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Professor Delmer M . Goode (left) and Dean F . A. Gilfillan (right) have been asso-
ciated with the Biology Colloquium from its beginning, and have made significan t

contributions to its support and continuation .

Twenty Years of Service to Science

By F. A. GILFILLA N
Dean of the School of Science, Oregon State Colleg e

" Gold is where you find it . " This is equally true of ideas, whic h
are occasionally worth more than gold, and which sometimes show up
in very unexpected places . The Biology Colloquium originated in jus t
such an idea in 1939 .

When the Oregon State chapter of the Phi Kappa Phi honor so-
ciety was established in 1924, a plan was adopted by which five dollar s
out of each initiation fee was set aside in an "irreducible fund" t o
serve as an endowment. This money was invested and the income fo r
some ten years was plowed back into the growing fund . About 1933 ,
the first of the income was spent in setting up a scholarship for stu-
dents who might come from Lingnan University in China to Orego n
State . In return, Lingnan made similar provision for an Oregon State r
who might attend there . This arrangement was continued for two o r
three years, when unsettled conditions in China brought an end to th e
program. The exchange scholarship was transferred to the Universit y
of Conception in Chile for two years, after which it was dropped .

In 1938-39, Professor D . M. Goode, Editor of Publications fo r
the College, was president of the Oregon State chapter of Phi Kapp a
Phi. The State Board of Higher Education, under recommendations o f
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a federal survey commission that "a great school of science should b e
established at Corvallis, " had designated Oregon State College i n
1932 as the center of biological and physical sciences and mathematic s
in the State System of Higher Education . Professor Goode, along wit h
other leaders of the institution, was interested in furthering the ne w
School of Science as a center of scientific and scholarly achievement .
He was a firm believer in the value of cross-fertilization of idea s
achieved by interdisciplinary and by regional and national meetings .
He selected biology as a theme because of its universal human appeal .
He presented to the chapter the suggestion that a biologist of nationa l
stature be brought to the campus for one day, as discussion leader fo r
a biology meeting, and that the chapter finance this by the one hundre d
dollars which represented the available income from the endowment .
The chapter endorsed the idea enthusiastically, after it had been con-
sidered and recommended by the Executive Committee of the society .
Mr. Goode also suggested the term " Biology Colloquium" as repre-
sentative of the program which we proposed to follow, and the objec-
tives which we hoped to reach .

A "Colloquium Committee, " headed by Dr . Alfred Taylor, now
of the University of Texas, was appointed . Consisting of six student s
and six faculty members in biology, this committee planned the pro -
gram and made all arrangements for the meeting . Fortunately, th e
committee was successful in securing Dr . Charles Atwood Kofoid of
the Department of Zoology in the University of California at Berk-
eley, as colloquium leader, and the topic "Recent Advances in Biologi-
cal Science" was chosen as the theme. Other speakers included eleven
biologists from Oregon State and other Oregon colleges, particularl y
the Medical School in Portland .

On Saturday, March 4, 1939, in the Memorial Union, Dr . Kofoid
gave his opening address : "Preparation of the Scientist . " Following
this and each of the other talks, time was given for discussion of th e
topic from the floor .

Following the banquet that evening, the colloquium reconvene d
in the Memorial Union, where Dr . Kofoid gave the final address :
"Trends in Biological Research." From memory, and entirely without
notes, he commented upon the points discussed by each of the eleve n
other speakers, supplementing where necessary to cover the topic .
That evening one of the greatest living biologists demonstrated a n
understanding of the broad field of biology, which has seldom if ever
been equalled .

The excellence of this first Biology Colloquium very definitel y
established two patterns . The Biology Colloquium had to be continued .
Secondly, the standard of performance set by Dr . Kofoid has been a
challenge to each of the subsequent leaders, resulting in a series o f
twenty annual meetings at Oregon State, which probably have no par-
allel in the country .
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The Oregon State chapter of Phi Kappa Phi had alone financed
the first and second colloquia, but by that time the program had grow n
to where this was no longer possible, and in 1941 the local chapter o f
Sigma Xi began making an annual contribution for this purpose, an d
the State System of Higher Education, on recommendation of th e
Chancellor, made an appropriation to cover half the expense . As the
colloquium continued to grow, this appropriation was increased, i n
order to assure publication of the proceedings, which started with the
fifth meeting of 1943, and has been continued since . From time to tim e
additional assistance has been given by the schools of Agriculture and
Forestry, also by the societies of Phi Sigma, Omicron Nu, and Phi
Lambda Upsilon .

By 1958, the colloquium had grown to the point where additiona l
support was imperative, which emergency was met by grants made by
the National Science Foundation, providing for support for six years .
This aid came in recognition of the fact that the Colloquium had now
developed as planned into a regional rather than a local or stat e
meeting .

In addition to the financial support related above, various individ-
uals, schools, and state and federal departments have made contribu-
tions through the participation of staff members in the programs dur-
ing the past twenty years .

The restriction on travel, and other conditions connected with the
war effort, resulted in cancellation of the colloquium in 1945 ; other-
wise the program has been continued under the leaders indicated, an d
with the themes shown on page ii .

The greatly increased interest in science, including biology, which
has developed in the past few years, has resulted in increased interes t
in the annual Biology Colloquium . We must conclude that the influenc e
of the Colloquium will increase in ever-widening circles .
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Trends in Marine Biology
DIxv LEE RAY

Department of Zoology, University of Washingto n

Thank you very much for your kind and gen-
erous remarks, and for the cordial hospitality
with which you have welcomed all of us to you r
campus while it is in the full bloom of its spring -
time loveliness . It is both a pleasure and a privi-
lege to be here today and to participate in thi s
series of biological colloquia . Oregon State College
may take real pride in the insight, initiative, and
energy of its biologists and in its many cooperat-
ing departments through whose collective endeav-
ors these meetings have come to play a significan t
role in the continuing interest in biology over th e
past two decades .

For this 20th Biology Colloquium the them e
of Marine Biology has been selected . In tha t
moment of unguarded enthusiasm when I accepte d
the invitation to present the introductory remarks,
it seemed to me that it would be appropriate t o
explore the present trends in marine biology . . .
hence the title of this paper . Little did I then an-
ticipate how difficult the task was to be . As I try
now to formulate the results of my reflections, i t
is in a spirit of humility for the audacity of th e
undertaking; yet this humbleness in turn is temp-
ered by a fresh appreciation for the breadth an d
diversity of the field under consideration .

Indeed the very comprehensiveness of the term
"marine biology" is a large part of the difficulty
we face in trying to discern what are the signifi-
cant developments at present and for the future .
If we are to succeed in this adventure in insigh t
and prophesy, we must be very sure that we un-
derstand what is meant by marine biology . . . and
on the other hand we cannot dispute the fact tha t
it means many different things to different people .
The area that it may encompass is vast, like th e
sea itself, and marine creatures are many and
varied. There is no approach, no line of inquiry,
nor of analysis, nor of experimentation that can -
not with profit be pursued in the study of som e
marine organism or some segment of the marine
environment . Many problems in marine biology
are the problems of the whole of biologica l
science ; the identifying and unifying factor is th e
milieu .

We terrestrial organisms, with all of our lan d
habits and prejudices of thought, stand on these

bits of ground, this meager 30% of the world' s
surface area and look out to the sea with wonder .
Its substance is a part of our blood and body i n
perhaps more than a philosophical sense . Its ex-
panse carries our traffic and trade . It is the physi-
cal continuum that unites the continents and ,
over large areas, modulates their climate . Within
it and along its shores are representatives of al -
most every known kind of animal, many of which
exist nowhere else, and a remarkable assemblag e
of aquatic plants . The study of the life it contain s
is marine biology .

This definition may satisfy few biologists, bu t
I know of no way to delimit it without presumin g
to make arbitrary judgment that some kinds o f
problems in marine biology shall be acceptable ,
and others shall be excluded from the realm o f
our interest . At the very least, our definition place s
marine biology within a geographical boundary ,
however difficult it may be to recognize it in the
estuarine habitat, and has a certain historical pre-
cedent .

If, for purposes of discussion, we accept thi s
broad view, we may then ask what the biologist s
who study marine organisms are doing . Is it pos-
sible to discern among the vast conglomerate o f
problems those that are exciting the imaginatio n
and impelling present thought and investigations ?

I believe that there are two major develop-
ments implicit in much if not most modern re -
search in marine biology . Though they are no t
restricted to this field, we have here notable ex-
amples of their influence . And they have not re-
sulted from any of the brilliant technologica l
"break-throughs" that so endear science to news -
paper reporters and to some segments of the gen-
eral public . Rather, they have grown as an or-
ganism does, slowly almost imperceptibly, with
the quiet though sometimes dramatic modification s
of the existing body that herald approaching ma-
turity . These developments, which I believe repre-
sent the important present day trends are : first ,
a closer approach toward resolution of the age-old
Janus dilemma, i .e ., form-function, organism-en-
vironment, descriptive-experimental, basic-applied ,
practical-theoretical, and all the other dichotomies
that have plagued science ; and second, a quick-
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ening interest in and appreciation of individuality,
a greater understanding of myriad variatio n
coupled with growing awareness of unity in th e
midst of diversity .

Let us examine the first trend . It is now
widely agreed that these dichotomies are for th e
most part unreal . Form and function for exampl e
are not and cannot be separated . Of course they
represent different views, but they are differen t
views of the same problem and as such are utterl y
interdependent . It is the articulate recognition
that they are interdependent and that it is the sam e
problem that is the important advance . Nowher e
is this more clearly demonstrated than in th e
school of functional morphology that has grow n
up in Great Britain and is based upon studies o f
marine invertebrates by C . M . Yonge, C. F. A .
Pantin, their students, and their colleagues .

The readiness to acknowledge and to act upo n
the desirability, often the necessity, of a many-
sided approach to the solution of a single basic
problem is pre-eminently a trend in marine biol-
ogy . The weight of emphasis may sometimes shif t
to the one side or to the other, but the very natur e
and diversity of marine organisms precludes thei r
examination out of the context of their environ-
ment or exclusively from a single point of view .
This point will be well demonstrated in the con-
tributions of the other members of this Collo-
quium, and in my talk tomorrow evening I shall
try to illustrate it further with evidence from m y
own investigations .

What about the other dichotomies, especiall y
the persistent one of basic-applied, or practical -
theoretical ? There is an ever present tendency to
divide science into categories labelled useful (prac-
tical) and pure (useless ? ), and from this biology
is not immune. It may even be argued that ther e
is a certain justification in this distinction, tha t
it highlights the difference between research wher e
answers are sought out of immediate need an d
where the motive is satisfying an active and im-
aginative intellect. But the difference is more ap-
parent than real . It crumbles under analysis . In
the beautifully conceived essay "Science and Hu-
man Values," Bronowski (1956) has struck a
death blow at this notion as he inquires into th e
nature of science and the activities of scientists .

He writes :
"I define science as the organization of our knowledg e
in such a way that it commands more of the hidde n
potential in nature . What I have in mind therefore is
both deep and matter of fact ; it reaches from th e
kinetic theory of gases to the telephone and the sus-

pension bridge and medicated toothpaste . It admit s
no sharp boundary between knowledge and use . . . .
There is no sanction for confining the practice o f
science in this or another way. True, science is ful l
of useful inventions . And its theories have often
been made by men whose imagination was directed
by the uses to which their age looked . . . . The sens e
of personal exploration is as urgent, and as delight-
ful, to the practical scientist as to the theoretical .
Those who think otherwise are confusing what i s
practical with what is humdrum . Good humdrum
work without originality is done every day by ever y
one, theoretical scientists as well as practical, an d
writers and painters too, as well as truck drivers
and bank clerks . Of course the unoriginal work keeps
the world going ; but it is not therefore the monopoly
of practical men . And neither need the practical ma n
be unoriginal . "

In marine biology many of the most important
and intriguing problems are of such a nature a s
to make crystal clear this interplay between th e
practical and the theoretical, between good, com-
petent, pedestrian work and highly imaginative
inquiry. Paramount among these problems is th e
question of plankton production, or as it is mor e
usually stated, the question of the primary pro-
ductivity of the sea . It is not enough to say that th e
phytoplankton constitute the pasture of the sea ,
that they are the base of the food chain on whic h
the life of all fishes and all invertebrates an d
marine mammals ultimately depends . This is a
problem of enormous practical concern and of
such a degree of complexity that the only hop e
for its solution lies in extensive, expensive, an d
concerted effort carried out by many investigator s
on a cooperative basis . Tremendous, prodigious
amounts of data have been accumulated on thi s
topic, but we are not yet in a position to say tha t
we understand plankton blooms or the condition s
that may govern their sometimes sporadic occur-
rence . Nor can we predict when and where the y
will occur. We cannot suggest, except within
broad categories, what organisms will be involved ,
nor the sequence with which they will appear . Yet
such information is of inestimable value for th e
intelligent regulation of our fisheries, for develop-
ing the resources of the sea, for augmenting th e
world's supply of animal protein especially in view
of the rapidly expanding human population . The
economic implications of this problem are appar-
ent . So also is it clear that our understanding o f
primary productivity will be measured by ad-
vancing theoretical knowledge of the cycle of
matter and energy in the sea .

Many related problems also demonstrate th e
intricately dual nature of research in marine bi-
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ology. What is the role of microorganisms in cor-
rosion and fouling, in the destruction and syn-
thesis of organic matter ? What is the significance
of nannoplankton, of bacteria, of growth factors ,
or of antibiotics ? In these questions too the prac-
tical and theoretical aspects must be treated hand
in hand . Almost any facet of marine biology that
we choose to examine, the extraordinary migra-
tions of certain marine mammals and fishes, th e
so far inexplicable vertical movements of variou s
planktonic forms, the apparently rhythmic be-
havior of many marine invertebrates, the distribu-
tion, growth, life cycles, adaptations, interrela-
tionships and reactions between species, in shor t
the whole ecology of the sea is as important to
human wealth and welfare as it is exciting to th e
imagination and stimulating to the mind .

Further evidence that this is so comes fro m
a recent report issued by the National Academ y
of Sciences-National Research Council (1959) .
This body organized in 1957, a Committee on
Oceanography that was " . . . pledged to formulat e
recommendations concerning a long-range na-
tional policy for the development of oceanogra-
phy, to encourage basic research in the marin e
sciences, and to provide advice to governmen t
agencies on various oceanographic problems ." The
result of the Committee's studies is a comprehen-
sive plan (Oceanography 1960-1970) for a 10 -
year program of expanded investigation of the sea
together with recommendations for the support o f
marine research from public funds . With refer-
ence to biological problems the Committee reports ,

" Man 's knowledge of the sea, and of the huge assem-
blage of living matter of fantastic variety . . . i s
meager indeed when compared with its importance
to him ." . . . "We emphasize the necessity of study-
ing the sea and its contents on a broad basis to en -
large knowledge of its potential resources . These
studies should not be tied to immediate applications . "

Some of the specific problems and their recom-
mended level of financial support over a 10-yea r
period include :

Biological Surveys	 27.00 million dollars
Genetics of Marine Organisms

	

2 .00

	

"
Taxonomic Development	 7 .7 5
Behavior Studies	 10 .6 6
Laboratory Survival Studies	 2 .66
Estuarine Studies 	 5 .30
Disease and Related Studies 	 4 .90

These few examples illustrate the broad range o f
problems in marine biology for which support i s
recommended. Whether such a program come s
into being no one can predict, but it is significan t
that the study has been made. That there should

be sober thought given to the formulation of a
national policy on all phases of marine research
is indeed heartening, and I believe that it is in lin e
with the growing tendency in modern marine bi-
ological studies to view problems in whole and i n
context . This habit of thought will inevitably
lead to an increase in both practical knowledge and
intellectual satisfaction .

