimum catch, and recom-
mendations for regulations of fisheries. In the main, this scientific
literature has considerable vitality, contributing vigorously to the
growth of knowledge. This cannot be said of the literature about
conservation as a subject in itself or about conservation of fishery
resources as it relates to the conservation of other resources, and
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as it fits into the whole complex of human problems. Such literature
as there is on this subject is appallingly thin and perfunctory stuff.
Most of it advances no new thought at all; it merely repeats what
has been said before, using uncritically the same examples to sup-
port the same arguments over and over.

This state of affairs results largely from the fact that the bulk of
the literature is produced by government administrators to order, on
short notice—“I need a speech for Friday.” How can anything ob-
jective and philosophical be thought through under such pressure?
In some colleges where fishery science is taught, the professors are in
no better position than government men, because they are them-
selves deeply engaged in governmental work through contracts. In
fact they are worse off because they are continually driven by the
need of acquiring more contracts to replace those that are nearing
conclusion. So they have no more time to think about the larger
questions of conservation than do their colleagues in government.
Some of the general literature which attempts to deal with the large
questions is produced by college professors who are familiar with
soil technology or geology or forestry, but who are not authoritative
on fishery resources. They make up for this lack by reading and
paraphrasing government pamphlets or by inviting government
specialists to write the chapter on fishes for their texts. The results
usually have the dreary quality of potboilers.

There are a few first-class colleges where conservation study
centers have been started in recent years. An authority on fishery
problems should be added to the staff of at least one of these centers.
He should be a man of broad education who has had successful
experience in dealing with conservation problems and who has dem-
onstrated ability to think critically and creatively about the subject.
He would direct the education of people planning careers in various
aspects of fishery conservation, including biological research and
the administration of fishery agencies. What he would do besides
would depend, of course, on his interests and background. He
might devote himself wholly to collating information on changes in
fishery resources in various parts of the world. He might study such
problems as these: What national policies on the use of fishery re-
sources should be fostered? How much should a government spend
on fishery research? What directions should government-sponsored
research take? How should govemment conservation agencies be
organized to carry out their functions most effectively? What are
the choices in conservation actions? What should be the basis of
those choices?
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The Identity of Species

©

All research into marine biological resources depends on
precise identification of species and populations. The science
of classification, called taxonomy, is pursued primarily in re-
search museums where collections of specimens are housed.
During the last thirty years, taxonomy has been seriously neg-
lected and museum work allowed to lapse for want of support.
This chapter discusses the importance of taxonomy and urges
that museums be given better financial support than they have
been receiving.

What scientific researches, apart from those which are in progress,
would contribute significantly toward learning how to enlarge the
yield of food from the sea in answer to human needs?

If we think about the sea itself and not about such human affairs
as economics and sociology, there are four obvious general ways to
attack this problem: Survey unexplored areas in search of new food
resources; harvest and process animals and plants which are not now
used; control rates of exploiting fishery stocks so as to get maximum
harvests; farm sea plants and animals in inshore enclosures. With
any of these approaches, it is necessary first to take into account
certain elementary facts. These may seem absurdly obvious; never-
theless, they are neglected often enough in planning new fishery
schemes that they had better be stated:

1. Among the hundreds of thousands of species of animals and plants
that live in the sea, only a few are harvestable in commercially sig-
nificant quantities and only a few are suitable for direct human use.

2. Each species of animal and plant has a particular geographic dis-
tribution which is delimited by conditions of environment.

53
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8. The abundance of a stock of a species is greatly influenced by the
abundance of species of prey, competitors, and predators. Man is
one of the predators.

4. The rates at which average fishing harvests can be sustained at the
most productive level are determined by rates of natural mortality,
growth, and reproduction. These vary from one species to another
and within a species from one population to another, depending to
a considerable extent on conditions of the environment. They also
vary from year to year.

Underlying each of these four statements is a concept of species
as a unique biological entity. It is hardly possible to deal with food
resources without in some way recognizing species. To give a very
homely analogy: a farmer must distinguish crops from the weeds,
the well-growing, disease-resistant strains from those which are less
hardy, the vermin from the useful livestock. He kills noxious weeds
and insects with specific herbicides and insecticides. He plants par-
ticular kinds of vegetables and fruits to meet local conditions of
soil and climate. Such practices result from a tremendous amount
of research about species.

Species are equally important to those concerned with exploita-
tion of the sea, though in rather different ways. Fishermen must
distinguish the species that are marketable from those that are not.
They direct their operations according to the distribution of species.
The point of reference for marine biological research programs is usu-
ally species. In exploring unknown grounds, people are interested
in finding familiar species of fishes, say, sardines or tunas or cod.
Research to improve pond culture methods is usually tied to one
or two species that grow well in ponds, for example, milkfish and
prawns. It is an actual or anticipated depletion of particular species
that arouses demand for research programs to devise conservation
measures; such programs are always focused on the species affected.

The most elementary fact that a fishery biologist must learn about
each fishery stock—elementary in the sense not of being easiest, but
of coming first—is the identity of the species. What is it that must
be dealt with in designing a policy of intelligent fishing? That is
the first question that must Ee answered. For example, snapper
fisheries of the Atlantic coast of Central America harvest at least six
species which overlap in distribution. How do fluctuations in abun-
dance of one species relate to those of the others? How do their
habits differ? In some places fishermen take mostly very small fish
of ten inches or so. Do these belong to species of small size, or are
they the young of larger fish upon which people elsewhere depend?
Answers to these questions would have important bearing on the



THE IDENTITY OF SPECIES 55

harvesting practices of the fishermen if they chose to fish scientif-
ically for maximal yields.

Again, wherever people fish along the shores of tropical countries,
they find large quantities of jacks (Caranx). It is tempting to con-
clude that in underfished places there must be the basis ot a great
potential fishery. But the fact is that there are many kinds of jacks
which look so alike that experts have not yet been able to establish
their identity. Yet they difter in many important ways. While some
species are delicious, others are not very palatable, and still others
are in some places occasionally poisonous and therefore never safe
to eat. Moreover, the various species differ in distribution, in habits,
and in vulnerability to fishing pressures. Any plans for developing
fisheries in a virgin area would have to take these differences into
account.

It is hard to say that any one of a system of lines of activity in
a field such as marine biology is the fundamental one. Neverthe-
less, if one must be so designated, that which comes closest to quali-
fying is the identification and definition of species. A misconception
common among scientists as well as the lay public is that this means
naming plants and animals and keeping the names tidily catalogued.
Actually, the names are important only as a convenience. Organ-
isms could just as well be designated by call numbers, like books in
a library. However, it does happen that by international agreement,
zoologists and botanists use a system of Latin nomenclature. This
simplifies scientific literature tremendously. But it is not the names
that make species interesting, or the bottles of dead specimens of
these species in museum collections, but the fact that they represent
vital populations.

By definition, every species has a unique anatomy and physiology.
This uniqueness limits the geographic distribution of a plant or
animal species to only certain areas of the sea, and within those
areas to certain habitats where chemical, physical, and biological
conditions combine peculiarly to satisfy its specific requirements.
The abundance and well-being of a species are maximal where the
combination of environmental conditions is most favorable, and they
diminish as the combination grows less favorable.

Few species are distributed continuously or are genetically homo-
geneous throughout their range. Rather, changes in their environ-
ment and in the constitution of their genes occurring in the long
course of geological time, have divided most species into communal
populations or “demes,” as they are sometimes called, and given
them various degrees of independence. A species is sometimes de-
fined as a system of demes.
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Communal populations within species differ from one another in
features of anatomy, physiology, and behavior. They also have dis-
tinctive geographic ranges or ecological habitats, or both. The
more important of them often behave almost like different species
and are identifiable as something of lesser rank only because at cer-
tain geographic points or in certain anatomical and physiological
features they merge with other similar populations, or, if completely
separated geographically, cannot always be distinguished from
them. These “almost-species” are called subspecies. In marine
animals and plants, which, in general, have been studied less than
terrestrial ones, subspecies have received little attention. Most
marine subspecies are probably still unrecognized. What are now
considered to be closely related but distinct species probably in
many instances will prove to be subspecies when connecting links
are found or recognized.

Subspecies themselves differ from one another in various ways.
It is difficult to determine how to designate the degree of distinct-
ness of these populations. Consequently, a great deal of study is
necessary to understand the populational structure of almost any
species.

Such study is important in the understanding of a fishery, for
populations may differ from others in growth rate, in longevity, in
productivity, in resistance to disease, in susceptibility to parasites, in
migratory habits, in response to fishing, and in many subtle ways.
Consequently, any plan to direct a fishery scientifically must take
into account not merely the species, but the population as a unit
of the species. Evaluation of abundance and of productivity must
be by populations. People working to develop methods of fish farm-
ing must recognize differences between populations in seeking the
best growing, hardiest strains of fish and shellfish. Control of fishing
rates to produce maximum yields must be by populations. Fishing
is a highly selective process, and may affect different communal
populations of a species in different ways. Fishermen deliberately
seek certain sizes of fish to satisfy their markets. They fish in cer-
tain depths to take advantage of the habits of their quarry which
they know, and thus they may miss, or “select against,” those of the
same species which are adapted to a habitat of differing properties,
as, for example, deeper water. Fishing gear often selects sizes of
fish. Fish tend to school according to size; the distances which they
migrate vary according to size; they are available only while they
are passing through the areas where fishermen are working. Certain
sizes may be available for longer periods than others. Thus there
are many ways by which different sizes can be subject to fishing
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pressure. Populations differ in size characteristics. By various selec-
tion processes, a fishery may be favoring the survival of some popu-
lations and the reduction of others. Such undirected selective breed-
ing might be advantageous, but it might equally well have dysgenic
effect in the long run.

For all these reasons, it is essential to be able to distinguish popu-
lations and to know the relative influence of heredity and environ-
ment in maintaining their identity. Environment certainly has a
greater immediate effect on the characteristics that identify popula-
tions than on those that identify species. Therefore, in our dimen-
sion of time, a species is so stable an entity that it must serve as a
standard with which all its populations can be compared.

The study of species, their origin, phylogenetic relations, and
geography, is the branch of biology called taxonomy. The tremen-
dous impact of Darwin’s Origin of Species on the intellectual life
of the nineteenth century made this the dominating subject of bio-
logical research for about fifty years. The great idea which inspired
biologists to redirect their interest was evolution. Because evolution
gave meaning to classification and purpose to collecting, scientists
constantly improved methods of catching animals, especially at sea,
where any haul of a net might bring up enough new species for a
publication. The most obvious way for philanthropists to contrib-
ute to science was to build a research museum, or at least to finance
expeditions for collecting specimens. During this period some great
museums were founded and they acquired great collections. For a
long time, these museums were the center of activity in the field of
biology. Their staffs made the most frequent contributions to bio-
logical literature. They got the lion’s share of bright young students.

In its earliest stages, the study of species was concerned chiefly
with comparative anatomy, embryology, and classification, these
being the subjects which best demonstrated evolutionary relation-
ship. In time, however, it opened up all sorts of other interesting
subjects of inquiry such as comparative physiology, general physiol-
ogy, experimental zoology, life history studies, and behavior. As
biologists turned their attention to these topics, they abandoned
the museum for the experimental laboratory or the open field. In
doing so, they tended to lose sight of the importance to their work
of the definition of species. Thus, between 1910 and 1920, “sys-
tematics” went out of fashion. A generation of biologists had found
other subjects for enthusiasm, particularly mechanics of the life
processes and physiology of the cell. Museums were no longer alive
with activity. The rising scientists, at first indifferent to museums
and their staffs, became slightly contemptuous. “He is only a
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natural history man” became a standard epithet. “What difference
does it make what you call an animal?” biologists often asked, even
while finding it necessary to have the subject animals of their re-
searches identified.

Beginning about 1930, new ideas began to emerge in some fields
of biology especially in population genetics, which led to a re-
examination of taxonomy itself by forward-looking scientists, a
movement which is leading taxonomy out of its dark age and giving
it greater prominence. The “new systematics” as it is called, recog-
nizes that all biological disciplines contribute to a knowledge of
populations, and systematic problems are now being attacked from
the sides of genetics, physiology, ecology, and immunology.

Unfortunately, studies of this sort deal only with one or a very
few species. They progress slowly, and the very number of existing
species precludes applying the new methods to more than a few of
them. At the same time, the need for the kind of basic knowledge
of many species provided by the museum specialist continues to
grow, while funds for collection upkeep and for the necessary field
and museum research diminish.

The great research collections, consisting of thousands to millions
of specimens, are housed principally in two sorts of institutions—
governmental museums, which often must cater to the general
public in their exhibition halls, and university museums whose
chief function is to house reference collections. The public mu-
seums, often supported by city governments, get funds for public
education or entertainment, but little for upkeep of collections or
for research. Universities generally support their museums wretch-
edly. They often do not replace curators who have retired. They
may appropriate enough money to keep the specimen bottles filled
with alcohol, but little more. In some places even that necessary
job now deEends on volunteer labor. Thus the continuity of the
discipline which was the foundation of modern biology, the handing
down from one generation to another of its tradition and skills,
stands in danger of breaking up. A student who inclines toward
taxonomy, as a few brave souls do, has at best a narrow choice of
teachers. He can, of course, learn from books, but that is a poor
substitute for the constant guidance of a living authority. For
several groups of animals and plants there are but one or two living
authorities; for some there are none at all.

A museum collection, which is the basis for taxonomic research,
is analogous to a research library. Its value is proportional to the
amount of creative work that goes on about it. If a library reduced
its staff to a part-time, nonprofessional caretaker, stopped buying
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new books, failed to catalog those that came in as gifts, and stood
them about the floor in piles, it would become a dead place. That
is what most natural history research museums are today. They
are dead places. Some that are not dead are very quiet. Men of
universities who are responsible for the intellectual life of their
country should not allow such a situation to continue.

What would it take to restore a sick research museum to healthy
life, that is, to the point where it would be a living, intellectual in-
stitution, with a constant flow of material and ideas, contributing
discerningly to the growth of biological science? Compared with
the research in fields of biology that are fashionable today, it need
not cost very much. The principal needs are staff and money for
travel. One man should not be expected to do all the curatorial
work for a collection of world-wide scope, as well as carry on re-
search about his subject of interest, make his own illustrations, do
all the measuring and tabulating, teach students, and typewrite his
own manuscripts. He needs a corps of assistants. No problem
worth investigating can be solved by studying the anatomy of a few
dozen pickled specimens. It should be carried into the field, over
the entire range of species under study. The museum scientist
should have sufficient travel allowance and time to permit this.
He must have access to a number of disciplines besides anatomy,
particularly genetics, physiology, biochemistry, animal behavior,
and mathematics. However, skills in all these subjects will not be
found combined in one man. Therefore, a well-balanced museum
staff should include several people having among them a wide
variety of backgrounds. They should have access to experimental
facilities (perhaps in cooperating research institutions) and enough
funds to make use of them.

From the point of view of fisheries industries, one of the most
valuable functions that a museum staff can perform is the com-

ilation and frequent publication of distributional charts. Since
owledge of distribution is constantly growing and since distribu-
tion is constantly changing in response to fluctuations of environ-
ment, this must be a continuing job. The almost complete lack of
such charts is one of the most serious gaps in recorded knowledge of
the sea. The charts that do exist—a few of them are reproduced in
this book—contain inaccuracies that severely limit their usefulness.

A much-neglected line of research that is essential to a taxonomic
laboratory is anatomy. The internal as well as external anatomy of
all species of marine animals must be worked out and described in
order to provide a solid basis for understanding their taxonomic po-
sition and identity. As it is, less than 2 per cent of the known
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species of marine animals and plants have been well described, and
those mostly before 1900. The status of anatomy today is about as
low as that of systematics. A university must support a professor
of comparative anatomy of vertebrates since that subject is re-
quired for entrance to medical school. However, that is generally
as far as the university can go. Any energy the professor has left
after lecturing to hundreds of students weekly, he may give to re-
search. One faculty member for teaching invertebrate zoology
(including all the land forms) is about as much as can be spared
for supporting work in invertebrate zoology in an average university.
And museum curators have little opportunity for pure anatomical
research. Thus progress is too slow to keep abreast of the needs
of other branches of biology. And needs there are. The description
of many species of fishes, for example, goes no further than external
anatomy. Even studies of races are based only on such superficial
features as head length, size of eye, and position of fins. In general,
biologists cannot go much further in these studies because they
simply do not know the internal anatomy well enough to recognize
significant differences in the shape or position of the various organs.
Not only taxonomists, but students of behavior and of physiology are
handicapped in not having complete knowledge of anatomy.

Characteristics of the digestive system, for example, tell a good
deal about the probable feeding habits of an animal. The presence
or absence of sensory organs can provide the basis for designing
experiments to learn how animals analyze their environment.

The groups that are most obviously pertinent to the problem of
exploiting the sea are the marine mammals, fishes, mollusks, crus-
taceans and algae. But there are other groups of organisms. Are
they to continue to be neglected because they seem commercially
unimportant? What about the parasitic worms that infest fishes and
mollusks? What about the invertebrate animals which are im-
portant links in the food chain? What about the starfishes, which
are enemies of mollusks, and the pathogenic fungi which infect
all sorts of marine animals? 1If it is true, as is often said, that species
can be understood only in relation to their environment, then the
ideal natural history museum must comprehend the whole gamut of
animals and plants that occur in the sea, for they are all parts of
environments in which fishes, mollusks, crustaceans, and algae live.

Where would these ideal natural history museums be placed?
There are enough museums already existing so that it is neither
necessary nor desirable to establish any new ones. In fact, there
are regions where museums that are close together could be con-
solidated with considerable economic advantage to their supporting
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institutions. This would require some noble swallowing of pride,
but it should be done wherever several mediocre, run-down col-
lections could be combined to help make one good one. As a matter
of fact, museum directors of a few institutions, in order to specialize,
have already begun a movement to consolidate certain parts of
collections by exchange. In any plan to strengthen museums, the
highest priority should be given to those which already have great
collections with type specimens and which are attached to uni-
versities having -excellent scientific libraries. These, being close to
scientists in fields other than biology, are in the best position to
secure imaginative advice for attacking some of the more difficult
problems of taxonomy. They are also in the best position to teach
grinciples of taxonomy and the techniques of identification to stu-
ents of general biology who will later become ecologists, biological
oceanographers, fishery biologists, and conservationists.



5

Environment

What kind of biological research would ultimately make the
greatest contribution to achieving full utilization of the sea
food resources®? When I put this question to a number of
leading marine biologists and oceanographers of America and
Europe, they were remarkably unvarying in their advice:
Study environments, seeking to learn how chemical, physical,
and biological characteristics of sea water influence its fertility
and thereby control the abundance and distribution of organ-
isms. The many elements of environment that combine in
various ways to make up qualities of fertility are much less
localized in the sea than on land, for they are in constant
movement horizontally and vertically. They are carried by
currents and are therefore far-reaching in their influence. An
event happening in one part of an ocean can eventually, per-
haps months later, affect production of living things hundreds
of miles away. Every species has its own peculiar set of en-
vironmental conditions for optimal production; what is essen-
tial to one species may be inimical to another. Thus the pro-
duction of environments in the sea is an elusive subject to
study. What is itP What are problems of understanding it
that need to be solved? What is present opinion about the
geographic distribution of the more productive areasP What
are the important gaps in research programs concerning envi-
ronments? These are questions which this chapter discusses.

There has been much speculative talk about exploring the depths
of the sea to find new species of organisms that could yield large
harvests, of diking off salt-water marshes and sloughs and cultivating
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them for fish farming, and of growing plankton artificially or at
least harvesting it in the open sea. Such concepts as these underlie
dreams of feeding the world from the sea. What kind of research
would be required to accomplish these objectives? What processes
would be required to demonstrate their economic feasibility?

Here, as in all scientific pursuits, we must seek principles first, for
all of these dramatic measures involve using environments intel-
ligently, somewhat as agriculturists do. That is to say, they involve
locating and working the most fertile areas, harvesting selectively
to produce the most profitable balance of populations, controlling
rates of harvesting, reducing predators, and, in some places and
under some circumstances, farming environments by cultivating
and fertilizing and by planting stocks which are especially adaptable
to local conditions. How successfully we might do any of these
things would depend on how intimately and thoroughly we knew
the principles by which the intricate mechanisms of environment
cooperate to support the lives of useful species. This implies the
necessity of studying environments.

Throughout this book I use the phrase “an environment” in
an unorthodox way to denote a habitat together with its resident
communities of plants and animals. This will avoid some uses
of words that fit better in a textbook on ecology.

The environment of a species is its cosmos, the milieu in which
it lives. It includes its physical setting—the sea water, with all its
mineral salts and dissolved organic chemicals, regimes of tempera-
ture and of solar radiation, and structure and composition of the
bottom. It includes the whole assemblage of different species of
plants and animals that live together and affect each other bene-
ficially or harmfully. It is a system of systems, with inorganic
and organic components.

An environment (as I am using the term) is an ecological unit,
that is to say, a part of the sea which has peculiar properties that
satisfy the physiological requirements of a population or a number
of species of populations which live together there. Examples of en-
vironments are a deep-flowing water mass, a current at the surface,
an area on a bank where the ground is muddy, or an area where it
is gravelly. A gently sloping sandy open beach, an estuary, a
brackish marsh—all are types of environments. Their boundaries
and other characteristics can be extremely plastic, with dimensions,
position, and physicochemical properties pulsating continually in
response to meteorological and other external influences. The
populations which they contain pulsate with them. These changes
usually follow a more or less seasonal pattern, superimposed on
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very long waves with durations of years or even decades, the whole
complex pattern marked by brief, sharp fluctuations.

Environments rarely have sharp boundaries, and they are never
independent entities, but affect each other in many ways. Events
happening in one environment may have consequences in an entirely
different one many miles away. Thus it is often difficult, and beyond
a certain point, unrewarding, to try to isolate one environment for
study without reference to those others that influence it. Few spe-
cies confine themselves to one type of environment throughout life,
but change in response to changing physiological demands. Opysters,
for example, which are free-swimming during infancy, settle down
to become fixed early in life, and remain so until death. Prawns
spend their youth in sloughs and salt-water marshes and later move
to sea, eventually traveling rather long distances offshore to spawn.
Flounders, like many other kinds of groundfishes, are pelagic dur-
ing egg and larval stages, during which period they are carried
far by currents. After metamorphosis, they settle to the bottom,
where they remain thereafter. But even then they are not quite
sedentary, for they tend to migrate toward shore in summer and
away from shore in winter; and as they get older, they move into
progressively deeper water. Herring, on the other hand, are stuck
to the bottom during their egg stage, but after hatching, the larvae
drift with the currents. After metamorphosis they live very close
to shore in bays. As they grow older they seasonally move offshore
into deeper water. In inhabiting a succession of environments from
birth to death, broods of a species become, in effect, successions of
populations, each differing from the others, yet all connected by
the strong thread of life history. Events during a brood’s sojourn
in any one of its environments can prove fateful to the remainder
of the life of a brood. Consequently, a proper study of the biology
of a species, such as an important food fish, must include the whole
gamut of its environments in order to understand the principles con-
trolling its vagaries of occurrence and abundance.

There is a great amount of information about marine environ-
ments of the world. Some of it is well organized and easily available
in published literature. Much of it is scattered, buried in files, un-
collated. Some of it is only in people’s heads. What there is orig-
inates from various sources. To begin with, fishermen, from the
most advanced to the most primitive, living on the sea and depend-
ing on its resources as they do, have learned a great deal about what
is associated with the occurrence and nonoccurrence of the species
that concern them. Quite a few published works are little more than
systematized compendia of information gleaned from fishermen.
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Valuable though fishermen’s knowledge is, however, it often in-
cludes a great deal of superstitious lore.

Conclusions from scientific research are more objective, less in-
fluenced by tradition, and therefore more dependable than those
from fishermen’s observations. A large body of systematized knowl]-
edge about sea environments has come from expeditions which
museums and institutions of marine research have sent out all over
the world to take samples of various kinds in various regions. These
have collected and described specimens of animals and plants,
estimated the abundance of the fauna and flora, and sometimes the
rates of its production. They have sampled the water at various
depths, analyzed its chemistry, recorded the temperatures, and de-
termined the direction and rates of flow of currents. They have
charted the topography, examined the geology of the bottom, and
done many other things of scientific interest. The thoroughness of
all this work varies geographically, for expeditions have visited some
regions much more frequently than others.

The most comprehensive knowledge of environments relates to a
few relatively small areas where great fisheries are carried on. This
knowledge results from constant systematic study by institutions of
marine biology and hydrography which are conveniently located.
It is such laboratories which make contributions that have been
most valuable to the intelligent use of marine environments. Fig-
ure 8 (page 28) shows that these most intensively studied areas
of the marine world are in fishing grounds of the North Atlantic
Ocean, principally the North Sea, the Baltic, including the Gulf of
Bothnia, and the Norwegian Sea; the New England Banks; a segment
on the coast of southwestern Africa; the Scotia Sea in the Southern
Ocean; the east coast of Australia; the Red Sea; the west coast of
North America, principally California and northern Baja California,
Puget Sound, and British Columbia; and the northwestern part of
the North Pacific in the vicinity of Japan, including the Sea of Japan.
Among the least studied areas are the entire Indian Ocean, par-
ticularly the Arabian Sea and the Bay of Bengal; the Indonesian
Sea; the Arafura Sea; the Coral Sea; and large areas of mid-ocean
in the Pacific.

Scientific knowledge about the oceans and their resources is un-
evenly distributed; so also are marine research facilities. There are
about 240 laboratories in the world for studies in marine biology,
fisheries, and physical oceanography. Close to 90 per cent of these
are in the northern hemisphere; 85 per cent of them are north of
20° N. latitude. In the tropics and the southern hemisphere there
are long stretches of coast without benefit of any marine laboratories.
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Thus serious gaps in knowledge of marine environments are geo-
graihic, and they are associated with a lack of research facilities
in the areas about which ignorance is greatest.

In northern regions, the existence of established fisheries had
much to do with stimulating the founding of marine laboratories and
determining their location. In the tropical and southern regions
it is the other way around. There it is proposed to establish marine
laboratories to stimulate the founding of fisheries. They should
be located as close as possible to production areas. This is an im-
portant point, because the sea is not evenly productive. Indeed,
much of it is not rich enough to support fisheries at all. Figure 14
(page 37) shows regions where oceanographic conditions are con-
ducive to heavy production of organic matter and therefore, pre-
sumably, of fishery stocks. Even though these areas are restricted,
they still are very large. Most of them are unexploited or far under-
exploited: They have been studied very little, and there are few if
any facilities for studying them. This is more or less true, for ex-
ample, of the Benguela Current off southwestern Africa, the north
and south equatorial currents of the Atlantic, the northeast coast of
South America, the western shores of the Arabian Sea, the Peru
Current, and most of the Southern Ocean. Any of these regions
would be a profitable area of study for a laboratory.

It is in the long-established institutions of Europe and North
America that the classical research techniques of general marine
biology, fishery biology, and hydrography have evolved. In general,
these laboratories are approaching the advanced and extremely dif-
ficult stage in their studies where they must determine how the
various elements of environment which they have minutely ex-
amined fit together to compose an integrated mechanism—the
environment-as-a-whole. It has been taking a long time to reach that
point. The road is long and tortuous. There have been many false
starts and blind diversions.

A new laboratory can profit by the mistakes which the older ones
have made as well as by the principles which they have discovered.
Nevertheless it too must go through a long initial stage of explora-
tion and analysis before it can have assembled enough material for
synthesis. Even under the most favorable conditions it could not
spring into being full-blown. It would be better to begin on a
modest scale. From there it would succeed provided it were well
backed financially from the start, and provided the people who con-
trolled its existence had the will for it to grow and a sound plan for
its future.
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The initial program may concentrate on taking a comprehensive
inventory of what there is in the region. What are the species of
animals and plants? How are they distributed? What are the
seasons of their occurrence? As this knowledge grows, the studies
should become more quantitative—how much is there? At the same
time there need to be built up taxonomic reference collections, a
library of world literature on marine biology, physical oceanog-
raphy, and fisheries, bibliographies of published scientific literature
about the region, and all available pertinent unpublished informa-
tion. As soon as possible, a hydrographic program should begin to
determine the characteristics of the water, the pattern of currents,
and their connections with the distribution and numbers of animals
and plants. Fisheries studies should accompany this developing
program, guiding it, fitting into it, taking every advantage of its
results, and covering the life histories and behavior patterns of the
commercially interesting species.

Gags in the programs of well-established institutions are not
immediately obvious, but nevertheless there are gaps. The principal
one is in the interpretation and integration of data relating to all
the diverse elements of environment. The center of interest in most
marine laboratories is the science either of biology or of geophysics.
Marine biologists tend to focus attention on species of animals,
physical oceanographers on the chemistry and movements of water.
Thus they divide into two groups, each studying a different aspect
of environment. What is most seriously needed here is some means
of combining these two points of focus to produce a single, full-
dimensional picture of the whole environment. This might be best
accomplished initially by adding special teams to these institutions.
The members would have among them a variety of talents and
specialties; nevertheless the subject of their research should always
be environment. One of their principal functions would be to
assemble all available facts about the various elements of environ-
ment to study how they fit together—facts about climate, weather,
currents, comparative physiology, life histories, faunal composition,
fish catches, sizes of populations, and so forth. In addition, they
silould engage in laboratory and field studies on such questions as
these:

What do animals and plants demand of environment? What
are the elements of environment? What are the mechanisms of their
actions? What are the boundaries of environment of the various
species? Here is needed a tremendous fund of knowledge about the
life history and physiology of the many organisms that are part of
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the more important environments. In the most studied parts of the
oceans, such as the Gulf of Maine, research to develop such knowl-
edge has been done for less than 15 per cent of the total species.
In other places of interest, such as the coasts of South America and
Africa, it has hardly been done at all. The most obvious questions
to study about each species are these: Where, when, how frequently
and under what circumstances do the individuals reproduce? How
fast do they grow? How long do they live? What are their com-
petitors and enemies? What do they eat? How do they behave in
response to various stimuli? What are their routes of migration or
transport? How are they affected by the submarine weather and
climate? How are they affected by such chemical constituents of
the water as trace elements and organic substances? What are the
forces inducing their oscillations in numbers? What rhythms are
in their oscillations? As information on these questions accumulates,
it should bring out how the species of any given environment fit
together. On that point, which is particularly important in practical
fishery problems, our present knowledge is almost nil. How does
one species relate to another as predator, competitor, or fodder?

Embodied in these questions is the problem that troubles people
in the fishing industries more than any other. What causes fish
stocks to fluctuate in abundance and availability? For the last
twenty years or so, fishery biologists have centered their researches
on the dynamics of fishery populations. Accordingly, they are en-
gaged in acquiring the numerical data for formulas designed to de-
termine the yields to be expected from various levels of fishing effort.
One of the most important elements in these formulas is always M.
M is a measure of the sum of the fatally adverse effects of environ-
ment upon a population. It stands for rate of natural mortality, that
is, mortality from causes other than fishing. It is exceedingly dif-
ficult and expensive to measure this M; indeed no method of meas-
uring it continuously has yet been devised. For that reason, and also
because it is presumed that over periods of several years it fluctuates
about a level, the natural mortality rate is treated as a constant.
Nevertheless there is evidence to show that the range of its fluctua-
tions can be very great.