But what of our other trend 	 the tendency
that I have identified as an increasing awarenes s
of the individual together with appreciation o f
unity in the midst of diversity . To illustrate what
I mean by this, let me first refer briefly to re-
cent research on echo-ranging in the porpoise ,
Tursiops truncatus . This species has been show n
by Kellogg (1958) to be capable, in water, o f
both emitting and receiving sound vibrations tha t
have the necessary characteristics for echo loca-
tion. In a series of remarkable and ingenious ex-
periments Kellogg has demonstrated unequivocall y
that this porpoise possesses an echo-ranging or
sonar system, using it to avoid underwater ob-
stacles and to locate food. This is tremendously
interesting work, but what has caught my atten-
tion equally as much as the research itself is a
casual remark in the report . Describing his ex-
perimental subjects, Kellogg wrote ,

"Although these animals are known to be both play-
ful and intelligent, there are nevertheless marke d
variations in the behavior of different individuals .
In the case of our own two subjects, for example,
the male, a young adolescent, appeared to be quit e
dependent upon the more mature female and swam
immediately to her side in times of stress or excite-
ment . The female, in turn, displayed a certain reserve
or sophistication by withdrawing, of her own choice,
from active participation in two of the studies to be
reported. "

	

(italics added )

Let me emphasize that phrase once more, "of he r
own choice ." Here we have one of the keystone s
of modern biology, the recognition of individua l
variation; we might even say recognition of th e
right of the individual to be different ! It is amus-
ing to speculate whether there is any significanc e
to the fact that the two experiments from whic h
the female porpoise voluntarily withdrew, deal t
with feeding and food discrimination !

There is, it seems to me, an ever-growing in-
terest in animals as individuals as well as mem-
bers of a species, a community, a population, or a
social group . What they do and how they live i s
coming more and more under observation, and
what we see excites our curiosity . Individuality
in marine invertebrates comes as a new idea t o
many people . We have therefore prepared a movie
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film that demonstrates this far better than I ca n
describe it . 1

Activities such as those you have just seen o n
the screen support my case for paying closer at-
tention to the individual animal . When this is done
we discover many things of surpassing interest ,
but we also come to appreciate the many hidde n
likenesses among the wide variety of the livin g
world .

In closing this brief inquiry into the trends i n
marine biology, that we trust lead to greater un-
derstanding of life in the sea, I return to quot e
once more from Bronowski :

"Man masters nature not by force but by understand-
ing . This is why science has succeeded where magi c
failed ; because it has looked for no spell to cast o n
nature . The alchemist and the magician in the Mid-
dle Ages thought, and the addict of comic strips i s
still encouraged to think, that nature must be mas-
tered by a device which outrages her laws . But in
four hundred years since the Scientific Revolution w e
have learned that we gain our ends only with the laws
of nature we control her only by understanding he r
laws . We cannot even bully nature by any insistenc e
that our work shall be designed to give power ove r
her. We must be content that power is the by-pro-
duct of understanding . "

Discussion

QUESTION : The first question concerns the
swimming anemone and asks first about the spe-
cies involved .

DR. RAY: The anemone itself is an anima l
the generic name of which is Stomphia, the spe-
cies is coccinia (Stomphia coccinia) . It is a form
which is found in scattered localities throughout
the colder waters of the northern hemisphere .
It occurs rather commonly in certain areas aroun d
the San Juan Islands, and I am sure it is muc h
more common in the Alaskan waters ; it is also
reported from Scottish and Scandinavian waters .
It does not occur intertidally, at least locally, and
most of our specimens are found at depths of not
less than about 14 fathoms . Very rarely there are
a few at depths less than that, and they occur al l
the way down to about 100 fathoms . The star-
fishes that will cause the anemone to swim are
mainly two species, the so-called leather star
(Dermasterias imbricata) and the spiney starfish ,
(Hippasterias spinosa) . There are other starfis h

1 (The film shows several different animals-crabs, shrimps ,
hermit crabs, clams, snails, brittle stars,-in many of their typical
activities of crawling, swimming, or burrowing. Feeding responses
are demonstrated, including the interesting "warning gestures" o f
hermit crabs . One hermit is shown removing another from its shell .
Several of the little-known and remarkable reactions between in-
dividuals of different species, some only recently discovered, ar e
documented. These include the response of the sea anemone (Fig-
ure 1) and cockle (Figure 2) to the presence of certain starfishes .)

belonging to the genus Crossastcr, and rarely on e
or two others, that on occasion will cause th e
anemone to swim, but not very often, just once i n
a while for the stimulus is not always effective .
But the stimulus with these two species, D. im-
bricata and H. spinosa, is almost always effective
in making the anemone swim . The stimulus is us-
ually a contact, anti it must be a contact of a cer-
tain minimal duration of time . Some of the peopl e
at the Friday Harbor Laboratory have been study-
ing the nature of this stimulus . We had last sum-
mer at the laboratories a young graduate studen t
from UCLA, Don Wilson, who studied the elec-
trical stimulation of these sea anemones ; and one
of our present graduate students, Jack Ward, ha s
been carrying on investigations of the nature o f
stimulus by starfish . We now know that it is no t
necessary to touch the sea anemone directly wit h
intact starfish. With the leather star it is equall y
effective to scrape some of the upper surface, th e
aboral epithelium, and use this . Or you can some -
times stimulate the anemone to swim just wit h
the isolated tube feet or with coelomic fluid fro m
the body cavity of the leather star . Mr . Ward i s
continuing his studies using these isolated bits o f
starfish material and is able to show at the pres-
ent time that an extract of the aboral tissue is ef-
fective even after it has been boiled, and that thi s
boiled extract is still effective after dialyzin g
against distilled water. He is hopeful that he will
be able to characterize the material which appear s
to be some kind of chemical substance produced
by just those starfishes that cause the reaction in
the anemone . Mr. Wilson's studies, as of last sum-
mer, brought out one more interesting poin t
which has to do with the fact that the anemone
will respond after having "stored up information . "
I should have prefaced this by saying that th e
only other, usually effective, stimulus to make th e
sea anemone swim is an electric shock . We don' t
always mention this at first because we don't thin k
that electric shocks are very common in the depth s
of the water in which these animals normally live .
Nevertheless, one can duplicate the reaction com-
pletely and identically with the right series of
electrical stimili . It appears to be that the thresh -
hold is between 2 and 3 volts . Mr. Wilson's test s
were made using a current of 6 volts . At thi s
strength 8 single shocks, or a stimulus of 8 sec-
onds duration will elicit a complete swimmin g
response . Now, if one takes a starfish, which
normally does not make the sea anemone swim a t
all, and rubs the anemone with it and then after
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a period of time stimulates the anemone with a n
electric shock, then it takes less than the 8 shock s
to cause the reaction, or it will take less than th e
8 seconds to make it swim . Or, one can do it th e
other way around . You can stimulate the anemon e
with only 6 shocks and it won't swim ; it just sit s
there. But then, a touch with a starfish (e .g. Hen-
ricia) which normally does not make Stomphia
swim at all will cause a typical reaction. Thes e
particular experiments are being followed up be -
cause they indicate that there is facilitation, per-
haps of a long-range kind . A subminimal stimulu s
of one kind, can be followed by a second stimulu s
which usually is not effective by itself . And th e
second stimulus can be given after an elapse o f
some hours and still be effective . It is not ye t
known how much individual variation there ma y
be, but these preliminary results are certainly
worth pursuing .

QUESTION : Is the film which was shown her e
available for use in schools, and so forth ?

DR. RAY : Not in this particular shape, no .
This reel consists of pieces of film cut out of a
good deal of footage of 16 mm. motion pictur e
film, taken in cooperation with our educationa l
television station in Seattle, station KCTS . Mr .
Norman Jensen was the photographer and too k
these shots as well as many others . These bits o f
film have been used, in part, in producing a serie s
of television programs on the subject of marin e
biology which were prepared for the National
Educational Television Center . There are fifteen
programs in the series, each of half-hour duration ,
and they are at the present time being broadcas t
over the Educational Television stations through -
out the country . As soon as the E .T.V. station s
have used them, the programs will be available for
commercial television stations, if they wish to use
them, or more important, for showing in school s
and colleges and community groups . Anyone in-
terested in further information about the time a t
which they will be available, and arrangement s
for getting them if desired, should contact th e
Educational Television Center in New York .

QUESTION : What role do you think Marin e
Biology may play in the development of close d
ecological systems that will be required for spac e
travel in the near future ?

DR. RAY : I'm fighting very hard to kee p
from answering this question according to my
personal beliefs, because I do not believe tha t
space travel, for humans, is likely in the nea r
future, and maybe it will not ever be possible

for biological reasons. I would be happy to dis-
cuss the question further without taking the tim e
of this group, if it is desired, since my point o f
view is probably a prejudiced one . To try to an-
swer the question objectively, I know of no suc-
cessful closed ecological system of the scale that
would be necessary for this purpose. How muc h
hope there is to develop such a system I'm no t
competent to say . Certainly, a system is implied
which could supply to one or more human be-
ings sufficient oxygen maintained in proper p ro -
portions to other atmospheric gases for norma l
respiration, sufficient water for normal intake, an d
sufficient food for at least a minimal amount o f
activity . This is just to mention the very basi c
things without worrying about the equally impor-
tant problem of elimination of waste material o r
its possible reconversion, which is a very difficul t
problem indeed . Without being really competen t
to answer, since I have not studied what are th e
basic needs in terms of how much oxygen, carbo n
dioxide, and of course all of the other element s
that go into the composition of air, are needed, I
can only say that it may be that certain marin e
plants or marine animals such as the filter feed-
ers that might remove bacteria from nutrient solu-
tions, may be fitted into a cycle of events such a s
would be necessary to maintain such a scheme .
Whether it is possible to maintain such a comple x
series of plants and animals alive in a closed sys-
tem over a period of time I, for one, would hav e
serious doubts . It is difficult enough just to keep
them alive, healthy and reproducing under labora-
tory conditions when one has a continuously flow-
ing sea water system . But, then of course, I don't
have all the information that might be availabl e
to others . Just speaking as a general biologist, i f
I may, I would say that in order for life, as w e
know it to survive, there are required a numbe r
of basic and essential conditions . These are the
conditions that can be obtained on the surface o f
the earth. If we are to survive any place excep t
on the surface of the earth, we must take tha t
surface with all of its delicate biological balance
with us .

QUESTION : How does the clam know of th e
nearness of the starfish ?

DR. RAY : We don't know. I wish we did . We
have not had much study, at least in our labora-
tory, of this particular reaction as yet . We do
know that the clams will respond to certain ex-
tracts of the starfish, but we are nowhere nea r
being able to characterize these or even to say
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from what part of the starfish the most effectiv e
extracts may come . There is one aspect about th e
clam-starfish reaction that makes it more difficul t
to attack than the anemone-starfish reaction and
that is that sometimes clams go leaping around ,
apparently just for the fun of it. On the other
hand, it is rare for a sea anemone to swim except
after having been stimulated directly . The clams
sometimes take off for reasons that so far w e
have not been able to discern . That makes th e
problem rather more difficult because we do no t
know then whether the activity is due to the
stimulus that has been applied or whether it ha s
been due to something intrinsic or to an environ-
mental factor that we do not recognize . There i s
some hope, however, that with more study o f
these individual reactions, there is every possi-
bility that we will be able to find out more about
them. Certainly there are sensory organs presen t
in clams, and other lamellibranchs, but the natur e
of these organs, the stimili to which they are re-
sponsive, and so on, we know very little about .

QUESTION : Does the starfish feed on thi s
anemone ?

DR. RAY : To the best of our knowledge, no .
The two starfishes that cause the anemone to

swim, so far as we know, do not feed upon thi s
anemone or any other coelentrate ; nor, so far a s
we know, are these two starfishes found in nature
in the same habitat as the anemone . So far as we
can tell, when we put the two of them together i n
a laboratory tank it is the first time that they
have met . We have not as yet been able to get an y
evidence that the starfish feeds upon the anemon e
at all . Both these starfishes have fed upon othe r
materials in the laboratory, but we still would no t
be perfectly certain that laboratory condition s
duplicate the conditions in nature . It is our belie f
at the present time that there is no predator-pre y
relationship between the sea anemone and thos e
starfish that cause them to swim as does seem t o
be the case in the reaction between various specie s
of molluscs and starfishes .
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The Role of Plants in Relation to Animal s
in the Marine Environment
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Animals are entirely dependent, either di-
rectly or indirectly upon plants for food . Only
plants can manufacture their own food from
simple inorganic substances . By the use of pig-
ments, particularly chlorophyll, photosyntheti c
plants are able to absorb certain wavelengths o f
light and, in the presence of adequate quantitie s
of carbon dioxide, water and many other sub -
stances in solution such as nitrates and phosphates ,
they are able to convert energy from sunlight int o
the chemical energy of such complicated substan-
ces as carbohydrates, fats, proteins and vitamins .
Although plants themselves use the food they
manufacture as a source of energy for their ac-
tivities, just as animals use food, under optimu m
conditions the compounds manufactured in exces s
of the immediate requirements are stored by the
plant as reserves. It is these stored reserves, a s
well as the materials deposited in the cell wall s
of plants in some instances, which provide a
source of food directly or indirectly for all organ -
isms in the sea . There is also evidence that som e
plants, as a result of extracellular excretion int o
their aquatic environment, contribute significan t
amounts of carbohydrates as well as nitrogenous
compounds (Allen, 1956 ; Fogg, 1942, 1950, 1952 ,
1953 ; Guillard, 1958) . The extent to which thes e
organic substances in solution may be used direct-
ly by animals is probably small (Esterley, 1916 ;
Krogh, 1931a, 1931b ; Krogh, Lange and Smith ,
1930 ; Moore, 1958 ; Putter, 1908a, 1908b), bu t
there is no doubt that some of them are used fo r
energy and growth by certain algae (Saunders ,
1957) and bacteria (Collier, 1958 ; Zobell, 1946) .
As a result of their photosynthetic activity plant s
also play an important role in maintaining a sup-
ply of oxygen necessary for both plant and anima l
respiration .

Despite the indisputable role of the primary
producers in the organic cycle and the advance d
state of our knowledge concerning cellular metab-
olism in some groups of animals, it is surprisin g
how little conclusive evidence there is concernin g
the precise mechanisms by which marine species

use materials produced by plants as a source o f
energy. This is truly remarkable, not only in vie w
of the recent emphasis on studies of primary pro-
duction in oceanography in an effort to assess an d
compare the potential productivity of one area
with another, but also because of the considerabl e
effort that has gone into rearing a variety o f
marine animals in developmental studies using phy-
toplankton as a source of animal food (Allen an d
Nelson, 1910; Amemiya, 1926 ; Bassindale, 1936 ;
Bruce, Knight and Parke, 1940 ; Fretter, 1937 ;
Gauld, 1951 ; Harvey, 1937 ; Lebour, 1922, 1927,
1928, 1933a, 1933b ; Matthews, 1913 ; Mortensen,
1913, 1931 ; Raymont and Gross, 1942 ; Rees and
Russell, 1937 ; Thorson, 1946 ; Wilson, 1932a ,
1932b, 1936) .