There is no universal natural mortality rate in the sea. It differs
between species. Within any one species it differs between popula-
tions and within a population it differs between localities. It
changes throughout life, being highest during infancy and decreas-
ing with age. It fluctuates from year to year. For several years
it may be almost negligibly low, but can suddenly assume disastrous
proportions. A stock can be reduced almost to the vanishing point
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by an abnormally long period of unfavorable weather, by an epi-
demic, or by a rise in the abundance of a species which is a com-
petitor or a mortal enemy.

Marine animals that are not permanently attached, like herring,
move in and out of the range of fishing, usually, but not always, with
a fairly regular seasonal pattern. Sometimes whole populations or
only parts of populations fail to appear on the usual fishing grounds
and remain absent for weeks or even for years. Their sporadic and
transient reappearances suggest that they have moved to other parts
of the sea for a while; in other words, they have become unavailable
to fishermen operating on the old fishing grounds. It is sometimes
difficult to distinguish such migrations from mortality of the popula-
tion.

Each of the many biological and physical elements that contribute
to mortality in a population fluctuates in one way or another, and
its relative importance in the environment of a species may also
fluctuate. Consequently, the faunal composition of any environment
fluctuates. The more we can understand the mechanisms of these
changes, the more accurately we will be able to explain and predict
fluctuations in fishery stocks. What is the nature of those mech-
anisms? To throw light on that baffling question would be one
of the most useful achievements of an environmental research team.

What is the causation of variations in abundance, availability,
and quality of marine organisms? The practical consequence of
these variations is that fishing is a terribly hazardous investment.
This is true in varying degrees everywhere, regardless of the fishery,
whether it be for fin-fish or for shellfish, in northern seas or tropics.
To begin with, the year broods of all species vary in size. That
is probably a safe generalization. An extremely good cod brood, for
example, may be as much as fifty times greater in numbers than an
extremely poor one. A fluctuation may affect all the stocks of a
species over a very large area, or only those in a particular locality.

Since the earliest days of marine research, biologists have sought
to discover causes of fluctuations by watching for correlations be-
tween the size of year broods and those physical attributes of the
environment which they know how to measure—temperature, con-
centrations of inorganic nutrient salts, and speed and direction of
currents. To this day, however, no one has found a perfectly con-
sistent correlation that has gone beyond a few seasons. The break-
down of a correlation does not necessarily mean that it was a
spurious effect while it lasted, but that elements dominating the
mechanisms of survival have given way to others, as they may do
sporadically. Not only do year broods fluctuate; virtually whole
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populations of the adults of some species may disappear from the
range of fishermen’s activities. This may be the result of mass
mortalities, shifts in environment, or overfishing. It is often dif-
ficult, with such meager information as is usually available, to be
certain which of the three it is. In any event, a species that has thus
disappeared sometimes remains absent for ten or twenty years, then
reappears in numbers as great as ever. This sort of thing happens
with species that are not exploited as well as with those that are.
For example, in recent years squat lobsters (Munida and Galathea)
have disappeared from the area about Plymouth, England, where
they had previously been abundant. Similarly, sea urchins have
become greatly reduced about Cape Cod, Massachusetts. Bluefish
are again abundant on the Atlantic coast of North America, where
they had been scarce for almost twenty years. '

The biochemical composition of marine organisms goes through
seasonal cycles which are probably related to the reproductive cycle,
but it also varies geographically and undergoes fluctuations from
year to year that must be related to something in the environment—
perhaps its fertility. For example, in a given locality the menhaden,
a herring-like fish used for fish meal manufacture in the United
States, may yield no oil in some years, and in others as much as 60
gallons per ton. In a single month of one year it may vary between
5 gallons per ton in one part of its range, and 40 in another. The
chemical composition of the marine algae—minerals, vitamins, car-
bohydrates, and proteins—fluctuates remarkably, and so far, inex-
plicably (see pp. 276-79). The mechanisms of all such fluctuations
are involved with the mechanisms of environment.

Among the organisms inhabiting the sea are pathogenic (disease-
causing) bacteria, rickettsiae, protozoa, fungi, and viruses. At times
any of these can rise to epidemic proportions and have devastating
effects on susceptible populations. Since this subject is discussed
in a separate chapter, it is enough to say here that the study of the
place of disease in marine ecology has been almost completely ig-
nored in research programs. What elements of environment govern
fluctuations in the occurrence of disease? What are the effects
of diseases on animal numbers? These are questions with which
an environmental research team would be deeply concerned.

A complex of problems centers around the basic fertility of the
sea, which is an attribute of environment that bears most signifi-
cantly on fishery stocks. In studying this topic, it is necessary to
draw heavily on the work of fishery biologists on the one hand and of
physical oceanographers on the other, and here a team of environ-
mental scientists could serve as a cementing agent to draw the two
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groups together in planning their respective programs and in inter-
preting their results. In the following pages, I shall discuss fertility
of environments to suggest the scope of a research program in this
subject.

Animals of the sea, like those on land, can prosper only in fertile
environments; and just as on land, fertility is measured by the
assemblage of physical and chemical properties that make it pos-
sible for plants to grow. The great bulk of sea plants is in the form
of phytoplankton. Although phytoplankton occurs in the surface
layers all over the oceans, the rates of its production and the quan-
tities produced vary widely from one situation to another. They
also run through seasonal cycles and fluctuate from one year to an-
other. - Fertility, through its relation to the production of phyto-
plankton, is the foundation on which the abundance of all marine
resources is based. It is therefore a subject of the greatest perti-
nence to scientific sea harvesting.

Only plants, through the process of photosynthesis, can trans-
form inorganic chemicals into organic food. Animals cannot do
that; they can live only by eating, and they can eat only as much as
is produced in their environment or is carried into it by currents.
Some species eat mostly phytoplankton; others subsist wholly or in
part on other animals; still others are omnivorous. But whatever
their food habits, the rate of production of animals in the sea is
set by the rate of production of plants. Sedentary animals depend
on the food pyramid supported by the plants which occur in the
area where they reside. If these animals happen to be carried to an
unproductive place during their drifting phase, they starve. Roam-
ing animals, on the other hand, such as swordfish or squid, which
have broad environmental tolerances, go searching for areas where
food is sufficiently plentiful to satisfy their rapacious needs. When
hunting becomes unrewarding in one place, they can go to another.
Even though they feed high in the food pyramid, they nevertheless
depend on a rich production of phytoplankton to support the food
in the various centers which they visit.

The most immediate effect of phytoplankton is on the herbivorous
animals, that is, chiefly small invertebrates and very young post-
larval fishes. Here there is a reciprocal relation, for the rate at
which herbivores crop the phytoplankton influences the rate of its
production, and that in turn influences the rates of production,
growth, and survival of the grazing herbivores. Among carnivores,
the same kind of relation holds between populations of predators
and of their prey. Such relations obtain among all the populations
living in an environment; they depend on the rates of metabolism,
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reproduction, and growth of each population. These rates vary
widely from one species to another. Within any one species, they
vary with temperature and other characteristics of the environment.
Obviously, the causes of oscillations in populations are exceedingly
complex and therefore exceedingly difficult to trace. However, the
fundamental, all-pervading influence is fertility; for the basic food,
that is, the plants of the phytoplankton, like those of land, cannot
flourish without material with which to synthesize their food.

Phytoplankton can utilize light only in the uppermost 30 to 300
feet of water. That being where they live, that is where they must
obtain all their required nutrients. However, the sources of natural
refertilization, that is, the waste products of the living plants and
animals and the decomposing bodies of the dead, sink continually
to levels deeper than the zone which the light required for photo-
synthesis penetrates. In high latitudes life flourishes in the sea from
spring into fall, the phytoplankton and the zooplankton going
through alternating cycles, the animals reducing the plants by graz-
ing, and all diminishing to low ebb by late fall. Growth can resume
only after the fertility of the surface environment is restored. This
is accomplished through seasonal climatic and hydrographic mecha-
nisms which bring about exchange between the nutrient-rich deeper
waters and the impoverished surface.

This exchange occurs where cooling in the winter causes the sur-
face water to become denser and heavier than that at lower levels.
As this relatively heavy water sinks, it is replaced from below by
rising lighter water, which is rich in nutrients. In the spring, in
high latitudes, when the amount of daylight increases, the phyto-
plankton resumes its cycle of production.

Elsewhere, chiefly in lower latitudes, there is another mechanism
which brings enriched water to the surface. In certain places, long
persistent seasonal winds blow from one direction. For example,
northwest winds prevail along the California coast from early spring
to midsummer. The water which these winds push is deflected
sharply by the action of the earth’s rotation (to the right in the
northern hemisphere, to the left in the southern) and is replaced
by “upwelling” from below. Upwelling is a prominent feature of
the hydrography along certain coasts (California, western South
America, western Africa). Wherever it occurs it is associated with
heavy production of organisms and rich fishery resources. A similar
result occurs in the open sea wherever divergences exist. These are
zones where the surface currents separate under the combined influ-
ences of wind, the earth’s rotation, and density differences. To make
up for this loss, water rises from the depths. Unlike upwelling or
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winter overturn, this process may operate the year round, as along
the equator in the Pacific.

A meeting of currents from different directions may also result
in mixing and local divergences, with rising of deep water, resulting
enrichment of the surface, and high productivity. This happens
off the northern islands of Japan, where the warm, northward-flowing
Kuroshio meets the cold, southward-flowing Oyashio; it happens
south of the Grand Banks of Newfoundland, where the Gulf Stream
meets the Labrador current. These areas, and others where similar
situations obtain, are extremely productive fishery grounds (see
Figure 1, page 15). _

Exchange between very widely separated places occurs by simple
horizontal movement of water. Perhaps the most extreme example
of this is the great transport of surface water at a rate of something
like 6 million cubic meters a second from the Antarctic up to the
far reaches of the North Atlantic. This great mass of water comes
from various sources—some of it from the southern hemisphere,
some from the Mediterranean, some from around Greenland—all of
it water that had become depleted at the surface, had sunk, and
flowed southward at deep levels. All along the way it had become
replenished with nutrients from the decay of sinking dead organ-
isms. Around the antarctic continent it rises rich in fertilizing sub-
stances, to nourish one of the most productive areas of all the oceans;
thence it returns ultimately to northerly seas.

Thus it is the vertical movement brought about by such processes
as upwelling in some parts of the world and winter cooling in others
that brings inorganic nutrients and perhaps also biologically im-
portant organic substances from deeper water to the surface where
they become available for the growth of phytoplankton. The in-
tensity of these processes varies seasonally and annually, and this
has much to do with variations in the production of plants and
animals. And it is by the horizontal movement of water, which also
varies continually in speed and direction, that all the properties of
environment—nutrients, temperature, plankton—are transported,
sometimes to places far removed from their regions of origin. John
Tait, of the Scottish Home Department, has written the following
on this subject:

Currents control the distribution of temperature and other physical and chemi-
cal properties of the sea. They control the distribution of the ultimate food
organisms on which all marine life depends. They control further the dispersal
of fish eggs and of the youngest fishes until these acquire motive power of
their own, and, in the reproductive stage of a fish’s life, which, as it were, com-
pletes a cycle, they govern very largely, if not entirely, the movement of fishes
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towards the places where those physical conditions exist in which alone repro-
duction will take place.!

An example of the influence which movement of water can have
on a fish population is the case of the Pacific sardine. Between 1947
and 1953 this species disappeared from the coast of California. Dur-
ing the preceding thirty years the sardine fishery had gradually
grown from its inception into the largest of all American fisheries,
producing more than 500,000 tons annually. The supply failed first
in 1947 in the northern part of what people had assumed was the
normal range of the species. For a while it looked as though this
might be a local fluctuation and perhaps the fishery would hold up
as well as ever off southern California. However, it failed there too,
at length, so that by 1954 fishermen caught less than 70,000 tons.
Apparently this dramatic disappearance of a great fishery resource
is largely the consequence of a change, the nature of which is still
unknown, in the regime of hydrographic conditions on the Pacific
coast of North America.

The principal elements in this pattern are the California Current,
which flows southward, an inshore complex water mass of variable
characteristics, which includes a northward-flowing countercurrent,
and the northwest winds that prevail along the coast during spring
and early summer. At this season, as a result of the action of these
winds and of the earth’s rotation, surface water turns seaward while
deeper water wells up to replace it. This upwelled water carries
phosphates and other nutrients that had sunk and accumulated dur-
ing the preceding winter and fall. Scientists studying sardine prob-
lems have described these processes thus:

Between the California Current and the coast, the region in which sardine
spawns and is fished, appear complex systems of countercurrents and eddies,
changing with the changing seasons. Winter ordinarily finds a strong, nar-
row countercurrent flowing northward along the entire coast. When the
countercurrent is absent at the surface, as it usually is during the summer,
oceanic eddies, great lazily revolving masses of ocean water, form in the
inshore region. Such eddies usually form near Central California, near the
Channel Islands of Southern California, and near Punta San Eugenio in central
Baja California.

The most persistent of the eddies is located near the Channel Islands.
This giant wheel of water, some 100 miles or more across, rotates slowly
counterclockwise. Its center is characterized by the “enriched” water that has
ascended to the surface from a depth of 700 to 800 feet (“upwelling”). . . .2

These seasonal shifts may be closely associated with changes in
the subsurface countercurrent.® This current contributes somewhat
to upwelled water, at least in the deeper layers. As a consequence
of meteorological variations, it fluctuates in intensity and in the
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distance which it travels at the surface. A strong development of
this current seems to be associated with northward incursions of
sardines and of their spawning grounds, with large year broods and
with good fishing. This may result from the countercurrent trans-
porting the environment optimal for the well-being of sardines,
which includes temperature and other physical characteristics of
environment as well as food.

The United States Fish and Wildlife Service’s Pacific Oceanic
Fishery Investigations, under the leadership of Oscar Sette, have
demonstrated that divergence and upwelling at the equator enrich
the surface waters with inorganic nutrient salts which stimulate the
production of plankton. These plankton-rich waters drift northerly
to a convergent zone. Experimental longline tuna fishing has con-
sistently proved to be more successful there than in areas adjacent
to this system. On this, Sette writes:

The quantities of catch and the positions of the zone in the north-south direc-
tion have varied considerably, probably in response to accelerations and de-
celerations as well as the swaying north and south of the current system.
Although our observations have not had sufficient continuity in time and
space to elucidate these variations, it remains quite clear that the divergence-
convergence features of the transverse equatorial circulation provide the basic
supporE{ i'or a persistent concentrated stock of yellowfin tuna.4 [Figure 14,
page 37.

Alfred Redfield,® of the Woods Hole Oceanographic Institution,
has shown how the circulation of water affects the distribution of
zooplankton in the Gulf of Maine. The dominant feature in the
circulation of this body of water is a great anticlockwise eddy, which
in the surface layers flows at an average rate of about seven miles a
day. The eddy is fed by water which comes in on its eastern side
from over the Nova Scotian Banks; and it loses a corresponding
amount which escapes southward and eastward across the end of
Georges Bank. This inflow and outflow varies seasonally and from
year to year. It is at its peak in winter. The new water that comes
in at that time is relatively barren, and remains so until spring,
when conditions become favorable for growth and reproduction.
The water of the eddy is by no means completely replaced at once,
however. Much of it remains in the southern part of the eddy sup-
porting a rich population of plankton that had grown up the previous
summer and had become only moderately diminished by the ad-
verse conditions of winter. In the spring and summer, when the in-
flow and outflow decreases, this held-over water starts moving north-
easterly in the direction of the Bay of Fundy, engaging in a second
circuit of the Gulf of Maine. Thus it enriches with plankton the
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northern part of the gulf during the late summer and fall. Thus,
too, the gulf is largely self-supporting, and contributes to other areas
as well. The distribution of the petrel, a plankton-feeding bird,
corresponds in a striking way to that of the xllankton. In June and
July the birds are most numerous in the southwest part of the gulf;
in August they are distributed more northerly; in September they
are rather evenly distributed about the gulf.