Thus, although the problem concerning ho w
marine animals are supported has provoked man y
studies, particularly with respect to the exploita-
tion of marine resources, it still remains as on e
of the most pressing quantitative problems facin g
the biological oceanographer . Before this prob-
lem can be satisfactorily solved there are a num-
ber of fundamental aspects which need to be thor-
oughly investigated . We need to know what plant s
are present in the sea, their distribution in time
and space and their relative abundance . We need
to know whether the plants themselves, or sub -
stances the plants produce and store or liberate, ar e
both physically and chemically available to animals
as a source of food. We need to know whether
animals possess the structures necessary to catc h
or extract in sufficient quantity from the water th e
plants or substances produced by the plants . We
need to know whether these same animals have
the physiological mechanisms necessary to utiliz e
the plant material once it has been eaten . We also
need to know what other direct or indirect rela-
tionships, either accidental or obligate, there may
be between marine animals and plants which ma y
facilitate or be required for their survival .

With the exception of the liverworts, mosses
and ferns, all the major groups of plants hav e
marine representatives (Table 1) . The seed plant s

9
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Table 1 . GROUPS OF PLANTS WITH MARINE REPRESENTATIVES, SHOWING CHIEF STORAGE PRODUCTS, CELL WALL CON -
STITUENTS AND OTHER CHARACTERISTICS*
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Phylum Chlorophycophyt a
ClaSS CHLOROPHYCEAE	 + + + + + + +

Phylum Euglenophycophyta
Class EUGLENOPHYCEAE	 + - - - + + +

Phylum Chrysophycophyta
Class XANTHOPHYCEAE	 + + + - + + +

C laSS CHRYSOPHYCEAE	 + + + + +

Class BACILLARIOPHYCEAF	 + + + - + - +

Phylum Pyrrophycophyta
Class DINOPHYCEAE	 + + + - + + +

Class CRYPTOPHYCEAE	 + - - - + + +

C1aSSCHLOROMONADOPHYCEAE 	 + - - - + + +

Phylum Phaeophycophyt a
ClaSS PHAEOPHYCEAE	 r	 - - + + + - +

Phylum Rhodophycophyt a
Class RHODOPHYCEAE	 + - + + + + +

Phylum Schizophyta
ClaSS SCHIZOPHYCEAE	 + + + - + - +

Class SCHIZOMYCETES	 + + + - + + +

Phylum Eumycophyta 	 + — + — — + +

Phylum Myxomycophyta	 + + + — — + +

Phylum Embryophyt a
ClaSS MONOCOTYLEDONEAE 	 - - - + + - +
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Table 1 . GROUPS OF PLANTS WITH MARINE REPRESENTATIVES, SHOWING CHIEF STORAGE PRODUCTS, CELL WALL CON -
STITUENTS AND OTHER CHARACTERISTICS* (Continued )

Name of Group
Chief Storage

Products
Cell Wall

Constituents Remark s

Phylum Chlorophycophyt a
Class CHLOROPHYCEAE	 starch, fat cellulose, sometime s

callose, pectin
green algae

Phylum Euglenophycophyt a
Class EUGLENOPHYCEAE	 paramylurn including euglenoid s

Phylum Chrysophycophyt a
Class X ANTHOPHYCEAE	

Class CHRYSOPHYCEAE	

Class BACILLARIOPHYCEAE	

leucosin, fat

leucosin, fa t

leucosin, fat

pectin,

	

sometimes

	

sil -
ica, chitin or cellulos e

pectin, sometime s
silic a

pectin, silica

yellow-green alga e

including coccolitho -
phores, silicoflagellate s

diatom s

Phylum Pyrrophycophyt a
Class D1NOPHYCEAE	

Class CRYPTOPHYCEAE	

Class CHLOROMONADOPHYCEAE	

starch, fa t

starch, leucosin

fat

cellulose, pecti n

cellulose

dinoflagellates an d
peridinian s

including zooxanthel -
lae of radiolarians an d
coral

flagellates

Phylum Phaeophycophyt a
Class PHAEOPHYCEAE	 laminarin, mannitol ,

fat
algin, cellulose,
fucoidin

brown alga e

Phylum Rhodophycophyt a
Class RHODOPHYCEAE	 floridoside, fat, mann-

oglycerate, floridean
starch

polygalactose, sulphate
esters (agar), cellu-
lose, sometimes cal -
cium or magnesiu m
carbonate

red algae, includin g
nullipores or corallin e
alga e

Phylum Schizophyta
Class SCHIZOPHYCEAE	

Class SCHIZOMYCETES	

cyanophycean starch ,
cyanophycin

cellulose, pectin

chitin, hemicellu _
lose (? )

blue-green alga e

bacteria

Phylum Eumycophyta 	 glycogen, fat chitin true fung i

Phylum Myxomycophyta	 including Labyrinthula

Phylum Embryophyt a
Class MONOCOTYLEDONEAE	 starch,

	

fat

	

cellulose, lignin, pectin including Zostera an d
Phyl/ospadix

*Based chiefly on data presented by Hutner and Provasoli (1951), Strain (1951), Fogg (1953) and Papenfus s
(1955) .
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are represented in the sea by grass-like species ,
such as the common eel-grass, Zostera marina L .
These rooted plants are small in number of spe-
cies but they are present in great abundance an d
are very important in certain coastal region s
(Blegvad, 1915 ; Jensen, 1915 ; Ostenfeld, 1908 ;
Petersen, 1914, 1915, 1918 ; Petersen and Jensen ,
1911) . Except for these few seed plants, and th e
fungi and bacteria (which in a broad system o f
classification may be considered as plants) al l
other marine vegetation may be classified into a
number of algal phyla . All algal phyla have marin e
representatives. For purposes of this discussio n
the algal phyla include, in addition to seaweeds ,
the autotrophic and to some extent the hetero-
trophic flagellates closely related to or derive d
from them (Table 1) .

In considering the marine plants as a potential
source of food, it is more practical to conside r
them under a classification system with respect t o
their size, habit and general distribution in th e
three-dimensional environment of the sea ; namely ,
as phytoplankton and benthonic or attached plants .
This is rather an arbitrary division, since most o f
the benthonic plants have unicellular motile or
mobile stages in their life-histories which con -
tribute during certain periods to the phytoplank-
ton .

Benthonic plants are important in the shal-
lower waters of coastal regions, but in the ocean
as a whole this group is responsible for only a
small part of the total primary production . Plan t
life beyond the narrow, relatively shallow regio n
where attached plants can obtain sufficient ligh t
to grow, is almost entirely composed of the uni-
cellular, slowly swimming or passively floating or-
ganisms of the phytoplankton . In contrast to the
phytoplankton, which usually have a short perio d
of activity, the benthonic plants may store carbon
for a season and thus may not return it into cir-
culation for a year or more (Blinks, 1955) .
Blinks suggests that this longer period of storage
may account for the greater productivity of th e
coastal region, since the nutrients may remain in
a more restricted area . In addition, this storage
by benthonic plants may result in a more produc-
tive area because of a slower return of the or-
ganically bound constituents by a gradual disap-
pearance and breakdown extended over a longe r
period of time .

The elemental chemical composition (Chap -
man, 1950 ; Tressler and Lemon, 1951 ; Vino-
gradov, 1953) and carbohydrates (Table 1) ar e
now well known for a number of groups of al-

gae, but in general the lipids (Table 2) are less
well known and the nitrogenous compounds
(Table 2) are very poorly known . The chief stor-
age products and cell wall substances known to
occur in some members of the different phyla ar e
shown in Tables 1 and 2 . In some of the alga e
simple sugars may be present in small amount s
(Bidwell, 1958 ; Jensen, 1956), but most of th e
substances produced and stored are complex an d
not readily available . The chemical constituent s
vary greatly with different algae, with depth an d
at different times of the year (Wort, 1955), bu t
the percentage composition of the benthonic alga e
in general is comprised of 17% to 69% carbo-
hydrate, 6% to 29% protein, 0 .5% to 5% fat, and
an amount of ash varying from 25% to 35 %
(Chapman, 1950) . The brown algae generally
possess less protein than some of the red algae .
The red alga Rhodymenia palmata (L .) Grev .
may have 23.5% to 27.5% of its dry weight in
protein (Bender, 1953) . On the other hand, phy-
toplankton are generally higher in fats and pro-
teins and lower in carbohydrates . Average
amounts on a dry weight basis for some unicellu-
lar algae are 26% to 38% carbohydrate, 41 % t o
54% protein and 20% to 27% fat (Harvey ,
1957; Ketchum and Redfield, 1949) . Several
sterols, amino acids, peptides, and other nitrogen-
ous substances have been reported in a numbe r
of algal groups (Table 2), but proteins in genera l
are poorly known in the algae as a whole . In the
few species that have been studied in detail it i s
apparent (Table 2) that a wide range of amino
acids is available in the algae, although methionine
and cystine are generally lacking or low in quan-
tity ( Jones and Blinks, 1957 ; Mazur and Clarke ,
1942) . All of the algae undoubtedly possess nuc-
leic acids, but these also are poorly known .

All carotenoid pigments of animals are ap-
parently derived either directly or indirectly from
plant food and are not synthesized by the animal s
(Fox, 1955) . The carotenoid pigments known to
occur in algae are shown in Table 2 . Many of
the protective colors possessed by animals resul t
from the presence of these derived carotenoid pig-
ments . In some instances, animals feeding on at-
tached algae may have a very abundant supply o f
carotenoids readily available to them and may fur-
ther capitalize on their algal habitat for surviva l
value by matching the colors of the algae o n
which they live .

The vitamin C concentration of some sea -
weeds is quite high and has been shown to equal
or exceed that in lemons . The amount of vitamin
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Table 2 . SOME CHEMICAL CONSTITUENTS OF MARINE PLANTS *
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Chlorophyll s

Chlorophyll a . .. . + + + + + + + + + + + +

Chlorophyll b . ._ . + + — — — — — — — +

Chlorophyll c + + + — —

Chlorophyll d + —

Chlorophyll e .- .- — — + — — — -- —
Phycobilin s

c-Phycocyanin — +

r-Phycocyanin

	

. . + -

- +c-Phycoerythrin . .

r-Phycoerythrin. . + —
Carotene s

a-Carotene	 + — — — +
fl-Carotene	 + + + + + + + + + + +
e-Carotene	 — + —
Flavacin	 — — — +

Xanthophyll s
Lutein	 + — + — — — + + +
Zeaxanthin	 + — — — —
Violaxanthin + — — + +
Flavoxanthin — +
Neoxanthin	 + — — — + +
Fucoxanthin	 — — — + + — +
Neofucoxanthi n

A	 — — — + — +
Neofucoxanthi n

B	 • — — — + — +
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Table 2 . SOME CHEMICAL CONSTITUENTS OF MARINE PLANTS* (Continued )
(+ reported, — absent )
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(Continued )

Diatoxanthin +

Diadinoxanthin — — -- + +

Dinoxanthin	 — — — — +

Neodinoxanthin -- — — + + —

Peridinin	 — — — — + —

Myxoxanthin — +

Myxoxantho-
phyll	 — — — — — — ~ -

Neodiadinox -
anthin	 — +

LIPID S

Sitosterol	 + — + +

Fucosterol	 + + + + +

Ergosterol	 + +

Stigmasterol	 +

Chondrill.asterol + I + -
AMINO ACIDS AN D
OTHER NITROGEN -
OUS COMPOUND S

Aspartic Acid . . . . + — + + + + + + + + + + +

Glutamic Acid + + + + + + + + +

Serine	 + + + -- — + + + +

Threonine	 + + + — — + + + +

Glycine	 + + + + + + + +

Alanine	 + + + + + + + +

Valine	 + + + + + + + + +

Leucine	 + + + + + + + + +
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Table 2 . SOME CHEMICAL CONSTITUENTS OF MARINE PLANTS* (Continued )
(+ reported, — absent )

Plant Group s

~x w
o Q

fix.4
U U

cd

U
(21-i

a Wo ~
U ~~, x
a o
~ a

~
W W

cd

'U

w

fi

.4 ~
() ~

cd

U

w

x
U

c~
U

ao
Pa

cd

U

~,

~
o w

fi

~ z
aQ

cd

U

w

U

c~
U

U

xoz
o

x
U

cd

U

~

a ' ~o

hfi x
p, W

c d

U

;>,
.4 .,c

o ~

.4

O A

;:4 ;

cd

U

w
4

(a ~

i
H

V U
~~

cc:

U

w

W

U

c

d cf)

~,

a

W

U U

p

pi w

w

o

~, a

o
Z

E O

W

;Li

AMINO ACIDS AN D

OTHER NITROGEN-

OUS COMPOUND S

(Continued)

Isoleucine	 + + - + — — + + -F- -E-
Phenylalanine + + + + + + + + + + + +
Tyrosin	 + + + + + + + + +
Proline	 + + + + --I- + + + +
Tryptophan	 + + + + + + + + +
Methionine	 + + + — — + + + +
Cystine	 + — — + + — + + +
Arginine	 + + + + + + + + +
Histidine	 + + + + + + + + +
Lycine	 + + + -- + + + + — +
Amide N	 + + + — — + + +
* Based chiefly on data presented by Hutner and Provasoli (1951), Strain (1951), Blinks (1951), Fogg (1953) ,

and Spector (1956) .

1)1 (thiamin) compares favorably with that i n
many fruits and vegetables (Norris, Simeon and
Williams, 1937) . Vitamins A and D are present
in considerable amounts in the phytoplankton
(Baalsrud, 1955) . Vitamin A, which plays a ma-
jor role in the vision mechanism in animals, i s
undoubtedly taken up by zooplankton organism s
such as copepods from the phytoplankton they
use as food (Baalsrud, 1955) . Other substance s
with nutritional value that are known to occur i n
some algae are riboflavin, niacin, pyridoxine, pan-
tothenic acid, choline, biotin, and vitamin B 12
(Combs, 1952) .

The organic materials required by animals do

not necessarily come directly from living matter .
There are various degrees of breakdown of or-
ganic food as detritus in particulate form or i n
solution (Fox, 1955) that may be available to cer-
tain animals . Zobell and Feltham (1942) suggest
that the bacteria ingested along with the detritus ,
whether or not an animal can directly filter out
the small bacteria, may be of much greater nutri-
tive value to the animal than the organic materia l
in the detritus itself . The percentage compositio n
of bacteria in general comprises from 0% to 14 %
carbohydrate, from 0% to 12% lipid, and fro m
10% to 73% protein (Spector, 1956) .

In the intertidal and more accessible subtida l
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regions, where the relationships between plant s
and animals can be appraised with greater ease ,
there are several degrees of association among
the more conspicuous plants and animals . Compe-
tition for attachment space among marine organ -
isms is one of the most striking features of in-
tertidal zonation on the rocky, open coast . Animal s
free to move, as well as those that are securely at-
tached to the bottom, may derive considerable pro-
tection from desiccation and predation from their
association with attached marine plants in the in-
tertidal region (Coleman, 1933) . Many of the in -
vertebrates appear to consume pieces of large r
algae either by scraping off portions of the sur-
face of the plant or breaking off fragments . In
some instances, even though the greater part of the
algal material may be indigestible, a film of bac-
teria, diatoms or other unicellular or filamentou s
algae growing epiphytically on the larger plan t
may be utilized as food . There are numerous ob-
servations of invertebrates, particularly among th e
molluscs, urchins and crustaceans, as well as o f
tropical fish, browsing on benthonic algae (Bard-
ach, 1959; Hiatt, 1948 ; Jones, 1946 ; Marshall ,
Newton and Orr, 1949 ; Odum and Odum, 1955 ;
Orton, 1914 ; Ricketts and Calvin, 1952 ; Yonge ,
1949) .