Mackerel, which are plankton-eating fish, evidently also follow
a similar pattern. In early summer, they occur along the southern
shores of the Gulf of Maine. By late summer they have moved to
the northern shores, including the Bay of Fundy. The distribution
of mackerel fishermen fits the pattern too, for of course they follow
the fish.

Animals of boreal origin may be carried into the Gulf of Maine
eddy, and not survive there. Thus occasionally swarms of the plank-
tonic mollusk Limacina retroversa invade the Gulf. Redfield, in
discussing a study of one of these invasions, writes:

The most conspicuous result of this study is the demonstration of the degree
to which the occurrence of Limacina in the Gulf of Maine depends upon the
circulation of its waters. Damas® in 1905 raised the question: How does
the plankton of a given region maintain its character in the face of the con-
tinual circulation of the currents and how does a given species persist so as
to possess a special geographic distribution? He concluded that there must
exist a special zone or center of production in which adults abound and re-
Eroduce successfully and that to this region circulatory currents serve to

ring back periodically a proportion of the individuals which become entrained
and dispersed by the continual movements of the water . . . The observations
on Limacina have not revealed the presence of a center of production in the
Gulf of Maine. They point to the existence of such regions offshore to the
eastward and are of interest rather in telling something of the fate of these
animals, entrained in the movement of water, which are carried away never
to return, yet for a while to occupy an important role in the ecology of other
regions. Behind the geographical distribution of each species of plankton
there must be a complex balance of biological and physical factors. Of the
latter, flow of water appears to be paramount; its consequences too frequently
neglected.”

Important though flow of water may be, however, other prop-
erties of environment besides motion evidently also affect marine
life, and not all of these are known. Indeed there are many mys-
teries about the production of marine organisms that have eluded
all efforts to understand them. On a small island close to Pensacola,
Florida, the United States Fish and Wildlife Service operates a lab-
oratory for studying oysters. There, oysters taken from a homo-
geneous stock and planted at opposite ends of the island, a distance
of not more than 1000 feet, grow at significantly different rates and
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ultimately attain significantly different average size. At the same
time, the growth rates in the two localities fluctuate simultaneously
and in the same direction. The physical conditions at the two local-
ities seem to be identical; at least two years of intense search have
failed to disclose a difference in any measured feature of the environ-
ment.

Another example: Oysters live a brief pelagic existence during
their larval stage. At length they “set”; that is, they settle to bottom,
fasten to a solid object, if they happen to be lucky enough to find
a suitable one, and remain there until death. The number of oysters
that sets varies tremendously from year to year and from place to
place. Nowhere in United States” waters has this been shown to be
correlated with the number of spawners or with any of the char- °
acteristics of the sea water that have been measured in oyster beds.
The degree of fluctuation itself varies. In some places, like the
Thimble Islands in Long Island Sound, the oyster set is consistently
good. In other places like New Haven Harbor, which is only a
few miles away, it is consistently bad. Why this is so remains a
mystery.

In the Limfjord of Denmark, on the other hand, scientists be-
lieve fluctuations in the set of oysters are definitely associated with
weather. R. Spirck writes on this:

The depletion of the stock of oysters on natural beds in the Limfjord . . .
was not evenly distributed; in large parts of the fjord the decrease was even
greater than 90 percent and it appears that in a few restricted areas the
decrease was much less . . . in the period from 1925 to 1937 there was no
oyster fishing at all on the natural beds in the Limfjord, so that the stock
decreased only on account of natural conditions. There can hardly be any
doubt that the fluctuations are mainly governed by the summer temperature
since the periods of increase coincide with periods of warm summers (mean
temperature in July of the surface water of the Limfjord about 18° C. or more)
while periods of decrease coincide- with periods of cold summers (mean
temperature in July of surface water in the Limfjord 17° C. or less).8

The quantity of organic substances at times appears to play a most
critical part in productivity of the sea. Thanks to the work of a few
scientists in scattered places, evidence is slowly accumulating to
foster a belief that the various organisms themselves may have im-
portant effects on each other’s distribution and abundance, either
by their mere presence or, more likely, by substances—ectocrines—
which they impart to the water.

The literature contains many reports on the scarcity of fish in
places of maximum phytoplankton concentrations. For example,
R. E. Savage ® found that Phaeocystis, an alga which reaches the
height of its bloom in spring, sometimes seems to constitute an im-
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passable barrier to the shoaling of herring on the usual fishing
grounds. At other times, it may divert more herring to the fishing
ground, depending on its position. Similarly, A. C. Hardy and E. R.
Gunther *° observed that in Antarctic regions euphausids and other
animals of the plankton are relatively scarce where phytoplankton
is abundant. They admitted that the euphausids, enormously abun-
dant, widely distributed, and voracious as they are, must to some
extent reduce the quantity of phytoplankton by grazing, a fact which
can account for the observed inverse association. Nevertheless, they
remarked that not only herbivorous animals of the plankton but
carnivorous ones as well seemed to avoid dense patches of phyto-
plankton. Even the animals which were too scarce to affect the
abundance of the phytoplankton appreciably by feeding on it seemed
to avoid it. Hardy suggested a theory—“The Animal Exclusion
Theory”—that some marine plants have properties repellent to ani-
mals and thus in effect exclude them by their presence. Biologists
do not universally accept this theory, for they find it hard to believe

that animals would be repelled by their food. Jomei e :

To test this point Richard Bainbridge,!* working at Plymouth and
Millport, studied how zooplankton behave in the presence of differ-
ent species of phytoplankton. His observation aquarium consisted
of a transparent tube, held horizontally for some experiments, ver-
tically for others, and divided into compartments by sliding doors.
In a typical experiment, he would fill one end of this apparatus with
filtered sea water and the other with water that had been enriched
with phytoplankton. Then he introduced the experimental animals
in each end of the tube, opened the sliding door, and watched the
animals to see the direction and speed of their migration. Did they
move toward the end with the greatest concentration of phyto-
plankton or away from it, or were they quite irresponsive? That was
the question at issue. In the horizontal apparatus there was a sig-
nificant movement of experimental animals into water enriched with
cultures of four out of seven species of diatoms and five out of seven
species of flagellates tested. The animals did not react to three of
the diatoms or to two of the flagellates tested, and they migrated
away from two species of flagellates that had given evidence of hav-
ing toxic properties. In several, movement toward the enriched
water seemed to be more definite among the animals that had been
starved before the experiment than among those that had been well
fed. These experiments demonstrate that animals of the plankton
react variously to different species of plants, being attracted to those
which presumably are nutritious, indifferent to those which are not,
and repelled by some which are distasteful or toxic. Bainbridge

.t N
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concluded that phytoplankton could not remain abundant long in
the presence of herbivorous animals. The suggested sequence of
events is something like this: on locating a concentrated stand of
plants a swarm of animals feeds until it has reduced it almost to the
vanishing point; then it goes searching for another pasture. Thus
plants can remain in dense aggregation only until animals find them,
and thus the exclusion effect is produced. Bainbridge suggested
that the positive or negative reactions which certain species of plants
invoke among animals might be mediated by substances excreted
into the water.

Scientists have known for a long time that sea water contains
considerable quantities of dissolved organic substances.'? These are
presumably the products of decomposition of the dead bodies of
plants and animals and of the processes of respiration, secretion and
excretion of the living. For the past twenty-five years, biologists
have accepted Krogh’s!* contention that these substances are not
used as food in the ordinary sense, at least the metazoan animals do
not seem to take up significant quantities of them. Yet a number of
pieces of evidence from recent studies suggest that organic sub-
stances in sea water are biologically important to living organisms,
if not actually used as food.

It is simple to make up an artificial sea water with the proper
proportions of the various chemical constituents dissolved in dis-
tilled water. This can be enriched with phosphate, nitrate and
iron, and its hydrogen ion concentration can be adjusted with car-
bonate, so that by ordinary chemical tests it is indistinguishable
from natural sea water. Nevertheless, certain species of diatoms
will not grow in it until some natural sea water is added; only a
small amount is enough to start the plant culture growing vigorously.
The same effect can be produced with a decoction of algae, or with
soil extract, or with certain organic compounds. Not all natural sea
water has this life-stimulating property. For example, water which
H. W. Harvey collected near Plymouth in late summer and early
autumn of 1937 and again in July 1938, lacked it, as evidenced by
the fact that diatoms did not grow in it but formed spores which
failed to develop and died in spite of the water’s being fertilized
with inorganic nutrients. On the other hand, two lots of water
which Harvey collected in the same place in October 1937 and
April 1938 proved to be fertile enough for diatoms to grow in with-
out the benefit of organic additions. Harvey then concluded:

The inference drawn from these observations on growth in natural sea water
is that these two particular strains . . . require for continued growth, not
only a supply of available nitrogen, phosphate and iron, but in addition, some
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other accessory substance or substances, whose concentration in offshore sea
water was less than the necessary limit during the summer of 1937 and 1938.
In the autumn of 1937 either the accessories were re-formed or a body of
water containing the accessories had moved into the area. This “fertile water”
either lost its fertility or was gradually replaced during the early summer
of 1938. Samples of offshore water col)llected during the autumn and winter
of 1938 behaved in the same way as water collected during the summer—
there was no return of “fertile water.” 14

These accessories are evidently a complex of substances which
Harvey has divided into two groups, A and N. The biological effects
of A substances on diatoms can be duplicated by adding Il-cystine,
glutathione, methionine, aneurin (Vitamin B,), or biotin. There is
probably some special biological significance to the fact that these
compounds all contain divalent sulphur. Water rich in accessory A
substances becomes infertile on standing and will not support di-
atoms until fresh A substance has been added. The effects of N
substances can be duplicated in part by certain other compounds,
among them dl-a amino-propionic acid, dl-a alanine, dl lactic acid,
dextrose, and gluconic acid, all of which form complexes with iron
and manganese. Diatoms will grow in sea water enriched with
nitrate, phosphate, and iron, without any accessory substance, pro-
vided a small amount of manganese is present. They grow better
if silica and trace elements are also present, but still better when
accessory substances are added.

For many years the staff of the Plymouth Laboratory had meas-
ured the annual cycle of nutrients and of the resulting abundance
of plankton and young fish in the English Channel near Plymouth.
During the winter of 1930 there occurred a sharp drop in the con-
centration of phosphate, which was followed shortly by a drop in
the abundance of plankton and young fish, and a disappearance of
the herring that had formed the basis of an important winter fishery.
At the same time, the composition of the pelagic fauna changed.
Whereas for five years a certain arrowworm Sagitta elegans had
been the more prominent of the two principal species of the group
of animals which occurs in that part of the world, it was replaced
by another species of arrowworm, Sagitta setosa, which has pre-
dominated almost continually ever since. Each of the two worms
is associated with a particular environment, S. elegans with a body
of water (“western water”) coming from the direction of the open
Atlantic, and S. setosa with the water of the English Channel. Under
favorable oceanographic conditions, western water has pulsed sea-
sonally into the channel carrying with it its characteristic fauna.
Some scientists affirm (others disagree, or at least consider unveri-
fied) that channel water is favorable for a flowering of the diatom
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Rhizosolenia, which in turn seems to repel herring. It is unfavor-
able to the survival of larvae of certain sea urchins and Polychaete
worms. Under laboratory conditions these young animals developed
abnormally when nurtured in channel water, but in water identified
at sea as “western” and transported to the laboratory, they prospered
and grew normally.

One of these bodies of water must contain some substance still
unidentified which the other lacks. This substance may be neces-
sary to the production of living organisms, and therefore a con-
stituent of western water. On the other hand, it may be toxic and
a constituent of English Channel water. Douglas Wilson has carried
out experiments pertinent to this problem. He finds that worm
larvae do not live in a jar of pure channel water; on the other hand,
they do very well in a jar of western water. The addition of some
western water to the jar of channel water evidently adds whatever
is needed for the survival of the worm larvae. So it appears that
the western water does contain some symbiotic substance.'®

On the other hand, sea water also contains antibiotic substances
which under some circumstances may be enormously important. To
non-marine bacteria, sea water is curiously antagonistic. They can-
not be cultivated on nutrient agar prepared with it. It kills 80 per
cent of the organisms in sewerage within half an hour. The salt is
not what kills the organisms, nor the osmotic pressure, as proved by
the fact that after the water is heated bacteria will live in it almost
indefinitely even though it is no less salty than before. Besides, they
will grow on media made of artificial sea water. Evidently there is
something in the natural water that has an antibiotic effect. What
this something is has not yet been determined. It deteriorates on
standing, some but not all of it is stopped by fine filters, and it is de-
stroyed by heat. Its effect is strongest in fresh sea water collected
in places where the population of marine bacteria is most concen-
trated. Among fifty-eight species of marine microorganisms which -
William Rosenfeld and Claude ZoBell *® tested at Scripps Institution
of Oceanography, nine were found to exert an antibiotic effect
against non-marine forms.

B. H. Ketchum and others of the Woods Hole Oceanographic
Institution observed the same effect in nature.’” At Mount Hope
Bay, Massachusetts, they found that the concentration of coliform
bacteria discharged in domestic sewerage diminishes much more
rapidly than can be accounted for by mere dilution with sea water.
Again in New Jersey, Ketchum and his colleagues *® studied the fate
of coliform bacteria in the Raritan River and its tidal estuary. They
began at a point where the bacteria, recently introduced into the
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river, numbered 115,000 per cubic millimeter, and they made com-
parable observations successively toward the mouth of the river
until the concentration of cells reached 214 per cubic millimeter.
Almost all of the diminution in concentration was accounted for by
the joint action of dilution, antibiotic effects, and predation. In the
river end of the estuary, the three were about equal in their effect,
but toward the sea the bactericidal action gained ascendancy until
at the end of the observations it was about thirty-five times as effec-
tive as dilution and about sixteen times as effective as predation in
reducing the concentration of the bacteria.

In a review of the significance of organic substances in sea water,
C. E. Lucas, of the Scottish Marine Laboratory at Aberdeen, Scot-
land, writes:

Here may briefly be considered the possible mediation of “animal exclusion”
in which it now seems reasonable to see the more or less passive avoidance
of certain plant products [those typical of peak numbers] which in some in-
stances may fprove lethal if they cannot be avoided. . . . The widespread
occurrence of antibiotics elsewhere makes highly probable the existence of
such processes in the sea, and a diversity of processes may be anticipated.
Some of them may only apply between some plants, and others only between
some animal species, whilst “antibiotics” between some organisms may prove
to be “symbiotics” between others. In the case of “animal exclusion” the
observed effect is between plants and animals (i.e., the plants inhibiting the
the animals, although it is by no means certain that instances of the reverse
inhibition do not occur, in view of the known excretion by animals of sub-
stances of biological significance). The nature of the metabolite in “animal
exclusion” is as yet quite uncertain; it is possible, however, to suggest one
type of agency, although by no means the only possible one. . .". Phyto-
plankton organisms produce carotenoids and sterols within their bodies, and
their flowerings are known to leave large quantities of the former and probably
of the latter, by one means or another free in the water. . . . The compara-
tively well-established knowledge of the influence of sterols in life, and the
growing appreciation of that of the carotenoids, immediately suggest their
probable significance as free environmental agents. . . .

Whilst certain carotenoids and sterols, at moderate concentrations, might
well be beneficial to certain animals, at higher concentrations they might
induce avoiding reactions or be lethal.19

Thus the abundance and distribution of any species in the sea,
including those useful to man, are influenced in varying degree and
in various ways by all the other kinds of creatures about them.
Where there is a rich production of phytoplankton, there can be
expected to follow a rich production of zooplankton and thence of
higher invertebrates, fishes, and marine mammals. But these rela-
tions are evidently not so simple that they can be described in a sys-
tem of formulations such as the gas laws. Some species of phyto-
plankters can prosper only in water in which other phytoplankters
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have preceded them. Other species are less demanding. Phyto-
plankters give off substances which have important physiological
effects on animals, some favorable and attracting, others unfavorable
and repelling, still others deadly poisonous (see Chapter 11). At
least one species of animal, the American oyster, and therefore per-
haps others, seems to be able to feed only when dissolved organic
sull))stances exceed a certain critical concentration.?

How important to the well-being of fishery stocks are these or-
ganic substances that have biological effects? What are the mech-
anisms of their physiological actions? What controls the rates of
their formation? What is the geography of their distribution?
These are questions which will be answered only with the accumula-
tion of a great deal more knowledge than exists today about the
biochemical and physiological intereffects of organisms. They are
questions which might be most fruitfully studied by an environ-
mental laboratory.

Thus a fishery stock in an environment is but one detail in a vastly
intricate system. Biologists usually refer to the predator-prey rela-
tions in this system as “the food chain,” evoking thereby an image of
an orderly succession of linkages, connecting smaller fodder to
feeders, that is, microscopic plants to herbivorous plankters to small
carnivores to successively larger ones. Although this is a useful
piece of jargon, the scheme of things in the sea cannot be ade-
quately described as a chain. “The food pyramid” is an expression
that is frequently used; “the web of life” is another, “cycle of life”
still another. Whatever we call the system, however, the primary
element in it is the array of microscopic organisms which fulfill many
functions, of which the most obvious are the synthesis of carbohy-
drates by plants and the dissolution of dead organisms by bacteria.

Diatoms, flagellates, protozoa, and bacteria are the most numer-
ous organisms in the sea and the groups about which least is known.
Furthermore they are the least studied. This is less true of diatoms
than of the other groups. Diatoms are easily collected, preserved,
and identified, and their functions seem fairly clear cut. Ecologists
in discussing the food pyramid emphasize the diatoms as the chief
primary producers because they are the most familiar. At the same
time, the naked flagellates, which photosynthesize, may be quite as
numerous and as important. These organisms are exceedingly deli-
cate; they disintegrate in preservative and therefore it is difficult to
sample them quantitatively. For example, Gymnodinium brevis,
a dinoflagellate, is killed within seconds if the collecting apparatus
contains a trace of copper, to which it is particularly sensitive.
Bacteria are affected similarly by metals, as may be species of
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flagellates other than G. brevis. Consequently present ideas of the
abundance of these organisms may be based on gross underestima-
tions.

What is the role of dinoflagellates in the sea? They photosynthe-
size, and under some circumstances they also ingest food. They can
use extremely low light intensities in photosynthesis. Could it be
that they are the chief primary producers in deep water? In this
connection it may be especially significant that they can apparently
live at lower nutrient levels than many other microscopic forms, such
as diatoms.

Bacteria are widely distributed and extremely important in marine
ecology. They too are closely involved with fundamental processes
in the sea. Yet there are few scientists engaged in marine bacterio-
logical research. ZoBell in his monograph on hydrobacteriology
writes, “It has been necessary to rely largely upon personal judgment
in recording the frequency of occurrence of bacterial genera in the
sea. The descriptions of many marine bacteria are so fragmenta
that it is difficult or impossible to ascertain the genus to which they
belong.” ! The biology of microorganisms of all classes has been
more neglected than any other subject of marine research. Work in
this field should be greatly expanded to include laboratory physio-
logical and biochemical studies as well as careful quantitative ob-
servations at sea.

How observations on characteristics of the environment might
be integrated to evaluate the role of each element and to predict
biological effects under given circumstances has been demonstrated
by Riley, Stommel, and Bumpus in an analysis of data concerning a
portion of the western North Atlantic Ocean.”® They took into ac-
count measurements of solar radiation, temperature, vertical turbu-
lence, transparency, and the concentration of phosphates in deep
water; and they used these five environmental factors to estimate
theoretical quantities of phytoplankton, herbivorous zooplankton,
and carnivorous zooplankton. The quantities of plankton which
they estimated for various parts of the western North Atlantic corre-
sponded closely to the quantities which they actually observed dur-
ing the brief period of their study. As more systematic data about
environments accumulate, the accuracy of such estimates should
improve. Furthermore, it might become possible to extend the
methods to the prediction of the abundance of fishery stocks.

In the foregoing pages, I have tried to develop a case for setting
up teams of scientists to concentrate their attention on the study of
marine environments. It must be admitted that a considerable body
of theory and fact on this subject has already accumulated for a
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number of regions. Indeed, it is not possible to carry on any serious
marine oceanographic or fishery study without adding to knowl-
edge about environment. A few scientists in scattered places devote
all their time to integrating data in order to formulate a concept of
environmental dynamics. Gradually, their efforts should become
ever more rewarding and useful. Still, these people depend very
largely on hand-me-down data. They have little to work with and
little help, and their inclusion in oceanographic programs, while wel-
come, is often pointedly incidental to other activities. Conse-
quently the growth of knowledge about sea environments is re-
tarded.

The literature is full of comparisons between the productivity of
the land and of the sea, between farming and fishing. There really
is no adequate basis for comparison yet; we do not really know the
sea as we do the land, and our knowledgeable use of sea environ-
ments is centuries behind that of land environments. If it were
desired to expand knowledge about marine environments, where it is
most needed, what would be the best way of going about it? The
most obvious answer would seem to be this: Establish laboratories
in maritime countries where they are now lacking. It would seem
logical to give precedence to countries whose populations are dens-
est, whose food problems are most serious, whose fisheries are still
far undeveloped, and which are within practical cruising range of
promising fishing grounds.

This seems reasonable enough. If there are so many laboratories
in northern countries, they must be needed. If they were not bene-
ficial or at least gave no promise of being beneficial, they would not
continue to be supported as they are. If they are needed in one part
of the world, why not also in another?

However, it is easy enough to say, “Put marine laboratories here
and there.” Some serious obstacles have to be faced. These in-
stitutions cost a great deal of money to establish and a great deal
more to maintain. The laboratory building is only the beginning.
There must ultimately be expensive equipment such as aquaria,
scientific instruments, libraries, fishing gear, and sea-going vessels.
There must be a well-balanced staff of scientists who are paid
salaries high enough to keep them happily attached to the institution,
and given enough expense money to make their research programs
effective. It is better not to establish a laboratory at all than to
give it poor equipment, inadequate support, and half-hearted back-
ing.
Money, then, is the first problem. However, it is not necessarily
the most difficult one. Recruiting the scientists might be harder.
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These men should be well educated in their fields. The director of
a new environmental research laboratory situated in a relatively un-
explored area should have an exceptionally wide range of learnin
and experience. His team should be composed of men dedicate
to appgring their several fields of learning to the central goal of
understanding the sea as a system of environments for living organ-
isms. Drawn from many countries, they should be congenial and
understanding of each other’s cultures. Scientists willing to uproot
themselves are not easily found. Apart from that fact, there are not
enough qualified general marine biologists, fishery biologists, and
physical oceanographers in the world to satisfy present demands.
There is some hope that this situation will improve, since many
countries are sending students to northern universities for training
in aquatic sciences. Yet here another problem is introduced. These
people go to long-established, well-equipped research centers for
their education. They become familiar with advanced techniques.
When at length they return home, ready to begin putting their
learning to use, they often find nothing to work with—no suitably
equipped laboratory, not enough money to finance a research tpro-
gram, a vessel perhaps, but no means to operate it, and worst of all,
only half-hearted interest from their government. Sometimes a man
returns home to find his job gone. These are the most frequent
complaints of foreign students in northern universities. Probably it
is unreasonable to expect large enough means to maintain an effec-
tive laboratory in every country. The alternative, of course, is to
encourage two or more countries to cooperate in establishing and
maintaining regional laboratories.



6

The Uses of Ecological

Principles

Another View of Environmental

Research

Management of fishery industries and conservation of fish-
ery resources should have one common goal, namely, full use
of marine environments. Research and thinking about envi-
ronments, particularly in relation to philosophies of conserva-
tion, should be directed toward finding principles of ecology
that will be helpful, if not essential, to achieving that goal. In
this chapter a few principles that seem valid and pertinent to
our subject are examined in comparison with some common
misconceptions that are often responsible for the wasteful mis-
use of environments. The development of true ecological
principles depends on long-continued systematic studies of en-
vironments. In general, ecological research in the past has not
been continuous. Such progress as has been made in this field
has resulted from spurts of transient, sometimes enthusiastic
support usually ending with fits of impatience or starts of econ-
omy. Consequently, much of marine ecology is characterized
by a quality of aimlessness, as though people concerned with
it, lacking direction, devoted themselves to collecting odds
and ends of unrelated data. What is needed for this field is a
clear goal and a great deal of attention to the integration of
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results with the formulation and rigorous testing of natural
laws. Two general lines of work are indicated: (1) system-
atic, well-planned field observation, which would come within
the purview of the laboratory of environment proposed in the
previous chapter, and (2) assembling and analyzing informa-
tion from all available sources to see how it can be applied to
the direction of fisheries.

The argument of the previous chapter was directed toward mak-
ing environment the subject of research for the sake of learning the
how’s and the why’s of the occurrence of the various kinds of marine
organisms, regardless of their commercial value. Such research
would enlarge knowledge of the mechanics of ecological systems
and would be used as a basis of dynamic fishery management. This
chapter will examine environmental research once again, this time
from the viewpoint of application of its results to the development
of a science of fisheries.

A few definitions will be useful: by a system, we mean an assem-
blage of natural elements which affect each other in various ways
and are thus united by interaction or interdependence. - “Ecosystem”
is another way of saying environment (as I use the term in this
book), but it connotes something more, namely, the environment
in action.

Dynamic fishery management, an ideal to be striven for, is con-
tinuous direction of fisheries so as to take full advantage of the action
of ecological principles in relation to current conditions of avail-
ability, density, abundance, and distribution of all the various usable
species. That is to say, an industrial or governmental fishery man-
ager having current knowledge about an area over which his fishery
operates—the characteristics of the environment and the physio-
logical requirements, and abundance, and distribution of the several
species—would deploy the fishermen’s efforts over time, over fishing
grounds, and among species, so as to spread the harvests to promote
on the average the most economical use of fishing time and equip-
ment, and to encourage a desired balance of the populations.

The idea of dynamic fishery management differs from the concept
of management which has long been orthodox among people con-
cerned with exploiting the sea, in emphasizing the environment
as a whole rather than a few popular species within it. It is based
on the principle that the composition of every environmental system
exists naturally in a state of constant flux, whether man is part of
the system or not. Individual populations flow and ebb as shifts in
the environment favor or do not favor their specific requirements.
Any action disturbing one part of the system necessitates some re-
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action, however slight, in all the other parts. Thus readjustment
toward a steady state goes on constantly.

Nevertheless, ecological systems seem never actually to reach
a steady-state condition because the environment changes continu-
ally, within limits, just as do elements in large-scale geophysical
systems such as the weather. The assemblage of species responds
variously to these environmental changes as well as to each other’s
response to them, and there are time lags in these adjustments. Thus
at best the species of a system are in a state of continual oscillation.
The alternating waves of abundance of predator and prey species is
one example. The lag between failure of one fishery and develop-
ment of a new one is another.

As soon as fishermen begin exploiting a virgin stock of a species,
they introduce a new factor into the system of which it is a member,
disturbing thereby the pattern of oscillations in which they found
it. Gradually thereafter, while the fishery grows, they reduce the
stock to lower levels until a new pattern becomes established in the
system, which now includes man among the predators. From then
on it is difficult to study “the environment” or “ecology” without tak-
ing human affairs into account. Man’s weight in the equilibrium is
determined by such things as the number of fishermen, the efficiency
of their gear, the wages that a fisherman is willing to work for, the
price the public is willing to pay for the fish, and so forth.

People of fishery industries are often passive to these biological
and economic mechanisms and tend to strike a let-nature-take-its-
course attitude about its action. Taylor expresses this attitude per-
fectly in the following passage:

[There is] a characteristic behavior of the fisheries under heavy exploitation
that is often overlooked, namely, that as any one species of fish is pursued
and its abundance diminishes (as a result of fishing or any other cause), the
cost of producing it rises relative to the cost of catching other species; if the
price does not increase to compensate, the fishermen discover the diminution
of returns from this fishery and some of them take up some other, so that
part of the pressure is taken off the “over-fished” species, a process which
amounts to an automatic economic regulation of the intensity and distribution
of fishing. The principle applies also to the fisheries collectively of a region
ogerating in competition with other regions. If the fisheries reach a point
of diminishing returns in one region, economic compulsion operates to relieve
the pressure in favor of another.

It aﬁpears to be impossible to exterminate a species or a fishery for profit,
since the profit disappears before the fish is exterminated. Within the fisher-
man’s freedom of choice to catch, and selectivity or nonselectivity of gear, each
species or fishery tends to be fished to a point at which it just yields a wage
to those engaged equal to what they could earn by fishing other species, or by
working at some other trade ashore. Equilibrium would undoubtedly be estab-
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lished at this wage level for each species if natural fluctuations did not occur
in the supply of various species and if market conditions remained constant.
This operation of economic law is such as to distribute the total fishing effort
over the total fishery resources of a region and to deliver a total of yield into
the consuming market just sufficient to meet total of demand.?

Even if this description were correct, the automatic mechanism,
such as it is, is so far from smooth-acting as to be of little benefit
to society. For a reduced fishery is rarely replaced by another in
the same region—the same country, perhaps, but not the same re-
gion. Moreover, after a fishery has fallen to unprofitable levels,
there is often a considerable time lag while the public cultivates
new tastes, and while fishermen and others in the industry adjust
their habits, apparatus, and techniques to new types of fishing.
Thus the collapse of the Pacific pilchard fishery in 1947 has not yet
been compensated for by the growth of another Pacific coast fishery
of similar magnitude. During the lag period, men lose their in-
vestments and their savings, some of which are never recovered.
Some fishermen change to other occupations, and their country loses
them as links in a chain of tradition and becomes the poorer thereby.
Burkenroad writes on Taylor’s argument thus:

The phrase . . . “it is impossible to exhaust a fishery for profit because
the profit disappears before the fish does,” is speciously employed. A fishery
may continue profitable to fishermen even though exhausted to such an extent
that effort is being wasted with the sole effect of reducing the catch. Such
waste may be contrary to the public interest. . . . The quoted maxim is used
as if it meant that self-regulating factors ensure use of fish-stocks in the manner
most advantageous to society; whereas its only real meaning is that changes
caused by most commercial fishing are likely to be reversible under appropriate
conditions.?

A fishing industry can be strengthened by flexibility and diver-
sification. One which depends wholly on a single stock is at the
mercy of the vagaries of its abundance and availability. If the stock
vanishes, the fishermen spend a few seasons hopefully searching
for it—"surely this season they will be back.” After that, they con-
sider what other kind of fish to exploit. This is bad management.
A conservation agency might consider only the vanishing stock,
seek restrictive laws to reclaim it, and not consider how to redirect
the fishery to other species. That, too, would be bad management.
In both instances, people are unduly restricting their use of the en-
vironment’s total produce. In other words, fisheries could be greatly
improved if the people concerned with the business enlarged their
idea of the sea’s potentialities and came to think of their resource
not so much in terms of a few well known species as in terms of the
environmental systems in which those species live.
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Environmental systems have mechanisms which operate accord-
ing to principles, and these grinciples must be understood before a
system can be manipulated scientifically. Textbooks of ecology
often attempt to state principles controlling the relations of environ-
ments to their resident populations. It is hard to be precise about
such statements. Hardly are they set down on paper before it be-
comes necessary to add a weakening, qualifying word; and hardly
is that added before exceptions come to mind. Still there are a few
statements of principles which seem approximately true and perti-
nent to our subject. It is probably true that:

The populations of organisms inhabiting a common habitat are in
constant flux and react upon each other dynamically.

For each species there is a unique combination of environmental con-
ditions which is optimal for its well-being.