A few invertebrates have been studied in suf-
ficient detail to indicate something of their abilit y
to digest substances known to be present in th e
benthonic marine algae . In some instances, there
is still some doubt whether the animal produce s
the enzymes necessary to break down the comple x
algal material or whether bacteria living symbiot-
ically in the digestive system produce the neces-
sary enzymes . It has been suggested that in some
invertebrates digestive juices may not contain the
enzymes necessary, but may favor bacterial devel-
opment and thus stimulate the production of en-
zymes by bacteria present in the gut (Florkin an d
Lozet, 1949) . In this event, the substrate may be
used only indirectly and may be available to the
animal even then only in part . Meeuse and Fluege l
(1958) found that the giant chiton, Cryptochito n
stelleri ( Middendorff ), usually has large pieces of
green, brown and red algae in the intestinal tract .
The sugar-gland juice from this animal was found
to contain r-phycoerythrin and chlorophyll d, pre-
sumably from red algae (Table 2) eaten by the
animal . In addition, enzymes capable of hydrolyz-
ing a number of substances including starch, gly-
cogen, laminarin, sodium alginate and agar, all o f
which are known to occur as reserve substance s
or in the cell walls of marine algae, were found

to be active ingredients of the sugar gland . Huang
and Giese (1958) demonstrated that the stomac h
extract from the giant chiton also digested
fucoidin, a common constituent of many large
brown algae . An alginase has also been demon-
strated (Miwa, 1940) in the digestive gland o f
the abalone, Haliotis, which feeds upon bottom
algae .

The green urchin, Strongylocentrotus dro-
bachiensis (Muller), seems to be omnivorous .
Weese (1926) found an amylase and two pro-
teolyic enzymes present in the digestive tract o f
this animal and suggested that much of the plan t
material which was eaten, including Fucus, Ulva
and Zostera, could probably be assimilated .

In the purple urchin, Strongylocentrotus pur-
puratus (Stimpson), which eats considerable
quantities of the larger brown algae, or kelps, hav-
ing algin as a major constituent, Eppley and
Lasker (1959) found enzymes present which
could decompose algin . The activity of extracts o f
various parts of the gut compared with that of th e
fluid contents of the gut on a suitable substrat e
indicated that two alginases might be involved i n
the process of decomposition, and suggests tha t
the gut wall may contribute precursors of algin-
ase . Eppley and Lasker (1959) found that th e
gut contents of this animal also contained micro -
organisms capable of degrading large brown algae .
Clarification of the role of bacteria in algin diges-
tion by the urchin is, therefore, still needed .

Huang and Giese (1958) demonstrated tha t
the omnivorous kelp crab, Pugettia producta
(Randall), will eat algae . On testing extracts o f
the digestive gland they found it contained a po-
tent amylase which quickly digests starch and gly-
cogen but has no action on laminarin, fucoidin ,
agar or carragheenin . Thus this crab might be able
to utilize green algae, such as Ulva, to a consid-
erable extent, but the brown and to some exten t
red algal constituents eaten, unless acted upon by
bacteria in the intestinal tract, must pass through
largely indigested .

To the animal it is perhaps of little conse-
quence whether or not this source of energy i s
obtained directly or indirectly from the plant ma-
terial . There is no doubt, however, that the de-
composition of the algal material does yiel d
sources of available food . In spite of the recogni-
tion of the general role of bacteria in the se a
more than 50 years ago (Russell, 1893 ; Gran ,
1902a, 1903), microbiological studies of the se a
have had relatively little emphasis in contrast t o
those for the soil and other environments . There
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is undoubtedly a need for more exacting research
in this area of the organic cycle of the sea . Ac-
cording to Zobell (1946) there may be more spe-
cies of bacteria in the sea than there are on th e
land . Some are photosynthetic and a few are para-
sitic and pathogenic, resulting in bacterial infec-
tion in marine animals, such as fish and shell -
fish. Most are heterotrophic and are known to
possess the enzymes necessary to break down th e
complicated phycocolloids and other products of
marine plants . That bacteria containing alginas e
are universally present in the sea has been demon-
strated from pure culture studies of bacteria iso-
lated from sea water (Waksman, Carey and Allen ,
1934) . Marine bacteria have also been shown t o
produce significant quantities of vitamin B1 2
(Burkholder and Burkholder, 1956a, 1956b ;
Starr, Jones and Martinez, 1957) . Thus the bac-
teria themselves may be highly nutritious and a
readily digestible source of food for animals . I t
has been shown clearly that some protozoa can us e
bacteria exclusively as a source of food (Luck ,
Sheets and Thomas, 1931) . Some of the large r
marine animals, particularly those living on mud-
flats, can live almost indefinitely on an exclusiv e
diet of bacteria (MacGinitie, 1932 ; MacGiniti e
and MacGinitie, 1949 ; Zobell and Feltham, 1938) .
Not all species of marine bacteria, however, ma y
be used even by organisms with the ability to ex -
tract them from sea water . Davis (1953) found ,
for example, that the larvae of the oyster, Cras-
sostrea virginica (Gmelin), would not utilize 1 3
species of marine bacteria of a suitable size range ,
but were quite capable of using a number of very
small flagellates .

It is generally considered that the role of ma-
rine saprophytic fungi in organic breakdown i s
much less important than that of the bacteria . This
is probably true, but the relative importance o f
the marine fungi has still not been adequately
appraised. All of the major classes of the fung i
have marine representatives, and some have bee n
shown capable of utilizing a number of organi c
materials including cellulose, pectin, starch, mal-
tose, galactose, xylose and asparagine ( Barghoorn
and Linder, 1944) . Some have been isolated from
wood (Ritchie, 1954) . Many of these fungi are
undoubtedly saprophytes and play a similar role t o
that of bacteria in the degradation of organic ma-
terials of plant and animal origin . Some are para-
sitic and of economic importance . Fungus disease s
have been shown (Andrews and Hewatt, 1957 ;.
Davis, Loosanoff, Weston and Martin, 1954 ; Mac -
kin, Owen and Collier, 1950) to cause a high death

rate in larvae of the oyster, Crassostrea virginica
( Gmelin) , as well as in the eggs and larvae ( Gan-
aros, 1957) of the oyster drill, Urosalpinx ciner-
eus (Say) . Crustacean eggs and small crustacea
are known to be infected by marine fungi (At-
kins, 1954) . Large marine algae, such as Lamin-
aria, Pelvetia, Fucus and Ascophyllum, have para-
sitic fungi (Sutherland, 1915) .

A fungus-like organism, Labyrinthula, fre-
quently classified as a slime-mold, is believed t o
have rapidly brought about almost complete eradi-
cation of eel-grass, Zostera marina L. on the At-
lantic Coast in 1931-32 . This was the so-called
wasting-disease epidemic. The catastrophic chang e
in the distribution and abundance of this plant a s
a result of the pathogenic activity of this micro -
organism has had a profound effect on the anima l
populations closely associated with the plants . Al-
though many of the beds of Zostera have now re-
covered, it has taken many years, and some bed s
have still not returned completely to their forme r
luxuriance (Butcher, 1934; Dexter, 1950 ; Renn ,
1936) .

The variety, abundance and importance as pri-
mary producers of the more conspicuous diatom s
(Cupp, 1943) and dinoflagellates (Wailes, 1939 ;
Kofoid and Swezy, 1921 ; Kudo, 1946) in th e
phytoplankton have long been recognized. How-
ever, their relative importance and direct use i n
the food chains of many marine organisms is i n
need of more intensive study . Lohmann (1902,
1903, 1908, 1911) demonstrated the presence o f
nannoplankton in the sea over 50 years ago by ex-
tracting them on fine filter paper, and the flagel-
lates in fresh water had become fairly well known,
particularly as a result of the efforts of Pasche r
(1913a, 1913b, 1925a, 1925b, 1930) . The abund-
ance of species and individuals of these ex-
tremely small forms comprising the marine nanno-
plankton was recognized only within relatively
recent years, chiefly through the studies of Alvik
(1934a, 1934b), Gaarder and Sparck (1933) ,
Parke (1949) and others (Bursa, 1959 ; Parke
and Ballantine, 1957 ; Parke, Manton and Clarke ,
1955, 1956, 1958) . It is now clear that thes e
minute forms of phytoplankton are universall y
present, not only in the water above the bottom ,
but also in the superficial layers of the bottom it -
self in shallower regions ( Pearse, Humm an d
Wharton, 1942) .

Unicellular organisms in general are extremel y
small and most of them reproduce and multipl y
primarily by cell division . Despite their small size ,
however, under optimum conditions these micro-



18

	

MARINE BIOLOGY

organisms may rapidly give rise to astronomicall y
large populations and consequently considerabl e
biomass . It is for this reason that the so-calle d
phytoplankton blooms can appear very suddenl y
(Gunter, Williams, Davis and Smith, 1948 ;
Pomeroy, Haskin and Ragotzkie, 1956) . The con-
centrations of phytoplankton vary markedly unde r
different conditions from a few cells to millions o f
cells per liter (Gran, 1902b ; Harvey, 1957 ; Mare ,
1940 ; Sverdrup, Johnson and Fleming, 1946) .
Species of the dinoflagellate Gymnodiniuin hav e
been found in concentrations of 18 .7 x 10 6 cell s
per liter (Ragotzkie and Pomeroy, 1957) and a s
high as 6 x 10 7 cells per liter under so-called red
tide conditions (Gunter, Williams, Davis an d
Smith, 1948) . Ragotzkie and Pomeroy (1957) es-
timate a division rate for this dinoflagellate o f
once every 7 to 12 hours . Phaeodactyluin tricor-
nutum Bohlin, which has been used in many cul-
ture studies (Lewin, 1958) under the diato m
name Nitzschia closterium forma minutissima ,
may occur in concentrations of 32,000,000 cell s
per liter and may have a division rate of one per
clay (Raymont and Adams, 1958) .

Even if one assumes a division rate of two per
day, in one week, starting with a single, activel y
dividing cell, a population of 16,384 microorgan-
isms would result . Or, starting with an initia l
number of only 100 organisms, at the same divis-
ion rate, a population of 1,638,400 would result .
For bacteria considerably faster rates of divisio n
are the rule . For example, Escherichia col i may
divide 12 to 17 times per day . Most marine plants
contain about 90% water . In Escherichia coli ,
which measures 0 .5 to 1 micron and is about 80 %
water, 30,000,000,000,000 cells of average siz e
would equal a volume of one cubic inch . On a we t
weight basis 2 .5 x 1012 of these bacteria woul d
weigh 1 gram and five times this amount woul d
equal 1 gram dry weight (Gainey and Lord ,
1952) . Zobell and Feltham (1942) record bacter-
ial counts of tip to 440,000,000 cells per liter i n
the sea water in a mud-flat region and up t o
460,000,000,000 cells per gram of mud just be-
neath the bottom . They estimate around 10 gram s
(dry weight) of bacteria are produced per day
per cubic foot of mud in this area .

Although it has been recognized for a long
time that the benthonic marine plants produc e
various kinds and sometimes large numbers o f
motile or mobile stages, the role of these in th e
phytoplankton has never been adequately evalu-
ated on a quantitative basis . It is indisputable tha t
beds of algae, such as the large kelps Nereocystis

FIGURE 1. Dense bed of Nereocystis luetkean a
(Mert.) P. & R. at the North end of the Queen
Charlotte Islands, British Columbia .

(Andrews, 1925 ; Scagel, 1948) and Macrocystis
(Aleem, 1956 ; Davis, 1958 ; Clendenning and Sar-
gent, 1957 ; North, 1957) provide a productiv e
area useful to animals for a direct source of food ,
for supporting other food organisms, and fo r
breeding and depositing eggs in an area relativel y
free of certain predators (Figures 1 and 2) . In
just nine holdfasts of Nereocystis, for example ,
Andrews (1925) counted 2,605 individuals of a
number of relatively large marine animals . In fiv e
collections of marine animals from holdfasts o f
Macrocystis Andrews (1945) enumerated nin e
phyla represented by 23,752 individuals . From a
single holdfast of a species of Laminaria between
1,259 and 3,992 organisms per 100 grams of we t
algae were demonstrated by Coleman (1940) . The
bulk of the vegetative plant growth itself produce d
in one of these kelp beds is significant either di-
rectly as food or indirectly as a potential source o f
detritus . Aleem (1956) estimates the standing cro p
of Macrocystis pyrifera (L .) C. Ag. in southern
California at 25 to 40 tons per acre and an aver-
age annual yield of 4 to 6 tons per acre fres h
weight . There has been very little attempt, how -
ever, to evaluate the relative role of the reproduc-
tive stages of these larger marine algae in th e
economy of filter-feeding organisms . Neushal
(1957) has attempted to give some concept o f
their importance in respect to Macrocystis. The
complicated growth pattern and life-history o f
M. pyrifera, which is perennial from the base,
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make even an approximate estimate exceedingly
difficult, but Neushal (1957) calculates that a
square centimeter of fertile material of this spe-
cies will produce 69,376,000 zoospores . These
swimming stages measure about 5 microns in di-
ameter .

It is somewhat easier to estimate the magnitud e
of the role of the motile stages in Nereocystis
luetkeana (Mert .) P. & R., which is essentially
annual in habit and has a growth pattern more
amenable to this type of analysis (Scagel, 1948) .
In kelp beds in British Columbia and Alaska i n
which Nereocystis is growing under optimum con-
ditions (Figures 1 and 2), at least one plant pe r
square meter, at an average depth of 15 meters ,
may occur. During the active period of growth
and reproduction the laminae of this plant can in -
crease in length at a rate in excess of 6 centi-
meters per day (Scagel, 1948) . Within this period
(June through September) one plant may pro -
duce about 4,000,000,000,000 zoospores slightly
less than 5 microns in diameter . Assuming a uni-
form distribution in time (120 days) and space
(through an average depth of 15 meters), thi s
would provide a concentration of about 3 millio n
spores per liter per day. This is a very conserva-
tive estimate and in terms of primary productio n
per square meter of surface area does not tak e
into account the contribution of other smalle r
kelps (Figure 2) and other algae growing aroun d
the holdfast and attached to the bottom which ar e
liberating reproductive cells . Nor does it include
the other phytoplankton organisms in general ,
bacteria and detritus that are present throughou t
the depth of this zone .

When one realizes that some of these kel p
beds in Alaska, British Columbia, northern Wash-
ington and southern California extend for mile s
along the coast and occupy many acres, some con-
cept of their importance in coastal production can
be gained .

There have been numerous studies of the use
of phytoplankton as a source of food for animals .
However, just as in the case of those animal s
which are known to swallow pieces of the large r
algae, knowledge of the precise mechanics of utili-
zation, the efficiency of utilization and the rate at
which food can be obtained are frequently lack-
ing . Furthermore, generalizations of food utiliza-
tion in the absence of a careful analysis of th e
feeding behavior, the mechanisms involved i n
extracting particulate matter from sea water, a s
well as of the enzymes present, have led to fre-
quent speculation and erroneous conclusions

rather than conclusive results . Some of the more
valuable quantitative studies have been those o f
Coe (1948), Davis (1953), Fox (1950), Fox and
Coe (1943), Galtsoff (1928), Jorgensen (1949a,
1949b, 1952, 1955), Jorgensen and Goldber g
(1953), Loosanoff (1949, 1954), Mare (1942) ,
Marshall and Orr (1955) and Thorson (1946) .