A population tends to fill all the space in its system that meets its
peculiar physiological and behavioral requirements, up to limits set by
the abundance of food, predators, and competitors and by diseases and
physical barriers.

With changes in the combination of environmental conditions in an
ecological system, such as a fluctuation in climate, a shift in ocean cur-
rents, invasion by a new predator (man, for instance) or the sudden
infestation of the dominant species by a disease, the species composition
of the system changes.

The members of a population compete with each other for food and
space.

The bulk of living organic matter is greatest in the plants which syn-
thesize organic food, least in the supreme carnivorous animals which live
off other carnivores. Among species between these extremes it decreases
rapidly as dependence on animal food increases. Consequently, the
farther away from the bottom of this “food pyramid” a fishery operates,
the smaller is the maximum possible harvest.

The supply of food varies from time to time and place to place.

Generalizations more or less like these are taught in college
courses in ecology. They are widely accepted as truth, or at the
very least as rough approximations of truth, for there is a good deal
of reason and some evidence to support them. These generaliza-
tions have been reached from studies on land and in fresh water
rather than in the sea. If such principles do hold true in the sea
as well, they ought to influence people’s attitudes toward the ex-
ploitation of sea environments. As it is, they have rather little in-
fluence, for there are in existence some quite commonly held
opposing ideas which have evolved by deduction from reasonable-
sounding premises, and which are kept alive by tradition and senti-
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ment. These principles are not often expressed; nevertheless they
are clearly implied in many proposals of laws advanced for conserva-
tion purposes. They go about like this:

The number of offspring fish surviving to useful size is closely
related to the number of spawners.

This idea seems so logical that the man in the street usually as-
sumes it to be true without even questioning it. Yet no study of a
marine fish has yet demonstrated a clear, consistent correlation.
This point is discussed more fully on page 43.

It is more destructive to catch fish during the spawning season
than at any other time of year.

This conclusion grows out of the belief that as long as the sex
products are ripe they should be utilized. But the quantity of sex
products is so vast that the proportion destroyed by taking spawning
fish is negligible. Moreover, a fish caught in December instead of
in the following June is thereby prevented from spawning in June
and the effect is the same. Under some circumstances, however, the
proposition may be true. If all the adults of a stock collect in one
place to spawn, they will be particularly vulnerable to a fishery that’
converges on them at that time.

A species has but little effect on others that share the same en-
vironment. If one species declines, the space which it had occupied
remains vacant until the abundance is restored to its former level.

This is an assumption which is often implied in policies of those
concerned with commercial fisheries. Yet it is contrary to principles
of ecology. If a valuable species declines, its space may be occupied
by a species quite worthless from the commercial point of view, but
it does become occupied. When a food species fills this space, fisher-
men should be encouraged to change their operations accordingly.

The only important cause of diminution or disappearance of a
stock of fish is man. All other causes are, on the average, constant
and relatively inconsequential. Being natural causes, “they have
always been that way” and should not be altered. Indeed, they can-
not be altered. Therefore there is little practical value in studying
them.

This idea is becoming less prevalent among people interested in
fishery problems than it was a few years ago. Its persistence in some

quarters adds to the difficulty of gaining support for ecological re-
search.
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An unregulated intense fishery will always exterminate a stock
eventually.

This is one extreme view and probably unsound. It can reduce
the volume and value of the annual yield, but is not likely to ex-
tinguish the stock.

Direction (i.e., regulation) of a fishery is useless for various
reasons, for example, because natural factors alone control abun-
dance or because economic factors alone control fishing rates.

This is another extreme view, and probably also unsound.

If there is not enough knowledge about a stock to provide a basis
of scientific regulation, it is better to regulate by judgment or com-
mon sense than not to regulate at all.

This is a dangerous idea because it seems right and is hard to re-
fute. Actually such a regulation might be of no benefit to the stock
and harmful to the fishery. Where an unsupported regulation is
absolutely necessary, it should be carried on as an experiment, its
biological effects carefully measured.

For the most part these statements are inconsistent with prin-
ciples where facts are available to support principles, and they are
inimical to the most profitable management of the resources. How
backward agriculture would be if it were conducted with such a
restricted viewpoint! An educated cattle rancher seeks to run his
business in accordance not only with sound economics but also with
principles of scientific land use and of animal husbandry. He rec-
ognizes that the two sides of his job, the one having to do with
human affairs and the other with the ecology of his property, are
inseparable. Fishery entrepreneurs on the other hand, though atten-
tive to business, are often passive to husbandry, leaving the job of
fishery management wholly to government. Since they expect this
management to take the form of restriction to prevent overfishing,
they often oppose it automatically. Government interest in this
kind of management usually does not begin until a fishery gets into
a distressing situation. I have written elsewhere on this as follows:

A species may appear to be in danger of extermination through overfishing;
or fishermen operating two types of gear may dispute as to whether one of
them is unduly destructive; a population of shellfish may suddenly vanish
without trace; an epidemic may break out or masses of dead fishes may wash
up on the beaches, the stench of their rotting bodies driving tourists away.
But whatever the occasion, it is generally the disturbing condition, preferabl
a disaster, that arouses people’s interest. They hope the Government vmﬁ
solve the problem quickly by acting, say, to stop dumping ammunition at sea,
or by passing legislation providing a size limit, or by enacting a law to stop
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all commercial fishing for a species, or to abolish purse seining, or to abate
pollution. The Government usually holds hearings over such questions, which
usually bring out such diverse and conflicting opinions on the issues that it
becomes necessary to gather some pertinent, objectively gathered facts before
reaching a decision. Thus the Government starts an investigation of a species,
* or a fishery, or a particular situation.3

This is a pattern which has been repeated in various localities to
solve special problems during the whole history of our biological
fishery research. There develops an anomalous condition (often
diminution of fish stocks which people remember as having once
been much greater). An interested special group of people re-
quests that the condition be investigated, and after due le(%islative
procedure, scientists are assigned to the problem. To understand
the cause of the undesirable condition, the scientists first try to estab-
lish facts about the time when the condition was satisfactory (i.e.,
the normal pattern), but because records are nearly always frag-
mentary or lacking, this effort usually proves fruitless. Then, be-
cause they are expected to devise a remedy for the condition in a
reasonable time, they make deductions and recommendations from
the data they can assemble. Such an investigation may not be con-
ducive to learning much about the normal, being bound by too
many limitations, for the anomalous condition is usually sharply de-
limited in scope. It is limited in time to the memory of the current
generation, often even to such a short period as a season or two. It
is limited ecologically to the affected species which are of most
economic value.

The net effect of our preoccupation with problems of this kind
is that we neither cover enough ground in our research programs
nor make fast enough progress toward the ideal goal of full utiliza-
tion of marine environments. What can we do to speed up the rate
of progress? We can be sure that the most dramatic events—the
undesirable situations, the anomalies—will continue to generate pub-
lic support for special investigations and we will have to continue
conducting them. But at the same time, we must try by every means
to get better support for the systematic, less spectacular studies of
normal conditions, which in the long run will provide us more
systematically with what we need to know about the anomalous
situations.

Very little systematic marine biological research has been devoted
to the dynamics of ecological systems. There is a plenitude of de-
scriptions of communities and catalogues of animals and plants col-
lected in surveys. Although these have reference value to zoogeog-
raphers, taxonomists, and others interested in what is often called
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natural history, they tell very little about the history of nature. A
list of species resulting from a survey, even one made with proper
statistical technique, shows only what composed a community at one
moment in its history. It is like a single frame of a motion picture
in its relation to the continuity of a drama. A second survey made
of the community ten years after reveals that the flora and fauna
have changed. Nothing more. What caused the change? Did an
intensive fishery remove an important predator, permitting species
lower in the food pyramid to accumulate? Or did it remove a key
fodder fish, causing predators to starve to death or to leave for
richer grounds? Had a change of climate resulted in a rearrange-
ment of distribution? Had epidemics destroyed some of the popu-
lations? Had cycles, resulting perhaps from the numerical relations
of predator and prey, arrived at a different part of their periods?
It is not possible to understand causes of changes in the composition
of an ecological system without watching them happen, and that
requires the drudgery of systematic, long-continued observations of
the system in its natural setting. The following is an example to
illustrate that changes do occur:

F. M. Davis surveyed the Dogger Bank area of the North Sea
during 1921-1923 to measure the relative quantities of the various
bottom-living organisms that his gear (Petersen grab) collected.*
Twenty-seven years later Erik Ursin of the Danish Commission for
Fishery and Sea Investigations made a similar survey in the same
grounds. In comparing the numbers of animals in the samples
which he took in the central and western parts of the Dogger Bank
with those which Davis had taken, Ursin found that a remarkable
change in faunal composition had occurred in the intervening time,?
as shown in the following table:

Number per Square Meter
Davis Ursin
{Oct. 1922) (May 1951)
Spisula subtruncata ........... 272 5
Mactra corallina .............. 11 1
Other species of bivalves ....... 4 43
Polychaets ................... 4 70
Echinoderms ................. 4 28
Other groups . ................ 8 65
Total ................... 303 212

Among miscellaneous species not listed above, the most numerous
was Tellina fabula of which there were 22 specimens per square
meter in 1951 as compared with 0.5 per square meter in 1922.
Ursin also found fairly large quantities of a few species which appar-
ently had been absent in 1922. Notable among these were Echi-
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nocyamus pusillus, Myriochele heeri, and Cerianthus lloydii. Ursin
writes on this:

What brought about the changed composition of the fauna is still an un-
solved question because we know very little of the stability of marine animal
communities. In fact, it is not known whether the difference observed between
the composition of the fauna during the two periods of investigation is indica-
tive of a fairly constant change from one state of balance to another, or whether
it merely incﬁcates the degree of fluctuation in the said area under relatively
stable conditions of environment.

There is still another possibility. Ursin made his survey in the
spring, Davis in the fall; and the differences in faunal composition
might reflect seasonal rather than annual differences, since the mol-
lusks in question are short-lived.® This points up the importance
of carrying on surveys like this all the year round, as well as year
after year.

It would be appropriate now to give an example to illustrate
changes in fish fauna, but as far as we know, no one has yet followed
the history of an entire ecological system completely enough or long
enough to observe how the various species of fishes oscillate and
interact. This is partly because of the difficulties of sampling several
species of motile organisms of differing habits, and partly because
such a study requires continued financing and persistent work over
many years before results can emerge. Fortunately, at least one
example is available to show how one species may affect another.
Scientists of the Danish Biological Station made periodic surveys of
the Limfjord from 1903 to 1927, fishing with a fine-meshed otter
trawl throughout the fjord.” This trawl consistently took at least
one kind of fish in proportion to its abundance, the eelpout (Zoarces
viviparous). Presumably the other species were variably elusive.
The eelpout fluctuated during the twenty-year period in three waves.
At the same time, the commercial catch statistics of the area show
that the stock of codfish also fluctuated. Periods of scarcity were
followed by periods of abundance when good year broods appeared
in the fjord, as they do at rather rare intervals. When that hap-
pened, the young cod fed voraciously on the accumulated stock of
eelpout and gobies, which they quickly reduced to levels that re-
mained low until fishermen had caught off the cod.

Here is another suggestive example:

Within the short span of eight years, the total southern New
England catch of yellow-tail flounder plummeted from 60 million
pounds to only 10 million pounds. This evidently reflected a de-
cline in actual abundance. Fishermen say that all the while this
was happening the quantity of miscellaneous species of lesser com-
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mercial value which they call “industrial fish” was steadily increas-
ing. (Fishermen originally called them “trash fish,” but later agreed
to change the name because these miscellaneous species do have
value as raw material for fish meal.) They had always returned
these unmarketable odds and ends to the sea, but beginning about
1947 they brought them into port to supply the growing demand
of animal feed producers. Thus in five years, the landings of “in-
dustrial fish” from the area that had formerly been flounder grounds,
rose from zero to over 55 million pounds. More than 90 per cent of
it was composed of red hake, eelpout, skates, whiting, sculpin, goose-
fish, toadfish, sea robin, sea raven, and dogfish.® Did overfishing
reduce the stock of flounders to low ebb, or were other causes re-
sponsible? Did the reduction in flounders itself bring about the
alleged increase in “industrial fish,” or was it changes in the climate
of the environment that did it? No one knows. Scientists were
studying the yellow-tail flounder, but before they could get to its
ecology the work was discontinued. Consequently no one knows
what, if anything, happened to the environment, or how, or to what
extent the fauna changed; and there was nothing by which to advise
fishermen how they might have taken most profitable advantage of
the changes that were occurring, or how they might even have di-
rected their fishing so as to control the faunal composition. As it is
now, flounder fishermen, on purely circumstantial evidence, blame
the industrial fishery for the decline of the flounder resource.

Enough has been said about environment as a whole—the eco-
logical system—to emphasize the scientific and practical value of
making it the focal subject of special research. Enough has been
said, too, to show that environment is a peculiarly amorphous and
elusive subject to study as well as to discuss. It is far beyond the
range of any one man’s education, for it involves many fields: among
the biological sciences—zoology, plant and animal physiology, his-
tology, cytology, taxonomy, anatomy, comparative physiology, bio-
assay and biochemistry; and among the physical sciences—organic,
inorganic and physical chemistry, soil analysis, trace element analy-
sis, geology, hydrography.

The greatest danger of environmental research is that it will fail
to track. Each of the people engaged in it can easily find some
detail of environment overwhelmingly diverting, and pursue it “for
the sake of science.” Of course an environmental laboratory needs
such people. It also needs others who have the patience to conduct
the necessary systematic observations year after year. And above
all it needs scientists who are devoted to integrating all sorts of in-
formation in order to find such principles as it may disclose.
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Behavior

Most people who have thought about the matter agree that
even in the most advanced countries, fishing, as compared
with other food-producing occupations, is still at a low level
of development. Fishermen are like hunters and gatherers in
primitive societies. Their techniques and apparatus—hook-
and-line, traps, nets—are essentially the same as they have al-
ways been. This is not to say that they are as good as they
could be. Fishing is everywhere a difficult occupation; and
although fishermen in a few special situations are sometimes
prosperous, most of them are perennially poor. The processes
of fishing are slow and costly, with the consequence that fish
is too expensive to solve protein deficiency problems. Thus
fishing is less profitable than it should be, fish is more expen-
sive than it need be. How could these conditions be improved?
Experts generally agree that fishing could be made more eco-
nomical if the techniques and apparatus were more effective
than those now used. Perhaps entirely new methods need to
be devised, radically different from anything that has ever
been used. These are most likely to be achieved if based on
principles of the behavior of marine animals. Research to dis-
cover those principles is fundamental to developing any science
of sea fisheries. This chapter suggests questions which need to
be studied, and examines various research techniques. It con-
cludes that a special laboratory for studies in marine animal
behavior should be established in an area where local condi-
tions are favorable.

In the previous chapter it was suggested that one of the most
valuable activities of an environmental laboratory would be the con-
tinuous systematic study of faunas. This would give information
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about the existence, abundance and oscillations of populations of
organisms, including those having fishery potentialities. While this
research was in progress, a fishery research agency (perhaps govern-
mental) could test, by experimental fishing, the possibility of ex-
Floiting such potentially valuable stocks as were discovered, and
ater could determine appropriate harvesting rates by statistical
analysis of fishermen’s catches. Thus would come answers to the
following questions about any environments that were studied:
What is there? How much is there? How much can be taken each
ear?
Y There is another question that bears on the full utilization of the
sea’s biological resources: What is the most efficient and economical
way to harvest a given environment? The approach to answering
that one is to develop a science of the fishing process itself. As it
is now, fishing all over the world is too cluttered with orthodoxies
to be scientific. At best it is much more an art than a science, gov-
erned not so much by principles as by agglomerations of lore. True,
much of this lore is sound, having evolved through centuries of ob-
serving the habits of fishes and trying various apparatus, tricks, times,
and places to catch fish. Very little of this lore has been system-
atized, however. What fishermen usually do is draw conclusions
and make generalizations from impressions rather than from organ-
ized facts; and thus they fall short of a useful degree of accuracy.
There is a large element of luck in fishing; fishermen, like gamblers,
tend more or less unconsciously to attach special significance to
chance association between exceptionally good or bad fishing and
quite unrelated events that happen to occur at the same time.
Landsmen have many comparable notions, as, for example, that
- Friday the thirteenth, a black cat, a broken mirror, and an unfor-
tunate arrangement of tea leaves in a cup are all inauspicious omens.
Fancied associations like these are continually invented, and al-
though most of them are short-lived, a few persist. Fishermen in
many parts of the world go through various actions whose obscure
purposes they themselves do not understand. They do these things
simply because they were taught to do them. Some of these actions
result from pure superstition and must have had their origin in
episodes very far back in the past. A boy born into a fishing family
grows up steeped in all such lore. It becomes part of him, like a
language, so that by the time he is on his own it affects his response
to every situation at sea.

Thus an aura of mystery has evolved about fishing, which sets it
apart from the more prosaic activities of man. Moreover, it is much
more hazardous than most occupations, financially as well as phys-
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ically. Whether or not a fisherman makes a living at all depends
very much on the success of his judgments, which in turn depends
on his store of real knowledge. At best his income is unstable. Not
only is he subject to the same economic ups and downs that affect
people in other occupations, but he must contend with sharp fluc-
tuations in fishing luck that range from glut to famine.

Fishing need not be so unstable. It need not be such a blind
gamble, for the element of luck largely is proportional to the amount
of ignorance. If fishing were completely scientific, a fisherman
would know what species it would be most profitable for him to take
at a particular time. He would know exactly where to find it and
at what depth; he could herd not merely the species but the sizes
he wanted, repelling those he wished to avoid; he would capture his
quarry and get it aboard his vessel quickly and with a minimum of
labor. All this would require very great improvement in the ways
of fishing, including the invention of new apparatus and techniques.
However, this should be attacked not by trial and error, which is a
wasteful and unnecessarily slow way to advance, but by application
of principles.

Perhaps the most fundamental subject of research to bring forth
such principles is the psychology of marine organisms. That is to
say, if we are to develop the most efficient ways to catch fish, we
must first find out what they do. What are the strong and weak
points in the patterns of their behavior? How can these be used to
the advantage of fishermen?

For example, how do fishes feed? Do they detect food by sight
or by smell, or by hearing? Do they go about actively seeking and
selecting their food? Do they stalk their victims, or do they lie in
ambush for them? Or do they behave like living plankton nets,
sieving out of the water whatever food organisms happen to get
caught in their mouths? Do they feed only when they are hungry,
or whenever food is available? What are their enemies? How do
they elude their enemies? How otherwise do they protect and de-
fend themselvesP? What are their spawning habits? Do they exude
their sex products into the water at random, or do they pair-off and
go through some kind of mating activity? Do the males and females
ever gather into separate aggregations, and if so, under what cir-
cumstances? Do they sort themselves out by sizes to spawn in dif-
ferent areas? How do they distribute themselves and move in rela-
tion to each other? What do they perceive in the water? What
attracts them? What repels them? What brings them together?
How does an individual that has become isolated find its own
speciesP  What causes a school to disperse? To concentrate? What
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are the patterns of the diurnal rhythms in their behavior? How do
they react when confronted with a situation new to their experience,
like the sudden appearance of a net, the disturbance made by a
propeller, bright lights at the surface of the water, or high-frequency
sounds sent down by echo instruments? What compels them to mi-
grate? How do they find their way over the courses of their migra-
tionsP How far can fish see? What shapes and sizes of objects and
what colors can they discriminate? What part does motion play in
their vision? What are the thresholds of light intensity that they
can perceive?

All these questions have to do with fishes. They are equally
pertinent to any other marine animals of interest, from the largest
mammals down to the smallest invertebrates. It adds enormously
to the difficulty of this line of research that patterns of behavior
differ so profoundly among species that knowledge concerning one
cannot ordinarily be applied to another. Even for a single species,
behavior patterns usually change seasonally, and therefore must be
followed through the course of a year. They also change with age,
as a result of experience, and must be followed through a complete
life cycle. On this, E. S. Russell writes:

. . a very important characteristic of much behaviour, the significance of
which is apt to escape the sophisticated observer, intent on analysis . . . is
the fact that behaviour is often part of a long-range cycle of events, in which
one action prepares for and leads on to the next until the end term is reached.
Each stage in the chain or cycle is unintelligible to us except in its relation
to what has gone before, and, more particularly, to what is yet to come. Such
cycles have a temporal unity, extending often over months of time, just as a
simple coactive action has unity of short temporal range.!

We agree, then, that it is worthwhile to study behavior of marine
animals. How shall we proceed? The idea that comes immediately
to mind is to experiment in aquaria. Subject captive fishes to vari-
ous stimuli and observe how they respond. A few scientists have
engaged in such research. However, they have used for subjects
mostly animals that do well in small aquaria, like tide-pool fishes.
These show such remarkably distinctive behavior patterns as to
make one wonder what larger animals would do. There we run into
an extremely difficult problem, for capturing large sea animals with-
out injury and transporting them alive to a shore base poses a com-
plex of formidable problems. Keeping them alive in a tank, even
a very large one, and inducing them to feed and carry on their nor-
mal life habits without being conditioned by the artificial environ-
ment to the point of uselessness as experimental animals poses an-
other set of problems. Russell makes the following comments.
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One of the great practical difficulties about the study of animal behaviour
is that it does not lend itself readily to laboratory work; it is necessary first
of all to study the animal in its natural surroundings, to become acquainted
with its normal mode of life. Without such knowledge we may easily gg) astray
in our interpretation of behaviour in the unnatural conditions of a laborato
experiment; we may easily devise e?eriments which are meaningless, and,
from the animal's point of view, stupid.

Work in the field then—good old-fashioned natural history observation—
should precede experimental work in the laboratory. This is often a difficult
task, requiring the expenditure of much time and energy.2

This statement represents an opinion that is widely held among
biologists. It should be taken as a warning, not against attempting
laboratory experiments, but against putting too much reliance in
them.

There is a circle here. Field studies are needed to learn enough
about the natural environment to reproduce it artificially. Experi-
mental studies in the laboratory are needed to learn what elements
of the environment are biologically critical. Ideally, the two should
proceed together, each benefiting by advances of the other.

Scientists at the University of Hawaii have demonstrated that
large, delicate, active, pelagic fishes like yellowfin tuna, dolphin, and
jacks can be kept alive in large outdoor tanks.? Their experience
is worth recounting to show the kinds of problems that are involved
in such research. It was virtually impossible to transport skipjack
tuna successfully; either they bled at the gills during their violent
struggles on deck or they killed themselves by dashing against the
sides of the live well. With other species the shock of capture and
transportation killed from 40 to 99 per cent of the specimens and
the subsequent mortality in the tanks was probably much higher
than under normal, natural conditions in the sea. Even so, a few
specimens did become adjusted to living there and survived long
enough to permit several months of study.

P. B. van Weel conducted experiments on two specimens of
yellowfin tuna (Neothunnus macropterus) and five of little tunny
(Euthynnus yaito) in a concrete tank about 33 feet long.* His ob-
ject was to determine whether these fish could detect food by smell
or taste alone. To do this he tried several clear, colorless, and there-
fore invisible, extracts of supposedly attractant substances, intro-
ducing them carefully below the surface through a tube. The fish,
cruising leisurely round and round the tank, would show a reaction
by increasing speed and circling closer to the opening of the tube.
The tests showed that both species responded strongly and posi-
tively to extracts of flesh of tuna and of marlin, but not at all to
water in which bait fish had been living (“conditioned” water) or
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to extracts of bait fish or of squid. In general, the reactions of the
tunny were more pronounced than those of the yellowfin. Further
tests showed that it was the protein, rather than the fat, fraction of
the tuna flesh extract which contained the attractant principle.

During the next two years Tester and others® continued these
studies with much greater success in establishing yellowfin and
little tunny both in the tank and in a large pond about 360 feet long,
75 feet wide, and averaging about 6 feet deep. Several of the fish
survived for at least five months. Yellowfin loss was high, but this
was ascribed to poachers who took advantage of the “tame” fish.
Of the tunny, which were much less “friendly,” two survived in the
tank for about a year and two more lived in the pond for over two
years. Tester attributes his success to the presence of these sur-
vivors, which acted as leaders of newly introduced fish. Eight of
the little tunny survived at least five months; all of the yellowfin
died within two months. The captive fish were fed squid, shrimp,
and fish flesh, and their reactions to a large number of clear extracts
of natural foods and suspensions of chemical materials were ob-
served in a series of carefully conducted experiments. The fish re-
sponded positively to extracts of various kinds of fishes, squid, and
shrimp, and not to any of the chemical substances. However, Tester
could not evaluatd the extent to which these results must have been
influenced by conditioning, a factor which severely limits such tank
experiments. The tuna became so accustomed to being fed dead
material that they ignored the live bait in the pond to which they
readily respond in live bait fishery. The cut-up food evidently gave
off juices which were similar to some of the experimental extracts;
consequently, the subjects associated the savor of these extracts with
the act of feeding.

The first line of research which these results indicated was to
test whether extract of tuna flesh could be effective in luring fish to
a boat working in the open sea. The next would be to identify,
isolate, and manufacture the essential principle into a bait. An
artificial bait, if practical, could revolutionize tuna fishing by ob-
viating the collecting of live bait, which requires days or weeks of
each voyage before fishing for tuna can begin. The tests with ex-
tract of tuna flesh revealed that there was an intermediate problem.
Whereas the attractant effect of the juices had been impressive in
the tank, it was unappreciable in the sea. Evidently taste alone was
not enough to attract and hold the fish. Perhaps what was required
was a visual stimulus. Pieces of aluminum foil, strips of tin, and other
such objects were suggested as possibilities. They shine like silvery
fish. However, when tried they attracted tuna only momentarily.
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The addition of extract had no apparent effect, suggesting that vision
plays a greater part in feeding than the sense of smell. Something
else is needed besides appearance and savor; that something prob-
ably is the motion of a living animal such as a tuna is accustomed to
eating. The desideratum now is to develop and produce in mass
quantity a cheap artificial bait, with a fish-like shape and color,
emitting an attractive flavor, and moving automatically in a lifelike
fashion long enough to hold the interest of tuna and keep them at
the surface where fishermen can catch them.® Whether such a con-
trivance is mechanically, economically, and biologically feasible has
yet to be demonstrated. ‘

The experiments to test the reactions of the captive tunas to food
extracts were performed during the noon hour of the day. After
dark, Sidney Hsiao observed the reactions of the same specimens to
artificial light.” He illuminated the tank constantly with two 60
watt bulbs, and then cast additional light in a beam horizontally
from one end of the tank to the other. In one series of experiments
he used an arc lamp, in another, a projection lantern, and in a third,
electric light bulbs. Both the yellowfin and the tunny were at-
tracted to white or colored light of intensities ranging from 70 to
450 foot-candles. They did not react to weaker light, and they were
repelled by stronger light. Systematic observations of this sort
might lead in time to a more knowledgeable and effective use of
lights in night fishing.

The tank studies revealed the kind of pitfalls to be watched for
in laboratory experiments with large wild fish. The scientists had
only one fish to work with at first, a yellowfin. When later they
added another specimen of yellowfin and five tunny to the tank,
the two species tended to swim in separate aggregations and to
show different reaction patterns. When one of the two yellowfin
died, its fellow joined the tunny, and although normally a slower
swimmer than that species, it tried to keep up with those in the
tank. Consequently its speed of reaction increased and was no
longer comparable to what it had been earlier. Next, four of the
five tunny died, and the survivor swam with the yellowfin, which
took the lead; and reactions of the surviving tunny became slower
than had been those of the school. These changes in behavior sug-
gest that a %)reat deal of work will have to be done before one can
generalize about the reactions of schools or of individuals of these
two species.

Captivity seems to increase susceptibility to disease, with conse-
quent aberration of behavior. This is a problem which is very
troublesome in aquaria, and which would always plague tank ex-
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periments. “Yellowfin number 1,” the subject of most of van Weel’s
experiments, was brought into the tank on June 20, 1951. It started
feeding twelve days later and remained in what appeared to be
excellent health until the end of October. Then it took less and
less food until it finally stopped feeding and its skin became whitish
and distended. Late in December and early in January the fish re-
gained its desire to feed, and although it would snap at food, it in-
variably missed its target. When it died in mid-January, its body
puffy and swollen, it was found to be blind in one eye. The five
tunny, introduced at the end of August, began to feed within one to
three days, and remained in excellent condition until the end of
October. Then they became listless, fed only occasionally, lost their
bright color, and died during November and December. This ex-
perience probably results from the fish’s being much more suscep-
tible to disease in captivity than in their natural environment.

Large, circular tanks, 70 feet in diameter, 30 feet deep, more or
less, have come to be a feature of several commercial establishments
called oceanaria which have been built during the last few years in
several places in the United States. The very size of these tanks
makes it possible to approximate natural conditions in the sea so
that if artificial intervention for the sake of showmanship were
omitted, it might be possible for many species to behave as though
they were in their normal environment. However, even as they are,
with the crowds of people staring through the windows, and in spite
of the spectacular acts that some of the animals have been taught
to perform, and the unnecessary conditioning that has affected all
the captives, the oceanaria are still useful for some kinds of scien-
tific studies.

At the oceanarium in Marineland, visiting scientists have studied
the noises which these animals make under water. The bottlenose
dolphin, for example, produces sounds ranging from low growling
or groaning, through barking noises, to shrill whistles. Since they
make noises, can they also hear them, and if so how do they react to
them? To study this question, W. N. Kellogg and Robert Kohler,?
of Florida State University, subjected twelve specimens at Marine-
land (ten bottlenose dolphin, two long-snouted dolphin) to artificial
sounds made with an oscillator having a frequency range of 20 to
200,000 cycles per second. The normal behavior of the captive ani-
mals was to cruise about the tank day and night in groups of two to
six, generally in a clockwise direction against the current. They did
react immediately to the sounds which the experimenter’s instrument
produced, by increasing the vertical movement of their horizontal
tail and lunging forward with an increase in swimming speed. This



106 LIVING RESOURCES OF THE SEA

burst of speed continued for several seconds after the end of the
stimulus. Thus it transpired that these animals heard and responded
to sounds ranging from 100 to close to 80,000 cycles per second.
The lower tones, from 100 to 400 cycles per second, disturbed the
animals much more than the higher ones, causing them to break up
their swimming formation, at times to leap out of the water, and
at other times to charge or attack the sound-making instrument.
These studies demonstrated not merely that dolphins hear, but that
they are sensitive to sounds far outside the range of man’s hearing.
This may mean that they can produce ultrasonic vibrations. Per-
haps, like bats, they detect objects by the echoes of their own sound
waves. Perhaps they locate food thus, and since they swim as fast as
they do, navigating at night and in murky water, they might use this
natural sonar, if they possess it, to avoid striking objects like sub-
merged rocks.

Other kinds of marine animals may also depend heavily on hear-
ing for their perception of the environment. People had long
thought of the sea as a great world of silence. Now we know it is
nothing of the sort. The intensity of sound is reduced by a factor
of 1,000 to 1 at the interface between air and water in passing from
one medium into the other. Consequently, all but the loudest of
undersea noises are inaudible to us. People acquired the means of
observing them only after the hydrophone was developed. With
this instrument, Marie Fish, of the Narragansett Marine Laboratory,
has tested many fishes of the western North Atlantic. Among sixty
species studied, all but six made sounds which the hydrophone de-
tected. Fishes have several sound-making mechanisms. The most
important of these is the gas bladder, which is caused to vibrate and
thus to produce sounds that are usually “low pitched, guttural, vi-
brant and drum-like . . . variously described as thumps, grunts,
groans, growls, knocks, thuds, clicks, boops or barks.” ®* Some fishes
make rasping, scraping, scratching, or whining noises, by scraping
their teeth together, vibrating bones, or rubbing the pectoral fins
against the body. Among crustaceans tested were six snapping
shrimps, one squilla, three spiny lobsters, a crab, and the white
shrimp of the Gulf of Mexico. These all make stridulatory (high-
pitched, creaking) noises. Barnacles are reported to make weak
cracklings.