Putter (1908a, 1908b) suggested over 50 year s
ago that organic substances in solution might b e
utilized as food by animals, but it seems more
likely that the utilization of nannoplankton and
detritus is more likely to make up the deficit in
primary food that was apparent to him . There i s
an appreciable quantity of organic matter orig-
inating from decaying plant and animal remain s
present in solution in sea water (Sverdrup, John -
son and Fleming, 1946) some of which may pro -
vide a substrate for further bacterial action (Col-
lier, 1958) . On the other hand, a large fraction
of it may be resistant to attack by some bacteri a
(Clarke, 1954) . The bacteria themselves, as al -
ready indicated, have been shown as sources o f
food for various marine animals (MacGinitie ,
1932 ; MacGinitie and MacGinitie, 1949 ; Zobel l
and Feltham, 1938) . We now know that signifi-
cant amounts of carbohydrates as well as nitro-
genous substances may be excreted into the envir-
onment by some actively metabolizing algae (Al-
len, 1956 ; Fogg, 1942, 1950, 1952, 1953 ; Guillard ,
1958) . Collier (1958) has demonstrated an extra -

FIGURE 2. Dense bed of Nereocystis luetkean a
(Mert.) P. & R. in Queen Charlotte Strait, Brit-
ish Columbia . Numerous smaller kelps, includin g
Laminaria cuneifolia J . Ag., Alaria marginata P.
& R. and Egregia menziesii (Turn.) Aresch. are
shown in the foreground .
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cellular production of carbohydrate in bacteria -
free cultures of dinoflagellates and suggests tha t
this organic material might serve as a substrate
for vitamin B 12 -producing bacteria . He further
suggests that this bacterial action may thus, in -
directly, provide the necessary level of vitamin B1 2
in sea water for development of a succeedin g
bloom of phytoplankton .

The efficiency of filtering mechanisms in ma-
rine animals has been investigated in very few
species . However, in some of the lamellibranc h
molluscs and ascidians it has been demonstrated
that particles down to 1 micron in diameter can
be strained from the water (Jorgensen, 1949a ,
1949b, 1952, 1955 ; Jorgensen and Goldberg ,
1953) . In a number of animals such as the Cali-
fornia mussel, Mytil us call f ornianus Conrad, an d
the gaper clam, Schizothaerus nuttallii (Conrad) ,
a mucus sheet on which particles down to col-
loidal size may be adsorbed or through whic h
particles are strained from sea water is contin-
uously produced and swallowed while the animal
is actively feeding (Fox and Coe, 1943 ; Mac -
Ginitie, 1939, 1941) . MacGinitie (1937) state s
that, with the exception of crustacea and perhap s
protozoa and sponges, all plankton-feeding ani-
mals apparently make use of mucus to entangl e
the microscopic particles used for food . In cope -
pods, for example, measurements of filtering
mechanisms or certain critical apertures may pro -
vide a reasonable estimate of the maximum bu t
nothing concerning the minimum size of food par-
ticle that may be captured or accepted by an ani-
mal (Ussing, 1938) . But in mucus feeders, such
measurements may have even less meaning, sinc e
the mucus net and its efficiency in entangling, ad -
sorbing or straining small organisms or particu-
late matter will be of fundamental importance .

There is an equally great need for studies o f
enzymes present in filter-feeding organisms . Amy-
lase and glycogenase have been found in the di-
gestive tract of the mussel (Fox and Coe, 1943) .
Amylase, invertase, maltase, protease and lipas e
are secreted in the liver of some ascidians (Ber-
rill, 1929) . From culture studies of marine in -
vertebrates, as well as examination of stomach
contents and fecal material, it is clear that many
of the phytoplankton organisms both large an d
small are apparently used successfully, although
to varying degree of efficiency, as a direct source
of food (Clarke and Gellis, 1935 ; Faure-Fremiet ,
1950 ; Fuller, 1937 ; Hardy, 1956 ; Lebour, 1933b ;
Marshall and Orr, 1955 ; Quayle, 1952 ; Thorson ,
1946) .

Table 3 . COMPARATIVE SIZES OF SOME PLANKTON OR-
GANISMS*

Organisms

	

Size in Micron s

Class CHLOROPHYCEAE

Brachiomonas westiana	
Carteria cordiformis 	
Carteria micropapillata 	
Chlamydomonas spp	
Chlorella spp	
Chlorococcum submarinum 	
Dunaliella sauna	
Enteromorpha intermedia

a gametes	
gametes	

zoospores	
Halicystis oxalis

gametes	
a gametes	

Percursaria percurs a
a gametes	
? gametes	
zoospores	

Platyinonas subcordiformis 	
Pyramimonas grossii	
Stephanoptera gracilis	

Class EUGLENOPHYCEA E

Euglena gracilis	
Euglena vernn f orrnis 	
Eutrepia marina	

Class XANTHOPHYCEAE

Meringosphacra brevispin a

Class CHRYSOPHYCEAE

Chromulina pascheri	
Chrornulina pleiades	
Chrysochromulina alif era	
Chrysochromulina brevi filum . . . .
Chrysochromulina chiton	
Chrysochromulina ephippium _ . . .
Chrysochromulina ericina	
Chrysochromulina kappa	
Chrysochromulina minor 	
Chrysosphacrella longispina 	
Chrvsothylakion vorax	
Coccolithophora wallichi	
Dicrateria gilva	
Dicrateria inornata	
Dictyocha fibula longispina	
Isochrysis galbana	

Class BACILLARIOPHYCEA E

Arachnoidiscus chrcnbcrgii	
Asterionella japonica	
Biddulphia dubia	
Coscinodiscus excentricus 	
Coscinodiscus granii 	
Coscinodiscus lineatus 	
Coscinodiscus wailcsii	
Melosira rnonilif or ;uis	
Navicula mcmbranacca 	
Phaeodactylum tricornutum	
Planktoniclla sol	

15-24 x 13-23
18-23
10-20
2-29
3-1 0
6-1 4
6-13 x 12-2 1

1 .7-2 .7 x 4.9-6 . 1
2 .9-4.0 x 6 .0-7 . 3

5 .3 x 9 .0-10 . 3

7 .6 x 10 . 7
1 .7 x 7 . 4

2 x 6-7
3 .5-4x6-7

4-5 x 7-8
7-8 x 13-1 7

5 .5-8 x 4.5-5 . 5
10-14 x 14-2 0

35-5 5
5 x 45

8-10 x 40-5 0

10-1 2

15-2 0
3 .5-6 x 5-6
4-1 2

3 .5-11 .5
4-1 0

4 .5-1 2
5-12 x 4-1 0

4-10 . 5
2 .5-7 . 5

25 0
7-10 x 14-18 x 5- 6

20-2 5
5-8 x 7-7 . 5

3-5 . 5
50-6 6

5-6 x 2-4 x 2 .5-3

150-39 0
20 0

42-65 x 30-44
50-80

95-19 0
35-60

230-35 0
23-60
30-50 x 5-8

3 x 20
50-165
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Table 3 . COMPARATIVE SIZES OF SOME PLANKTO N

ORGANISMS* (Continued)
Table 3 . COMPARATIVE SIZES OF SOME PLANKTO N

ORGANISMS* (Concluded )

Organisms

	

Size in Microns

	

Organisms

	

Size in Micron s

Class RHODOPHYCEAE
(continued )

Gracilaria linearis
tetraspores	

Hildenbrandia occidentail s
tetraspores	

Iridaea heterocarpa
carpospore s

Melobesia niediocris
tetraspores	

Odonthalia floccosa
carpospores	
tetraspores	

Polysiphonia collinsi i
tetraspore s

Polysiphonia pacific a
carpospores	
tetraspore s

Porphyridium marinum	

Class SCHIZOPHYCEA E

Chroococcus turgidus	
Pleurocapsa gloeocapsoides	
Synechoccus curtus	
Synechocystis aquatilis 	

Class SCHIZOMYCETE S

Bacterium alginicunt	
Bacterium alginovorum	
Bacterium fucicola	
Escherichia coli	
Most bacilli	
Most cocci	

* Based in part on data from Cupp (1943), Kofoi d
and Swezy (1921), Kudo (1946), Parke (1949), Parke ,
et al (1955, 1956, 1957, 1958), Setchell and Gardne r
(1919), Smith (1944), and Wailes (1939) .

From what is already known of the chemica l
constituents of the phytoplankton (Tables 1 an d
2) it is apparent that a nutritious source of carbo-
hydrate, fat and protein, including a considerabl e
number of essential amino acids, is provided to
marine organisms able to make use of this sup-
ply. The relative proportions of the essential con-
stituents present may vary considerably with en-
vironmental conditions as well as age ( Spoeh r
and Milner, 1949; Myers and Johnston, 1949 )
and this factor may be responsible for the incon-
sistency in results obtained by different investiga-
tors in rearing marine animals in laboratory
studies using the same organism as a source o f
food . The size distribution (Table 3) encountere d
in this potential source of food suggests a wide
range of utilization is possible, and at the sam e
time indicates some of the species which have ,

Class RHODOPHYCEAE

Agardhiella coulter i
carpospores	
tetraspores

Class PHAEOPHYCEA E

Ectocarpus confervoides
zoospores	
gametes . . .

	

._	
Macrocystis integri f olia

zoospores	
Nereocystis luetkean a

zoospores	
sperm	

Class CRYPTOPHYCEAE

Chrysidella schaundinni 	
Chilomonas paralnaecium	
Cryptomonas ovata	
Hemiselmis rufescens	
Protochrysis phaeophycearuin

Class DINOPHYCEA E

Amphid iniunI assymetricuilt	
Aiii phidi-nium crassum	

Class BACILLARIOPHYCEA E
(continued )

Rhizosolenia fragilissima	
Rhizosolenia robust a
Stephanopyxis turris	
Thalassionema nittischioides 	
Thalassiosira nordenskioldii 	
Thalassiothrix meditcrranea.	 .

Antithamnion paci ficun i
tetraspores	

Dasyopsis plumosa
carpospores	
tetraspores	

Ceratium furca	
Ceratium fusus	
Ceratium longipes	
Ceratium tripos var . atlantica
Dinophysis acuta	
Dinophysis norvegica	
Dinophysis tripos	
Exuviaella agora	
Exuviaella mariae-lebouriae	
Gonyaulax alaskensis 	
Gonyaulax longispina	
Gonyaulax polyhedra	
Gvmnodiniuna abbreviotum	
Nematodinium armatuin	
Noctiluca scintillans	
Oxyrrhis marina	
Peridinium corneuni	
Peridinium discoides	
Peridinium obtusum	
Peridinium peluciduna	
Polykrikos ko f oidi	
Prorocentrum gracile	

12-20 x 42-6 7
20-70 x 600-105 0
36-5 7
30-80 x 2-3 . 5
14-3 5

525-1076 x 3 . 5

48-52
20 x 3 0

30-50 x 160-20 0
15-30 x 300-60 0
50-55 x 25 0
70-90 x 200-30 0
40 55 x 49-7 1
68-7 1
55-58 x 100-11 0
18-20 x 20-22
10-22 x 9-20 x 5-1 8
61-74
67-74 x 32-3 6

50
50-70 x 95-11 6
45-70 x 32-50

400-1200 (2000 )
15-30 x 20-4 5
72-76
23-32 x 32-42
42-52 x 52-60
45-68
70-90 x 110-150
10-16 x 45-50

1 0
20-40
20-3 0
4-8 .5 x 3-5 .5 x 2-3

1 5

5-6 x 10-13 . 5
6-8

5

4-5
2-3

25-3 0
2 0

20-30

20 x 6 0
15-20

15-2 0

8-1 0

10-1 5

35-80

5-8 x 6-1 0
15-2 0

20-2 5

35 x 15 0
40-5 0
5-1 2

22-2 6
4- 8

3x 6
5- 6

0 .6-1 .0
1 .5-2 .0 x 0 .75-1 .2
1 .0-1 .5 x 0 .6- 1
0 .5-1 .0
0 .5-1 .5 x 1 .0-5 .0

0 .15-1 .5
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until recently, been greatly underestimated in im -
portance in studies of marine primary production .

Although food relationships are usually o f
greatest importance in assessing the relationship s
existing among organisms there are other aspect s
that are of interest and importance . The competi-
tion for space between sessile plants and animal s
has already been mentioned. This may be largely
a matter of chance, such as may result from de-
velopmental sequences related to seasonal condi-
tions . This may be particularly critical for organ-
isms which must become securely attached in orde r
to survive. If a suitable substratum is not avail-
able many marine organisms will attach to othe r
organisms more fortunate in having already at-
tained a secure point of attachment. For example ,
one finds limpets and other molluscs carryin g
around a growth of algae which has developed o n
their backs . Hydroids, bryozoans and worms are
commonly attached securely to larger marine algae .
One organism settling on another individual may ,
in the first instance, have gained from this asso-
ciation simply by having a secure attachment pro-
vided . The organism providing this attachmen t
may be quite unaffected directly . Indirectly, a s
for example in the case of encrusting bryozoans ,
the blade of a kelp may become brittle and more
subject to damage by breakage as a result of thi s
type of association . On the other hand, hydroid s
and bryozoans on large kelps derive a direct bene-
fit as far as feeding is concerned because the
plant growth supports them in a region of con-
siderable food production . The anchoring of some
algal fragments may also result from association
with certain worms (Pillsbury, 1950) on an other -
wise unsuitable substratum . Kelp beds undoubt-
edly, as already suggested, provide shelter t o
many organisms, both sessile and free swimming ,
including many fish . Spawning grounds are als o
provided for fish, molluscs and other animal s
(Lebour, 1937; Thorson, 1946) .

No discussion of associations between plant s
and animals would be complete without consider-
ing symbiotic relationships existing between var-
ious marine organisms. The minute algal plant s
commonly referred to as zoochlorellae and zooxan-
thellae are associated with several groups of ani-
mals, particularly anthozoans . The nature of this
relationship has been of considerable interest and
some dispute in madreporite corals (Hand, 1956 ;
Moore, 1958; Odum and Odum, 1955, 1956 ;
Yonge, 1930, 1931a, 1931b, 1934, 1935, 1937,
1940, 1951, 1957 ; Yonge and Nicholls, 1930, 1931a,
1931b ; Yonge, Yonge and Nicholls, 1932) . It has

been clearly established that corals possessing
symbiotic zooxanthellae in their cells do inges t
zooplankton when feeding actively and digest i t
(Yonge, 1930, 1931b ; Yonge and Nicholls, 1930) .
Although there is no evidence that the zooxan-
thellae are used directly as food by the corals, i t
has been suggested that the algae function in re -
moving waste products of animal metabolism ,
such as nitrogenous and phosphoric substances a s
well as carbon dioxide . Because of a possible ex-
tracellular production by these algal cells of solu-
ble carbohydrate as well as nitrogenous substances ,
the role of such symbionts requires further clari-
fication . It seems very probable that these sym-
biotic algae may play a more active role, even i f
supplementary, in the nutrition and metabolism o f
the corals than has been credited .

In some other animals zooxanthellae are les s
intimately connected with cellular metabolism . In
the nudibranch, Tridachia, for example, the zoo-
xanthellae are in the connective tissue . Yonge and
Nicholas (1940) suggest that here too the alga l
cells may function in removing waste products .
They suggest, however, that when the algal cell s
die the material released may be ingested by th e
animal cells .

In the flat-worm, Convoluta, some of the zoo-
chorellae are actually digested and the starch o f
the plant cells is used as food (Keeble an d
Gamble, 1907; Russel and Yonge, 1944) . Also in
the giant clam, Tridacna, the zooxanthellae are
farmed by the animal in the enlarged mantle edges
and eventually ingested into the blood cell s
(Yonge, 1936, 1957 ; Yonge and Nicholas, 1940) .

In tropical regions there are other relationship s
between plants and animals of the coral reef that
have a very intimate bearing on coral reef ecology .
Certain algae penetrate the calcium carbonate
skeletal material of the coral, but a more striking
role in the ecology of the coral reef is that of th e
nullipores or encrusting coralline algae ( Setchell ,
1926 ; Taylor, 1950) . These coralline algae are red
algae which deposit on their exterior a heavy layer
of calcium or magnesium carbonate . It is the ce-
menting action of these encrusting or coralline alga e
which apparently binds together the skeletal mater-
ial of the corals in some instances . Thus, it is th e
integrated development of the coral animals an d
the coralline algae which build up the mass of th e
coral reef . Without this cementing action on th e
part of the alga, the whole mass of skeletal ma-
terial would be reduced to rubble .

It has been known for many years that som e
marine algae are able to accumulate certain inor-
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ganic substances in concentrations many times tha t
in which these substances occur in natural sea
water ( Blinks, 1951) . The use or accumulation o f
some substances such as phosphorous has bee n
capitalized upon by Marshall and Orr (1955) in
demonstrating the qualitative and quantitative util-
ization of several species of phytoplankton as foo d
by copepods using a radioactive tracer techniqu e
(Table 4) . The production and storage of organi c
materials of a toxic nature are also well known in
some species of the dinoflagellate genera Gonyau-
lax and Gymnodinium . When mussels and othe r
shellfish feed upon these organisms they in turn
accumulate the poisonous substance. Although the
poison apparently does not adversely affect th e
shellfish, it may prove lethal when taken in th e
diet of a mammal . Some of the phytoplankton ar e
able to accumulate radioactive strontium as much
as 17 times the normal concentration in sea wate r
(Rice, 1956), and some of the larger algae, such

Table 5 . FooD UTILIZATION BY CALANUS Finmarchicu s
STAGE V*

Food Organisms
Size i n
Microns

Averag e
Amount
Digested

Percen t
Class CHLOROPHYCEAE

Chlamydomonas pulsatilla 19 x 12 89 .0—98 .7
Nannochloris oculata 	 2—4 74. 3
Platymonas carteriaeformis 14—16 x 20—26 75 .1—81 . 4

Class CHRYSOPHYCEA E

Chromulina pusilla 	 1—3 39 .4—54. 9
Dicrateria Inornata	 3—5 .5 25 .9—64. 5
Monochrysis lutheri	 5—7 x 5—7 x 2 71 .1—82 . 0
Prymnesium parvum	 5 x 9—12 90 .6—96 . 6
Syracosphaera elongata	 12 x 18—30 91 .5—98 . 7

Class BACILLARIOPHYCEA E

Chaetoceros decipiens 	 14—21 x 20—78 86.1—98 .5
Ditylum brightwellii	 20—60 87.2—93 .4
Lauderia borealis 	 29 x 17—43 58.5—89 . 1
Skeletonema costatum	 4 54.5—87

Class CRYPTOPHYCEAE

Cryptomonas sp	 6—10 x 19—27 70 .0—77 . 4

Class DINOPHYCEA E

Gymnodinium veneficum	 13x15 83 .5—98 . 6
Gymnodinium vitiligo	 6—12 x 14 88 .8—98 . 0
0 .ryrrhis marina	 15—30 x 20—45 88 .7—97 .9
Peridinium trochoidcum	 19x25 76 .4
Prorocentrum micans 	 27x43 79 .3—97 . 1
Prorocentrum triestinum	 10—14 47 .3—72 .6

Class SCHIZOMYCETES

Bacillus globigii 	

	

4.0—12 . 8

* Data from Marshall and Orr (1955) .

as Fucus, may accumulate radioactive strontium
as much as 40 times that in normal sea wate r
(Spooner, 1949) . Blooms of dinoflagellates ap-
parently may reverse this process and increas e
the amounts of other rare substances, such as
titanium and zirconium, in the associated water
to at least 100 times the normal concentration i n
sea water (Collier, 1953) .

Thus the role of plants in relation to animal s
in the marine environment is a very complex bu t
intimate one. The photosynthetic plants on the one
hand stand as a fundamental base for the building
up of organic material in the sea . On the other
hand, the saprophytic plants provide the means
for returning this organic material to a form tha t
is again available for primary production. The
grosser aspects of the cycle are clear, but the fun-
damental mechanics of many of the intermediat e
steps are still unknown and present a wide field o f
challenging problems for various areas of special-
ization in bacteriology, oceanography, phycolog y
and zoology .

Discussio n

QUESTION : Do we have many examples o f
symbiotic plant cells in local marine invertebrates ?

DR. SCAGEL : I will stand to be corrected b y
the zoologists because I am presenting this as a
botanist but I would say again that the sea ane-
mones, not the particular one that Dr . Ray showed
you , but many of the intertidal sea anemones do ,
but perhaps zoochlorellae rather than zooxan-
thellae . I am not aware of any other conspicuou s
examples . I had an example to present earlier o f
a British nudibranch . This morning I asked Dr .
Fernald if there was a local one that had sym-
biotic plant cells and he couldn't think of an ex -
ample either .

QUESTION : How nearly do these cells come t o
completely supplying the nutritional requirement s
of the host animals ?

DR. SCAGEL : Undoubtedly there should be a
zoologist answering these questions . But since I've
stuck out my neck and said something about coral s
I would use them as examples and cite the exten-
sive work that has been done by C . M. Yonge and
others on this group ; as I recall they have demon-
strated the presence of proteolytic enzymes, bu t
very few—I won't say none	 that could act spe-
cifically on carbohydrate material . However, i f
one asked Dr. Smith I am sure he could answe r
this question .
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QUESTION : Who (lid the work on the digestion
of Cryptochiton and Pugettia?

DR. SCAGEL : In the work that I cited on Cryp-
tochiton, there are at least two different papers .
One of them was by Meeuse and Fluegel, a few
years ago, at the University of Washington, an d
deals with Cryptochiton stelleri . Two co-workers ,
Huang and Giese, have also done some work o n
Cryptochiton.

DR . SM11x : This is not an answer to a ques-
tion but just for information . Re/,00xanthellae,
Hand and Muscatine have recently demonstrate d
the uptake of radioactive carbon dioxide by Zoo-
xanthellae of sea anemone in light and the ap-
pearance of labeled material in animal cells . Thi s
does not take place in controls in the dark .

DR. SCAGEL : I was aware of this, but I hesi-
tated to mention it because it was second-han d
information which I had heard in an elevator i n
the Life Science Building in Berkeley about tw o
months ago . (See paper cited by Muscatine an d
Hand, 1958 . )

QUESTION : Would you hazard to guess as to
the percentage of the total production that is ac -
counted for by the macroscopic algae of the sea ?

DR. SCAGEL : I haven't computed this mysel f
but I can cite at least one figure that was give n
by a zoologist, which was 10% . I really questio n
this . I was going to mention this figure mysel f
but I really question that it is that much .

QUESTION : Seaweeds have in the past bee n
used as a source of iodine . Do these plants con-
centrate iodine, and if so, in what form ?

DR. SCAGEL : First, they do concentrate iodine .
I'm afraid though, that I can't answer the secon d
part of that question . There has been some dis-
pute about the precise form in which it doe s
occur . It has been extracted commercially in th e
past in various places, but I can't tell you for sur e
the form in which it has been taken .

QUESTION : Could you comment on the statu s
of marine virology ?

DR. SCAGEL : No. I feel that we are doin g
pretty well if we get to the level of bacteria a s
much as we should .

QUESTION : Could you make an appropriat e
comparison of the productivity, on a dry weigh t
basis, of an algal colony, for example Macrocystis,
and a terrestrial plant community, for exampl e
prairie or corn fields. A per acre figure woul d
seem appropriate .

DR. SCAGEL : This is a fine question to com e
from an agricultural area. I think I can cite a
source where you can get this information but I
can't quote it . In the recent text on ecology b y
Odum and Odum, and also I think in Clarke's tex t
on ecology, this comparison is made, and if I re -
member correctly they came to the conclusion tha t
a kelp bed exceeded the comparable production i n
a prairie forage type of plant .

QUESTioN : Who did the work on the digestio n
of Pugettia?

DR. SCAGEL : I think this was also Huang and
Giese . I have this information though and if th e
person who wrote this would ask me later, I coul d
look it up for him . I am almost positive that it was
Huang and Giese .
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Some Problems in the Behavior of Pacific Salmo n
in the Ocean

W. A . CLEMEN S
Department of Zoolog y

University of British Columbia

This paper is an attempt to present, in brie f
outline, an account of the marine life-history and
behavior of the Pacific Salmon (Oncorhynchus )
which originate in the streams of the west coas t
of North America, with particular reference to
British Columbia . The story is based upon known
facts of the life-histories of the species as estab-
lished by many investigators over the years ; upo n
researches carried out on other species of fish ;
and upon the results of investigations of the thre e
member countries associated in the Internationa l
North Pacific Fisheries Commission during th e
past several years .

Since the paper is a general one, complete ref-
erences to the literature are not given .

Five species of salmon occur on the coast o f
North America and they differ in morphology
and life-history. Pink salmon (0 . gorbuscha) and
chum salmon (0 . keta) enter salt water as fry .
The former return as 2-year-old fish and the lat-
ter as 4- and 5-year-olds . Chinook salmon (0 .
tshawytscha) enter the sea in the first or secon d
summer and return at 3 to 6 years of age . Coho
salmon (0 . kisutch) go to sea after a year i n
freshwater and mature after 2 years in the ocean .
Sockeye (0 . nerka) go to sea most commonly a s
yearlings but may remain in lakes for 2 or mor e
years before doing so . They usually have a resi-
dence of 2 or 3 years in the ocean .

In discussing the behavior of salmon in th e
ocean it is well to keep in mind the differences in
life-history, for while there may* be general agree-
ment in major features, there may be some varia-
tions in details .

The ocean life history may be divided into
three periods. First, entry into salt water ; second ,
displacement, feeding, growth and fat storage ;
third, onset of sexual maturity and migration t o
freshwater .

Entrance Into Salt Water

The entrance into salt water is significant i n
that an adjustment takes place in the osmotic regu -

lation of the fish . In fresh water the body fluid s
are hypertonic to that of the external medium
while in salt water they are hypotonic. In this
connection, several changes within the fish are in-
volved such as the functioning of chloride secret-
ing cells in the gills ; a reduction in the glomerula r
elements in the kidney as shown by Ford (1958)
in the pink salmon fry ; and various profound
biochemical changes some of which are associate d
with endocrine activity as shown by Fontaine and
Koch (1950) and Fontaine (1956) and in the re -
views by Hoar, Black and Black (1951) and Hoa r
(1953) . Wald (1958) has shown that migration
between salt and fresh water is accompanied b y
changes in the visual pigment of the eye in some
fishes . These anatomical and physiological change s
are accompanied by various kinds of behavior .
The young salmon go to sea with the spring floo d
waters and occupy the brackish water of the estu-
aries where there is extended opportunity for ad-
justment to a salt water environment . It is prob-
able that the species differ in the time require d
for adjustment . Observations seem to indicate tha t
young pink and chum salmon remain longer in
low salinity water than do the smolts of sockeye ,
coho and chinook . Large schools of the forme r
may be observed in the inshore waters for week s
and months . In 1950, from July 3 to August 8 ,
the author took large numbers of pink and chu m
fingerlings in beach seines throughout the San
Juan Island area but very few chinook and coh o
and no sockeye smolts suggesting that the large r
fish tend to occupy the cooler, higher-salinity
water offshore .

Two significant behaviors are shown by the
young salmon at this time. First, juvenile salmon
are unresponsive to current (Hoar, 1953) ; second ,
pinks, chums and sockeye, at least, retain thei r
schooling habit and possibly coho and chinook t o
some degree . These characteristics are importan t
to the discussion of the second period in the lif e
history.
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Displacement and Feedin g

The waters issuing from the streams along the
coast of western North America move northwest -
ward, that is, in an anti-clockwise direction, and
combine to produce a coastal northwest curren t
whose waters are of relatively low temperature
and low salinity . This current is characterized by
a series of counter-clockwise eddy systems, wit h
inshore upwelling at times and an off-shore regio n
of mixing and turbulence where it meets the sout h
and north flowing components of the trans-Pa-
cific drift. (Figure 1. )

The evidence indicates that the young fish ar e
carried northwestward by the prevailing current s
from the estuarine regions into the coastal cur -
rent and thence further northwestward. That the
movement must be in this direction is evident
from the fact that observations and tagging hav e
shown a southeastward movement of maturing fis h
and there must, therefore, have been an earlie r
northwestward movement of the younger fish .
Further, the outgoing migration must be largel y
one of displacement since, as pointed out by Hoa r
(1953), the young fish are unresponsive to cur -
rent . Undoubtedly the displacement occurs in a
somewhat irregular fashion in view of the local
vagaries of the coastal current and the probabl e
variations in the distribution of food organisms .

That the salmon occupy the coastal waters i s
evident from observations and general knowledge .
Pacific salmon are fish of the north temperate
region and therefore basically they are fish of low

temperature waters . It is generally accepted tha t
they have been derived from freshwater ancestor s
and since they have acquired the sea going habi t
in comparatively recent times, are therefore basic -
ally fish of relatively low salinity waters . David-
son and Hutchinson (1938) described their ocea n
geographic distribution as occurring in water s
having a surface temperature of less than 15° C
and 33 parts per 1000 salinity . Tully and Dodi-
mead (1956) describe salmon waters in the Gul f
of Alaska as those having a temperature of ap-
proximately 12 .5°C and less and a salinity of les s
than 33 .6 parts per 1000 .

The offshore ocean waters of the north Pa-
cific are classified by the above authors as sub-
tropic and subarctic . The trans-Pacific drift i s
comprised of components of these two waters . The
southern portion is of high temperature (24°C )
and high salinity (over 33 .6 parts per 1000) a t
all seasons and these characteristics vary littl e
throughout the year . The northern portion con-
sists of waters of relatively low temperature an d
low salinity and whose upper temperature char-
acteristics change seasonally but not so the salin-
ity. As the north Pacific drift approaches the coas t
of America the two components divide . The south-
ern portion turns southward to form the Califor-
nia current and to become part of the westwar d
flowing equatorial current . The northern portion
turns northward to form the Alaska gyral and t o
become part of the northern circulation . Fishing
operations show that Pacific salmon do not occup y
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the sub-tropic waters but do occupy the sub-arcti c
above the halocline whose upper boundary is a t
approximately 120 meters depth where the salin-
ity is 33 .8 parts per 1000 (Tully, 1959) . Thus
the salmon inhabit waters having a temperature
range from 5° to 15°C and a salinity of less than
33 .8 parts per 1000 . These features are character-
istic of the sub-arctic waters of the Gulf of Alask a
and the inshore coastal regions . On the other hand
salmon are absent from the sub-tropic water s
which have a temperature of 20°C or over and a
salinity of 34 parts per 1000 or over in the uppe r
strata throughout the year. The distribution of
salmon is therefore limited horizontally and verti-
cally by the temperature and salinity conditions .

The trans-Pacific drift shifts somewhat lati-
tudinally as does the area of separation of its tw o
components . Thus the Alaska gyral varies some-
what in its size and characteristics .