Probably many if not most of these sounds have some biological
significance. Some attract members of the same species or serve to
keep members of a community together. Others repel enemies.
Croakers engage in choruses during their spawning migrations. One
sound which the toadfish makes appears to serve as a mating call;
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another is a threatening growl which tends to drive intruders away
from the spawning nest. Hiyama ** has recorded noises associated
with all sort of activities of marine animals, some to repel enemies,
others to attract their own kind, and still others made incidental to
swimming, feeding, breathing (by mammals), and struggling
(against being caught).

Here is a great subject for research. What are the functions of all
these noises? How would marine animals respond to reproductions
of their own sounds? Research on this aspect of behavior might
lead to using sounds for inducing certain species to congregate in
places where it is most convenient to catch them, and for driving
others away.

Primitive fishermen in various parts of the world apparently use
such a principle. In Indonesia, a boy clinging to a bamboo float, his
head close to the water, cries out a long monotonous wail over the
surface. This noise attracts a certain kind of fish, the black pomfret,
which gathers around the singer, where other fishermen are waiting
with a net. In the Natoena Islands fishermen attract sharks by mak-
ing a noise with a rattle. In some Oriental countries, tuna fishermen
heighten the frenzy of feeding fish by spraying drops of water on
the surface of the sea. Skipjack fishermen of Hawaii do the same
thing.

P%rhaps fishes hear—perhaps identify—the low frequency sounds
which swimming motions of other fishes generate, and from these
they may locate their prey. Perhaps too, they somehow orient them-
selves by using sound. Donald Griffin, working at the Woods Hole
Oceanographic Institution, analyzed sounds that had been recorded
at sea. In the course of these studies, he observed a loud noise
which an unidentified animal had made, followed by a fainter repeti-
tion of the noise. Griffin concluded that the second sound was an
echo, which was probably audible to the animal producing the orig-
inal sound. He writes:

It is thus plausible to infer that at least one abyssal fish estimates its dis-
tance above the ocean floor by echo sounding. But we cannot pass beyond
the level of speculation without further data concerning the occurrence of
such sounds, their correlation with the presence of fish or other marine animals,
and the quantitative sensitivity of their hearing.11

C. M. Breder has made many studies on fishes in aquaria and
tanks. At the Lerner Marine Laboratory at Bimini, Bahamas, he
studied the structure and behavior of schools of the small fish,
Jenkinsia, in a circular pond 12 feet in diameter. At the same time
he observed schools of wild fish from the laboratory dock, and so
was able to integrate experimental work with natural history obser-
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vations. Jenkinsia may never become a commercially valuable spe-
cies, and the patterns of its mass psychology may be very different
from those of such fishes as herring and mackerel. Yet Breder's
studies demonstrate that schools can live in a tank—he had as many
as 1,000 individuals at once. They demonstrated further that a
great deal can be learned about behavior of a captive school and
that there are distinctive mass reactions to stimuli. For instance,
schools of Jenkinsia always form clear spaces around dark objects.
They will not approach solid objects closer than a certain distance.
They go nearer to light objects than to dark ones. The temperature
of the water in fractions of a degree determined the location of the
school in the tank.

Certain temperature gradients acted to confine these fish as well as would
a solid wall. No amount of frightening caused them to pass this temperature
barrier.

As the water entering the circular pool was naturally cooler than that near
the outlet of the pool, because of the heating effect of the sunshine on the
shallow basin of water, a nice gradient occurred across the tank. The critical
temperature appears to be about 30°C., the fish consistently refusing to enter
water of this temperature. . . . They simply could not be driven by nets or
shadows from the area of tolerance.1?

Concerning the behavior of individuals in the captive schools
Breder writes:

A second-to-second check shows that there is a considerable variation in
the behavior of any one individual fish. It is as though any given fish were
acting individually, but because of the large numbers of others present, each
with its sphere of influence, that individual is continually thrown back from
what would have been an independent course of action, giving the whole
group the appearance of unit action. The spacing of individuals is also not
so regular as might be supposed. . . .13

Kenneth Norris, Director of the California Oceanarium, finds
that it is not possible to get an accurate conception of the shape of a
school by observing from above; it is necessary to observe them
frontally also; and this can be done effectively through the windows
of his deep tank.

Large open tanks permit the captive animals a good deal of
swimming space and thus to some extent simulate natural condi-
tions. At the same time the animals are subjected to such com-
plexes of influences, some natural, others not, that it is difficult to
isolate one of them in order to determine its contribution to the sum
of effects. This, of course, is a problem that good experimenters
continually keep in mind.
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An entirely different technique of studying behavior in an
aquarium is practiced by H. O. Bull, who experiments on condi-
tioned reflexes of marine fishes under very close confinement in a
small laboratory, to learn how they respond to individual stimuli.
His work, carried on at the Dove Marine Laboratory, Cullercoats,
England, necessitates a specially constructed, sound-insulated build-
ing, with tanks designed to preclude all extraneous stimuli from
affecting the subject under observation. In a personal communica-
tion, Bull writes:

This special building enabled me to concentrate on factors which are im-
portant from the fisheries’ standi)oint. Emphasis was shifted from academic
roblems to such purely technical ones as keeping fishes (especially the major
ood fishes) alive and healthy in confined spaces for long periods, and of
isolating the particular stimulus being investigated. None of these was com-
plicated in the sense that a radar set is complicated, but to ensure the purity
of the stimuli was not easy.

He first conditions his subjects to associate the presence of food
with a change in a single element of the environment—say tem-
perature. Then he determines what degree of change the subject
feels and responds to by the threshold at which it performs a com-
plex task to get food. Thus a cod is conditioned to associate food
with a change of temperature. It is kept in a specially constructed
tank with floor inclined so that one end is deep enough to provide
an inhabitable living space and the other extends out of the water.
The food is introduced into a chamber at the upper end of the in-
clined floor of the tank. Gradually, over the many days that the
conditioning process goes on, the subject cod learns that food is in
the chamber when the temperature of the water increases. As this
association becomes more and more firmly established, the subject
fish becomes conditioned to move up the inclined plane. At the
same time the food chamber is gradually moved upward, day by
day, ever farther out of the water. At last the fish learns to go quite
out of the water, to wriggle into the food chamber, and to wait there
practically high and dry until food is given, which it then seizes
sharply and splashes and swims back to its normal position. There
is no mistaking the response. If the cod detects a change of tem-
perature, it goes through this remarkable performance; otherwise,
it does not.

With such experiments, Bull has demonstrated that under some
circumstances sea fishes react purposefully to changes in tempera-
ture of 0.03°C., and in salinity of 0.2%.. These figures are close
to the limits of accuracy of hydrographic instruments, This fact
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must be taken into account in designing programs to bring out rela-
tions between oceanographic conditions and biological effects; and
observations at sea, such as readings of instruments, must be made
with much more attention to precision than is generally realized.

Experiments with these conditioned-response techniques are
probably the only way to determine sensory thresholds of fishes.
They must be planned and controlled with extreme care, however,
to avoid conditioning the subjects to the wrong stimulus. This pre-
caution has been very much neglected in the past. Between 1887
and 1920, at least thirty papers were published describing results
proving or disproving that fishes discriminate colors. Most of these
were meaningless because their authors had failed to control bright-
ness in the experiments.

Many of the troubles that plagued earlier scientists experiment-
ing with these techniques have at last been overcome by improved
measuring instruments. Useful as these experiments are, however,
they are no magic key to understanding all the mysteries of animal
behavior. They tell us about sensory capacity but nothing more.
For example, we might train a fish to respond to very low con-
centrations of various chemical substances in the water. From
these studies we could conclude that the olfactory apparatus is
functioning well, and we might even establish a measurement of its
sensitivity. But we cannot tell how the subject uses smell in
analyzing its environment. This problem might best be attacked
with a different type of experiment, based essentially on uncon-
ditioned rather than conditioned responses and designed to mimic
natural situations as closely as possible. But this is exceedingly dif-
ficult.

Many kinds of marine organisms seem to have exacting and
mysterious environmental requirements which we do not yet under-
stand and therefore cannot yet duplicate. A deep-water species,
such as some of the rockfishes (Sebastes), might never prosper in
artificial enclosures, no matter how large the tanks. And even if, by
very clever effort, a few specimens were acclimated to live in an
aquarium, it seems doubtful that much could be learned about their
normal behavior in so abnormal an environment. However, if we
cannot have them in the laboratory, we can at least try to study
them in their native environment. So long as we do so systemati-
cally with clearly formulated questions in mind, and not just to
accumulate more anecdotes about behaviorisms, we can learn a good
deal in the field, especially since there are now new instruments
which make it possible to penetrate the marine environment with
our senses of hearing and sight. Echo sounders, sonar, underwater
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cameras, television, and bathyscaphe are new and still in the de-
velopmental process. Consequently biologists have hardly begun
to use them, and have yet to learn how to give full scope to their
potentialities. When they do, such instruments will probably be the
means of revolutionizing both marine biological research and fishing.

Although the echo sounder is older than the other instruments,
it is only in recent years that scientists have begun to adopt it as a
research tool. This instrument was invented to measure the depth
of the water automatically and continuously as the ship plows
ahead at full speed. It sends a beam of high frequency sound
waves into the water, receives the rebounding echoes, translates
the intervening time into fathoms, and with a stylus draws on a
moving strip of paper a graphic picture of the sea bottom. Re-
cently developed instruments are built to send the beam horizontally
as well as vertically, and can detect objects as far away as 2,200
feet. They record not only the bottom, however, but anything that
can deflect the sound and send back echoes, which means anything
whose density is in contrast to that of the surrounding medium.
Fishermen have been using echo sounders for several years to
locate fish, and so have saved themselves untold time over the
older method of blind scouting. They are even learning to identify
the fish below from the characteristics of the traces on the bathy-

ram.
& Fishermen locate schools with the echo sounder, but scientists,
whose skill it is to arrange and collate data so as to bring out other-
wise obscure patterns, can make much more from the records than
just that. One example of a fishery biologists studies of bathy-
grams will suffice to illustrate the point:

By continuous use of the echo sounder, I. D. Richardson, of the
British Ministry of Agriculture and Fisheries was able to keep a
research vessel over a school of sprats in the Thames Estuary from
mid-afternoon of one day until mid-morning of the next.!* In the
afternoon, the school was in shallow water, packed in a dense mass
close to the bottom. About an hour before sunset, it started to rise.
By 4:55 p.m. it had reached eighteen feet from the surface, and in
the next twenty minutes as the light of the sun left the sky, it rose
until the noise of the fish breaking the water could be heard. The
school moved about, into areas that were deeper, but stayed near
the surface until dawn, when it descended again towards the sea
floor.

He went on further to observe the diurnal movements of herring
schools off North Shields, off the Yorkshire coast, off East Anglia,
and off Cape Gris-Nez on the French coast. Herring evidently be-
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have differently in different places. The echo tracings showed that
in the North Shields area they formed less tightly packed schools
than off Yorkshire or East Anglia, perhaps because in the one region
they were schooling for feeding, while at the other two they were
gathering before spawning. Although there was a good deal of
irregularity about their vertical movements, the schools of herring
tended to be nearer the surface of the sea during hours of darkness
and farther down during the day. Off North Shields the schools
came to within about five fathoms of the surface at midnight, on
the average, whereas off Yorkshire they never got closer than ten
fathoms, and at Cape Gris-Nez six or seven fathoms.

At East Anglia herring seem to rise suddenly and rapidly from the
depths. These episodes, which fishermen call “swims,” generally
occur at night, though occasionally also during the day. After a
swim, the schools remain near the surface for a very short while,
and then descend to deeper water. Swims are very important to
East Anglian fishermen, for it is then that schools strike the drift nets
suddenly and fill them with bumper catches. On analyzing a large
number of echo tracings, Richardson was not able to adduce any
evidence to support fishermen’s long-standing belief that a swim
results from a fast, sudden vertical movement. When he statistically
analyzed the tracings from all places where echo soundings had
recorded herring, it transpired that the level which schools take is
determined by the intensity of light; and that varies from place to
place and time to time, depending on the quality of daylight and
the turbidity of the water. A rapid swim certainly does occur at
East Anglia, for fishermen’s nets do on occasion fill up suddenly and
fast, but it has yet to be explained.

Why herring seem to respond to light as they do also has yet to
be explained. The logical first supposition is that the fish rise or
descend not because the light intensity changes, but because they
are pursuing food organisms which migrate diurnally. But it can
hardly be that, since herring make the same vertical migrations
during periods when they are fasting as when they are feeding.

Richardson performed some interesting experiments with an elec-
tric searchlight which he directed vertically over the side of the
ship. As soon as he switched on the light over where the echo
sounder had recorded a school of herring, the fish descended to
deeper levels, and remained there until he switched off the light.
Then they rose again to their normal level. Pilchard, on the other
hand, reacted differently. When the light was switched on, they
descended just like the herring. But after a minute and a half, they
rose towards the light, a few specimens even breaking at the surface.
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They remained there until the light was switched off and then re-
turned to their former level.

Scientists on board ships have performed other light experiments
which demonstrate how changing some quality of a stimulus can
alter the response. Although sunrise and a bright searchlight repel
herring, causing them to move to deeper levels, people often use
lights to attract them. The difference in intensity between a 100
watt bulb and a 200 watt bulb hung over the side of the ship is
enough to reverse the reaction; that is, herring rise toward the
surface when the weaker light is turned on, but move downward in
response to the stronger. It thus appears that a certain light in-
tensity exists above which herring are photonegative and below
which they are photopositive. In the afterglow after sunset, they
rise and move westward. In the pre-dawn glow they move east-
ward. At sunrise when the light becomes bright they descend.

Studies on the responses of marine animals to artificial stimuli in
their natural environment obviously have important practical ap-
plication in fishing. They can go farther, however, when they are
backed by fundamental research into the microscopic anatomy and
the physiology of the sense organs. This is a field of research that
has been very much neglected by marine scientists and should be a
;tarting point in any serious effort to build up a science of be-

avior.

It is an old story to fishermen that commercially useful demersal
animals like flounders, rockfishes, lobsters, and crabs are not scat-
tered randomly over continental shelves, but are concentrated in
rather definite areas. The locations of these areas shift about with a
certain amout of regularity, but also with enough irregularity to
make them undependable. To understand such vagaries in dis-
tribution, it would be useful to know the habits of all the other
creatures that share the environment with the commercially valu-
able species. How do the animals space themselves in relation to
their own kind and to other species? What are the geological char-
acteristics of the ground which they occupy? Until lately, scientists
could answer such questions only by sampling the bottom with
dredges and mechanical grabs, then analyzing the composition of
the collections. That was the only means they had. Qualitatively
it was not very satisfactory, and quantitatively it was worthless be-
cause there was no way of knowing what had escaped from such
gear, and no sure way of reconstructing from the heaps of inter-
mingled specimens, rocks and mud, the arrangement in which these
organisms existed in the bottom communities from which they were
taken. That need no longer be a troublesome problem, because the
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bottom can at last be photographed, and its ecology examined as it
actually exists.

An automatic undersea camera was introduced in 1940, which
can be operated down to depths of over 2,000 feet and can take
Eictures which show the organisms clearly enough to permit identi-

cation and counting.’® It is a superb, relatively inexpensive in-
strument for sys