Young salmon issuing from the Columbia ,
Fraser and other streams of this portion of the
coast avoid the warm highly saline water of the
California current and as stated previously are
displaced northwestward by the coastal current .
Populations issuing from streams farther north-
ward are also displaced northwestward . So i t
would seem that the various populations migh t
come to occupy more or less distinct feeding
areas in a series to the northwestward and around
the Alaska gyral . It is probable that the region s
of shear and turbulence between the coastal cur -
rent and the Alaska gyral current provide condi-
tions for high plankton production . That the sal-
mon are widely distributed throughout the Gulf o f
Alaska is shown by the experimental fishing oper-
ations carried out by Canada and the United State s
in 1956 and 1957 (Int . North Pac. Fish . Comm .
1956, 1957) . An understanding of the distribu-
tion of the species and their populations from the
various river systems remains for the future an d
will require a great deal of investigational tim e
and effort .

The behavior of the salmon undoubtedly varie s
considerably with the variations in ocean condi-
tions and the involved food conditions . For ex-
ample, the Alaska gyral changes in extent wit h
shifts in the position of the trans-Pacific drift .
Such variations undoubtedly affect the character ,
quantity and distribution of the food supply. The
responses of the different species of salmon t o
the various factors in the environment may differ .
Pink, chum and sockeye appear to exhibit stronger
schooling tendencies than do chinook and coho .
The two groups may differ in the nature of their

movements and other behavior features . Pink
salmon have essentially only one year in the ope n
ocean and their displacement should be compara-
tively limited in extent . In 1958 an intrusion o f
warm water northward undoubtedly delayed the
migration of the Adams River population of sock -
eye to the Fraser River and resulted in a large
percentage of the fish taking a course along th e
east coast of Vancouver Island .

Onset of Sexual Maturity an d
Return Migration

In the spring of the year in which the salmo n
is to mature, important changes take place in the
physiology of the fish and in its responses to ex-
ternal stimuli . On the basis of the detailed studie s
of Baggerman (1957) with the stickleback it i s
evident that the pituitary is responsible for th e
initiation of the various changes . It is necessary
to assume that the fish has reached a point in a
physiological cycle when changes will and mus t
take place . Wald (loc . cit.) states that a life cycle
is circular and any organism that leaves its nata l
environment to explore or grow up, must return
to reproduce its kind. In the case of Pacific sal-
mon the cycle involves a series of biochemica l
reactions and behavioral responses to environ-
mental factors resulting in a migration from fres h
water to the sea and eventually another such ser-
ies culminating in a return to the natal environ-
ment .

With the biochemical stage set, the pituitary
apparently sets off a chain of reactions . It may
be that increasing light and rising temperature s
are associated factors . Undoubtedly very many
biochemical changes take place but several appea r
to be well established . Thyroid activity is out-
standing and is accompanied by increased swim-
ming activity of the fish and a positive response
to current . Some change in the osmo-regulatory
system is involved and the fish exhibit a kinetic
response to lower salinity. As a result of variou s
intrinsic changes the fish tend to occupy water o f
lower salinity which is surfaceward and shore -
ward and to show a rheotactic response . That the
latter may be effective in guiding the fish toward
the inshore waters may be open to question at th e
present time but Hoar (loc . cit .) remarks "How -
ever, fish possess an elaborate and delicate array
of highly specialized peripheral. sense organs and
appendages . An orientation with respect to general
direction of water currents does not seem impos-
sible ." Whatever factors operate, the fish mov e
into the coastal waters where the surface salinity
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may be 31 parts per 1000 or less and then navi-
gate by sight and respond positively to current ;
eventually they arrive at the mouth of the natal
stream. They then enter another period of chang e
and adjustment primarily associated with the en -
trance into the fresh water environment, the onse t
of gonadal activity and the utilization of energ y
reserves accumulated during their ocean residence .
But this period is beyond the scope of the presen t
paper .

I have presented what appears to be a reason -
ably logical exposition of the behavior of Pacifi c
salmon in the ocean based upon present knowledg e
and I cannot do better than repeat my statemen t
of eight years ago (Clemens 1951) :

"The migration of Pacific salmon is another
excellent illustration of the delicate interrelation s
between organisms and their environment ; in
other words, of the interplay between a physico-
chemical organism and a physico-chemical envi-
ronment . It is a demonstration of the adjustmen t
of an organism through a series of physiological
changes and responses to a series of environment s
and environmental changes . The cyclic nature o f
the organismal and environmental changes result s
in the recurring migration pattern . "

I have referred only incidentally to problem s
in connection with the behavior of the salmon, bu t
it is evident that much detailed information i s
needed for a complete understanding of this com-
plex life-history . Much remains to be done in
respect to 1) the biochemical changes in the fish ;
2) the oceanographic conditions ; 3) the move-
ments and distribution of the salmon not only of
species but of the races or populations within the
species ; 4) the integration of the knowledge o f
the physiology and biochemistry of the fish with
that of the dynamic environment . Much is being
done in all three fields by the nations concerne d
with the conservation of Pacific salmon and in
due course the details of the fascinating phe-
nomenon of salmon will be obtained .

Discussio n

QUESTION : How extensive are salmon distri-
butions north of the Aleutian Chain ?

DR. CLEMENS : The distribution of salmon
north of the Aleutian Chain is very extensive. Al l
through Bristol Bay and across to the Asiati c
Coast there are very large numbers of Pacific sal-
mon, some originating, of course, from the Asiati c
Coast as well as from the American .

QUESTION : What species of salmon are mos t
abundant north of the Aleutian chain ?

DR. CLEMENS : Probably chums and to som e
extent pinks are most abundant . Apparently very
large numbers of chum and pink salmon com e
from the Asiatic Coast . But there are also large
populations of sockeye in the area off to the west .
That is a general statement. I think that will prob-
ably cover your question .

QUESTION : Is the sight-guided migration in -
side Vancouver Island thought to be one influ-
enced by light, the physical shape of the bottom ,
or water color or turbidity ?

DR. CLEMENS : Salmon navigate by sight . That
is, salmon out in the open ocean cannot navigate .
But as the fish come inshore where they, by sight
or by other responses, can appreciate the shore
line or the bottom they can orient themselves an d
navigate . So, when they come inshore their guid-
ance apparently is largely by sight . The turbidity
may affect the sight and may affect the migration .
The waters on the inside of Vancouver Island ar e
usually pretty clear. I don't think the salmo n
would have much difficulty in navigating throug h
those channels .

QUESTION : What generic designation is give n
to the spring salmon that you spoke of ?

DR. CLEMENS : I suppose I may have confuse d
some of you a bit . In British Columbia we hav e
been used to calling the Oncorhynchus tshawyt-
scha the spring salmon . South of the forty-nint h
line the spring salmon is called the chinook and i s
the same species . Recently an agreement wa s
reached among the scientists, and I think for non -
scientists that the word chinook should be adopted .
I tried to use the word chinook in my paper but I
probably made a slip and referred to the sprin g
salmon, but the spring salmon and the chinook are
the same species .

QUESTION : To what extent is salmon fishin g
in the open North Pacific subject to internationa l
agreement, and what are the main problems i n
this matter of control ?

DR. CLEMENS : Mr. Day could probably answe r
this better than I can . As you know, at the pres-
ent time there is a convention between Japan, th e
United States, and Canada in regard to the Nort h
Pacific . As a result of this agreement there wa s
set up the International North Pacific Fisherie s
Commission . The agreement was that the Japan-
ese would not fish east of the hundred and



34

	

MARINE I_BIOLOGY

seventy-fifth line . That is the standing at th e
moment . In the meantime, the three countries ar e
very vigorously carrying on a research program
to decide how far the North American stocks o f
salmon go westward and how far, if any, th e
asiatic fish go eastward, and what is the extent of
the mixing of the stocks, and whether a sharp lin e
may be drawn down the Pacific so that the Asiati c
stocks are on one side and the American stock s
on the other, and how the division of the fishin g
should take place . It is one of the outstandin g
problems in fishery biology today . We are al l
watching the results of this investigation ver y
closely. As you know there has been a great dea l
of concern about this open Pacific fishing.

QUESTION : To what extent does time in sal t
water affect the size of salmon ?

DR . CLEMENS : A number of experiments with
fish in salt water indicates that the salt wate r
stimulates growth . For example, landlocked sock-
eye salmon, which we call kokanee, never attain a
large size. They never attain the size of the sea-
going sockeye . The experiments with various spe-
cies of fish seem to indicate that salt-water, fo r
some reason or another, has a stimulating effect .
There have been various guesses about it . One
guess was that perhaps iodine in the salt-water
had a stimulating effect. I can't answer the ques-
tion of whether the salt-water affects the rate of
growth of the various species. Our smallest sal-
mon, of course, is the pink salmon, which stay s
the shortest time in the ocean . That may be purely
a question of time . If the pink salmon life history
could be turned over in some way so that the fish
would stay longer in salt water probably the y
would grow larger as a result .

QUESTION : Would you comment on the theory
set forth in a recent issue of the great scientifi c
journal, the Readers Digest, that salmon spend
their time in the ocean under the arctic ice caps .

DR . CLEMENS : Well, we have no evidence t o
support that whatsoever. I think that it is a matte r
of pure imagination .

QUESTION : Is there any indication that th e
salmon have a method for determining the dis-
tance they have traveled . and navigate by thi s
method ?

DR. CLEMENS : I don't know. I doubt it . I
think that the distance they travel is a matter o f
current and swimming ability. But, how the sal-
mon sort themselves out to go to the different

natal streams is still unknown. I don ' t think I ca n
answer this one any more clearly . There has bee n
no investigation as yet, that I know of, that woul d
indicate that the salmon recognize the distance
traveled and therefore regulate their life-history
on the remembering or the imprinting, whatever
it is, of the distance out .

QUESTION : How extensive is the distributio n
of introduced salmon in the South Pacific ?

DR. CLEMENS : I take it that reference is made ,
for example, to the attempt to establish sockey e
salmon in Chili . There have been vague report s
that sockeye salmon did return in some of th e
Chilean streams, but I have been unable to ge t
any recent information on the subject . It would
seem from the nature of the country to the sout h
there that sockeye might establish themselves .
However, I have tried to tell you that the life -
history of the salmon is associated with the ocea n
currents, and I think too often the attempts t o
establish salmon in various places have neglecte d
to take into account the relation of ocean curren t
to the distribution of the young fish and their re -
turn. I am not sure what the distribution of th e
currents is off the coast of Chili, but I shoul d
think by looking at the map and by what i s
known at present that there might be a chance fo r
the establishment of some of our salmon along
the Chilean coast . Now, spring salmon have been
definitely established in New Zealand, althoug h
not in large numbers . The runs to the streams ar e
not large but they have become established . Ap-
parently the current system there was right, an d
the adult fish came back on the proper current .

QUESTION : How does the magnitude of the
Pacific Salmon population on the Asiatic Coas t
compare with that on the North American Coast ?

DR. CLEMENS : That is pretty much the same
question as was asked before . I can't give you the
exact figures, but the population of Pacific Sal-
mon on the Asiatic Coast is very large . Very
large numbers of fish are taken there .

QUESTION : What is known of the offshor e
distribution of chinook and coho salmon ?

DR. CLEMENS : Perhaps some of the knowledge
of chinook and coho salmon is more extensive
than that of perhaps pinks, chums, and sockeye
because the chinook and coho salmon are taken b y
troll and there is a very large troll fishery up and
down the coast . So, we have quite a bit more in -
formation about the movements of cohos an d
chinooks for that reason . For example, I had a
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slide on the screen showing the distribution o f
spring salmon subsequent to tagging. Practically
all of the tagging on the west coast of the con-
tinent has been on coho and spring salmon be -
cause they are taken by the trollers and it is easie r
to go aboard the trolling vessels and put on th e
tags . But, there is no purseseining or gill nettin g
in the open ocean . So it is more difficult to lear n
of the distribution movements of those fish tha n
of the chinooks and cohos .

QUESTION : What changes are there in the ex-
cretory systems of salmon in order to provide
proper osmoregulations ?

DR. CLEMENS : That is a pretty technical one .
If my questioner will allow me I would like t o
pass that one over. It is a matter of adjusting th e
osmotic balance . As you know, the fresh-wate r
fish have to conserve salt, get rid of water and th e
salt-water fish have to conserve water and get ri d
of salt . It is a complex adjustment in the osmo-
regulatory apparatus to provide for this change .

QUESTION : Did the warmer water temperatur e
due to the northward movement of the subtropi c
water have any effect on the movement of sock -
eye to cause them to use the Johnson Straits ?

DR. CLEMENS : Apparently that is the case .
Ordinarily the majority of the Frazer River sock -
eye come down on the west coast of Vancouve r
Island. They seem to head inshore toward th e
north end of Vancouver Island and then turn
down the west coast of the Vancouver Island and
to the Strait of Juan de Fuca . Now, in some year s
some fish enter Queen Charlotte Sound and com e
down on the inside passage. But this year there
was a very definite accumulation of Adams River
sockeye salmon, on the way to the Fraser, i n
the Queen Charlotte Sound area . That was jus t
north of this warm water intrusion . It seems very
evident that large numbers of the Adams Rive r
population eventually took the inside passag e
through Queen Charlotte Strait, Johnson Strait ,
down to the Strait of Georgia . The evidence at the
present time seems to be that this warm wate r
intrusion did affect the movement of the salmon .

QUESTION : Will you attempt to explain th e
high incidental catch of sockeyes in the trolle r
catch of British Columbia when sockeyes are con-
sidered to be plankton feeders ?

DR. CLEMENS : The plankton feeders do re-
spond to the flash of the spoon . Pink salmon will
take the spoon on occasion as well as sockeye . I
don't know that the percentage of the sockeye tak-
ing spoon this year was, you might say, higher
than usual . There was a concentration, as I just
said, of sockeye off Queen Charlotte Sound . I t
may be that the concentration resulted in a highe r
catch of sockeye . But, sockeye and pinks alway s
have taken the spoon . They respond to the flash .
The only thing I can think of is that the concen-
tration this year may have resulted in the highe r
catch .

References

Baggerman, B ., 1957. An Experimental Study on th e
Timing of Breeding and Migration in the Three-
spined Stickleback ( Gasterosteus aculeatus L .) . Arch.
Neerlandaises de zoologie, Tome 12(2) :105-318 .

Clemens, W . A ., 1951 . On the Migration of Pacific Sal-
mon (Oncorhynchus) . Trans . Roy. Soc . Can ., 45(3) :
Section 5 .

Davidson, F . A. and S. J . Hutchinson, 1938. The Geo-
graphic Distribution and Environmental Limitation s
of the Pacific Salmon (genus Oncorhynchus) . Bull .
U. S . Bur . Fish ., 48(26) :667-692 .

Fontaine, M ., 1956 . The Hormonal Control of Water an d
Salt Electrolyte Metabolism . Mem. Soc. Endocrinol . ,
5 :69-82 .

Fontaine, M. and H. J. Koch, 1950. Les Variation s
d'Euryhalinite et d'Osmoregulation Chez les Poissons .
Journ . Physiol ., 42 :287-318.

Ford, Peter, 1958 . Studies in the Development of the Kid-
ney of the Pacific Pink Salmon . [ (Oncorhynchus gor-
buscha (Walbaum) ] II, Variation in Glomerula r
Count of the Kidney of the Pacific Pink Salmon .
Can . Journ . Zool ., 36 :45-47 .

Hoar, W. S ., 1953 . Control and Timing of Fish Migra-
tion . Biol . Reviews 28 :437-452 .

Hoar, W. S., V. S . Black, and E . C . Black, 1951 . Som e
Aspects of the Physiology of Fish. Publ . Out . Fish .
Res . Lab ., Univ . Tor . Press, 71 :1-111 .

International North Pacific Fisheries Commission, 1956 .
Ann. Rept ., 1-88, Vancouver, 1957 . Ann . Rept., 1-86,
Vancouver .

Tully, J . P ., 1959. Oceanographic Conditions in the Can-
adian Approaches January 16 to 28, 1959 . Pac.
Oceanog . 'Group, Fish . Res . Bd. Can., Bull . 5904 :1-3.

Tully, J . P. and A. J . Dodimead, 1956 . Pacific Salmon
Water Prog. Rept . Pac . Coast Stations Fish . Res .
Bd. Can ., 107 :28-32 .

Wald, G., 1958 . The Significance of Vertebrate Meta -
morphosis . Science, 128(3337) :1481-1490 .



Biochemical Changes in Fish During Maturation
H . L. A. TARR

Fisheries Research Board of Canada ,
Technological Station, Vancouver, B . C .

It has long been recognized that marke d
changes occur in many species of fish during th e
normal sexual cycle, but, in comparison with
mere observation, actual chemical studies of thes e
changes have not been plentiful . In general, there
is a strong tendency to build up large energy re -
serves, particularly of fat, during the active feed-
ing period prior to spawning . These fat reserves ,
which are usually termed "depot fats, " are de-
pleted during the comparatively rapid formatio n
of milt and roe . These are the gross changes, an d
of course the picture will differ with fish species .
Indeed, with the cartilaginous and viviparous dog -
fish, which bear their young in the winter months ,
the amount of liver oil does not seem to var y
much with sexual condition. Changes in proteins
and other nitrogenous constituents have also bee n
observed, and it is my purpose to review some o f
the interesting work which has been carried out b y
widely separated investigators on different species .
As a preliminary it is necessary to draw attentio n
to some of the important chemical constituents o f
fish. These may be listed roughly as follows, an d
of course it must be realized that there are con-
siderable variations with species and, as will b e
later noted, with sexual maturity .

PROTEINS .

Practically all studies of fish proteins hav e
been concerned with muscle, and little is know n
regarding proteins of most other important tissues .
The muscle proteins may be roughly classifie d
into three categories : (1) Proteins extracted by
neutral salt solutions of rather high ionic strength .
Actomyosin, the important "contractile protein "
combination, accounts for about 65% of muscl e
protein . Other minor proteins such as tropomyo-
sins are also present . (2) Proteins extractable b y
neutral salt solutions of comparatively low ioni c
strength . There are usually about 8 to 10 protein s
separable by physical techniques (electrophoresis ;
ultracentrifuge) . This division is arbitrary an d
it is probable that there may be a very much
larger number of proteins . There are definite vari-
ations in different classes of fish . Many of the

muscle enzymes are present in this fraction . (3 )
Non-protein nitrogen. This fraction accounts for
from 9.2% to 18.3% of the total muscle nitroge n
in teleost fish and 33% to 38 .6% in elasmobranc h
fish. It consists of a large number of compara-
tively low molecular weight substances ; volatil e
bases such as trimethylamine and their precursors ,
particularly trimethylamine oxide ; guanidine deri-
vatives (creatine, creatinine and arginine) ; imida-
zole or glyoxaline derivatives (histidine, anserine ,
carnosine) and amino acids, urea and purines .
(4) Stroma proteins ; collagens and elastin .

LIPIDS .

The lipids of fish represent an important an d
very variable general constituent . Roughly they
may be classed as the true triglyceride fats, i .e . ,
three fatty acids esterified with one molecule o f
glycerol . The fatty acids are usually complex, an d
there is a considerable proportion of long-chai n
polyunsaturated acids . Also, there are a number o f
phospholipids which have, in general, not been th e
subject of intensive study except in isolated in -
stances . They are probably associated with th e
lipids of "constitution" rather than with so-calle d
"depot" lipids or fats . In some non-fatty fish suc h
as cod they represent an important fraction of th e
total muscle lipid material . Compounds such a s
lecithins, choline, phosphatidic acids, inosito l
lipids, serine lipids, etc . are representative of thi s
class of substances . In addition, and apart fro m
the blood, there are many other compounds whic h
may only account for a minute fraction of th e
total solids in fish, but may exert very importan t
biochemical functions . Thus cholesterol (free and
esterified), inorganic salts, nucleic acids and nuc-
leotides, pentose and hexose phosphate esters, gly-
cogen, steroid hormones, etc. undoubtedly play a n
important role in development and maturation o f
fish. Little is really known about the occurrence ,
distribution and functions of many of these com-
pounds in fish and it is hoped that in the futur e
biochemists, physiologists, and organic chemist s
will pay more attention to fish, and that biologist s
and zoologists may help them in their studies .

36
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For convenience, this presentation has bee n
divided into two parts, namely, (1) general in-
vestigations, and (2) studies on migrating sal-
mon .

General Investigations
PROTEIN S

Recently, useful contributions to our knowl-
edge of changes in cod which occur with increas-
ing age and season were made (Love, 1958) . Work
was original in respect to the fact that the muscle
myotomes were physically separated from th e
septae or myocommata before making many o f
the analyses . It has often been stated that about
90% of cod muscle protein is soluble in 5 %
sodium chloride solution, but this value has bee n
disputed to some extent . The above work showe d
that in whole fillets of North Sea cod the amoun t
of soluble protein depended on the size of th e
fish. Thus in small fish (about 12 inches) ap-
proximately 87% was soluble, while in 34-inc h
fish only 68% dissolved . It was found that the
amount of protein in the myocommata which was
soluble in 5% sodium chloride solution was be-
tween 21% and 51%, and it is therefore eviden t
that the proportion of this tissue will greatly
influence the total soluble protein of fish muscle .
The soluble protein in dissected myotomes from
cod which varied from 10 to 25 inches in lengt h
did not vary significantly (97 .1% to 97.8%) in
fish at a given time of the year . However, there
was a definite seasonal and size trend. This i s
shown by the findings that, (1) the insoluble pro-
tein in the myotome fraction of cod greater tha n
29 inches in length was greater than that of thos e
less than 29 inches in length, and that there wa s
a seasonal increase in this fraction which wa s
most pronounced about January . It is generall y
recognized that cod become sexually mature when
about 28 inches in length. The very pronounce d
insoluble protein rise and soluble protein fal l
which occurs in large mature cod is influenced by
shortage of food which occurs about Novembe r
to February. Since the total protein did not vary
from August to November, there was a definite
increase in insoluble protein which must have oc-
curred at the expense of the soluble protein .
Some of the muscle protein must change its prop-
erties and become insoluble in neutral salt solu-
tion. This change is also indicated by a visua l
whiteness or opaqueness and lack of the trans-
lucent appearance which is normally apparent a t
other times of year .

SEASONAL DISTRIBUTION OF COLLAGENS, AND
GELATINS DERIVED THEREFROM, IN HERRIN G

In connection with a problem involving a prac-
tical solution to the undesirable "gelling" which
occurs in so-called "late-run" herring, MacLeod ,
Idler and McBride (MacLeod, 1959) studie d
collagens and gelatins in these fish . It was foun d
that the gelatin content of condensed herring solu-
bles as determined by hydroxyproline varied wit h
season (Table 1) . Moreover, the gelling of the
solubles closely paralleled the gelatin content .

Table 1 . SEASONAL DISTRIBUTION OF GELATIN I N
CONDENSED HERRING SOLUBLES

Month

	

Gelatin

Percent
August 1 .0 6
September 1 .5 0
November 2 .0 3
January 2 .4 1
March 2 .1 8
April 0 .8 9
May 0 .8 9
June 0 .82

Further studies showed that collagen, the na-
tural precursor of the denatured protein gelatin ,
occurred in three different whole herring protei n
fractions . These fractions were (1) soluble i n
0 .2M sodium chloride ; (2) soluble in acidic citrat e
buffer (pH 3 .5) ; (3) insoluble and extractabl e
only by heating residual tissues . The results
showed that there are great seasonal variation s
(Table 2) . It will be seen that all gelatin-formin g
collagen fractions increase markedly with matur-
ity and that the total gelatin in whole herring i n

Table 2 . SEASONAL VARIATIONS IN THE COLLAGE N
CONTENT OF WHOLE HERRIN G

Month
Collagen
Fraction

	

Gelatin

	

Gelatin

Salt soluble

(mg./100 gm. )

210

Percent of
total

23 . 9
February Acid soluble 274 31 . 3

Heat soluble 394 44 . 9
Total 878

Salt soluble 151 .5 31 . 5
June Acid soluble 151 .0 31 . 4

Heat soluble 199.0 41 . 3
Total 501 . 5
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February, when the fish are sexually mature, i s
almost double that found in June .

A further study was made in order to deter -
mine which tissues supported gelatin formation ,
and results of this investigation are summarize d
in Table 3 . This shows that the gelatin is wel l
distributed throughout the various tissues, but tha t
it (1) occurs in greater concentration in some tis-
sues than others, and (2) increases during matur-
ation more in certain tissues. This specific in -
crease is particularly noticable in the skin and
scales, head, and to a lesser extent, in the flesh .
There is, however, a noticeable decrease in the
visceral content of gelatin with increasing ma-
turity .

Table 3 . DISTRIBUTION OF TOTAL GELATIN IN WHOL E
HERRING WITH MATURATIO N

Tissue

	

Jun e

Hea d
Tai l
Skin + Scales	
Bone	
Viscera	
Flesh	
Milt or Roe	

Total	

The same investigators made an initial study
of the total gelatin content of the tissues of mi-
grating salmon. Though further studies are neces-
sary, it would seem that the percentage of gelati n
in several tissues of migrating sockeye does not
change during migration, but that there seems t o
be an increase in the total amount of gelatin in a
"standard fish" (vide infra) in the male head,
skin, bones and tail . Further work is necessar y
in order to determine more exactly the detaile d
nature of these changes in different tissues .

BIOCHEMICAL CHANGES IN MATURIN G
COHO SALMON HELD IN AQUARIUM TANK S

MacLeod and his collaborators (unpublished )
have recently become interested in biochemica l
changes in maturing salmon held in aquariu m
tanks; that is, under unnatural environmental con-
ditions . It will only be possible to summarize thei r
findings rather briefly here .

In maturing coho salmon the blood non-pro-
tein nitrogen did not appear to show any signifi-
cant trend, and blood glucose levels were ex-
tremely variable and also showed no change which

may be associated with maturation . This was als o
true for serum sodium and potassium ions an d
total blood protein . The only noticeable chang e
was in the free amino acid content, which showe d
a marked and sudden drop during only the las t
month (October) of the experiment .

Several interesting facts emerged from a
thorough study of the various tissues of these fish .
Thus there was no serious fat depletion in th e
muscle in the 4 months in which the fish were hel d
without food . There was, however, a slow an d
steady decrease in skeletal muscle protein in th e
f emal a s, but no appreciable change in the males .
In ge eral, from the results so far available, i t
would appear that the changes in fish held unde r
these conditions are by no means of the sam e
order or as dramatic as are those found in ac-
tively migrating sockeye salmon .

CHANGES IN NON-PROTEIN NITROGENOU S
CONSTITUENTS OF FISH MUSCLE S

Some seasonal changes have been observed in
the non-protein nitrogenous constituents of fis h
muscle . Thus a marked seasonal trend in trime-
thylamine oxide plus trimethylamine has been ob-
served in North Sea herring . In herring there wa s
a steady decrease from about 60 mg. (as N) per
100 gm. of fish in February to about 20 in July
and August in herring and from 25 mg. to 7 or 8
mg. in sprats . There also appeared to be a slight
and probably significant increase of muscle trime-
thylamine oxide with size, and hence with matur-
ity, in cod, haddock and whiting [reviewed b y
Shewan (1951) ] .

A significant but quite variable amount of th e
non-protein nitrogen in fish muscles is in the for m
of free amino acids. Marked variations in the con-
centration of these have occasionally been observe d
and correlated with season or maturity . Taurin e
falls from 340 to 450 mg. per 100 gm. of Atlanti c
cod muscle in May to July to 100 to 150 mg. in
December to February. On the other hand lysine ,
which occurs in quite small amounts most of th e
year 0.5 mg. per 100 gm.) rises sharply to be-
tween 12 and 15 mg . during the January-Febru-
ary s awning period ( Jones, 1954) . A rise in the
lysine levels in sturgeon muscle has been observed
prior to spawning .

SODIUM AND POTASSIUM ION S
With Pacific spring (king) salmon it has bee n

show that with small ( 3 to 5 lb . fish the muscle
Na+ was consistently higher, and the K + lower ,
in spring and summer than in the fall and winte r

163.0 ± 15 . 0
31 .1 ± 6 . 8

110 .0 ± 14. 3
68 .0 ± 9 . 3
78 .0 ± 13 . 0

120 .0 ± 12 . 8

523 .4

February

278.0 ± 23. 0
46.9 ± 2. 7

332 .0 ± 27. 5
65 .5 ± 2 . 5
35 .9 ± 6 . 5

176 .0 -1-16 . 3
9 .3 ± 0 .4

943 .6
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months, but with 10-pound fish there was no such
variation (MacLeod, Jonas, and McBride, 1958) .
It was also found that there were signifi-
cantly higher Na +, and lower K+, levels in
small than in large fish . The reason for this is no t
clear . The changes in these ions which have bee n
measured in migrating spring and sockeye salmo n
are rather inconsistent and are confusing . Thus ,
with Fraser River spring salmon the Na+ leve l
dropped to one-half that found in the sea fish dur-
ing the first 100 miles ; and thereafter, except i n
one group studied, the Na+ ion content rose to
that at the start of migration . With migrating.
sockeye salmon lowered Na+ and elevated K +
occurred while the fish were still at sea ; but whe n
they entered fresh water these again became nor-
mal until the fish reached the spawning ground s
where a marked rise in Na + and drop in K+ oc-
curred . Before results such as these can be ac-
curately evaluated it will undoubtedly be neces-
sary to study the effect of hormones on electrolyt e
balance in fish and distribution of the various in -
organic ions in the organs and in the intra- an d
extra-cellular water .

CHANGES WHICH ADVERSELY AFFECT QUALITY
Maturation of fish is usually associated wit h

loss of quality. This may occasion economi c
loss through enlarged milts and roes, low fat con -
tent, poor quality of flesh, or other reasons. Prob-
ably certain of the complaints that arise from th e
fishing industry have their origin in these un-
desirable maturation changes . Thus it is not un-
common to hear of jellied flounders, soft back cod,
and halibut with somewhat white and chalky in -
stead of clear and translucent muscle . It is true
that certain of these troubles have been traced t o
invasion of the flesh with myxosporidia, but i n
many instances few or no such parasites are to b e
seen on microscopic observation . The only positive
instance of such a condition being traced to bio-
chemical changes associated with maturation i s
that described by Templeman and Andrew s
(1956), who studied the American plaice. These
workers made a very thorough investigation o f
this change and traced it to a condition of "protei n
emaciation or impoverishment." Some of the im-
portant findings in this study were : (1) The jel-
lied condition was rarely found in immature fish ,
and the condition was found sooner in female s
than in males as maturation proceeded . At matur-
ity about 80% of the fish in certain areas were
jellied . (2) A greater percentage of jellied fis h
was found in areas where water temperatures were

-0.06° C . to -0 .52 C . than in those where tempera-
tures were 0 .78° C. to 1 .08° C. All data indicate d
low water temperatures were accompanied by a
large proportion of jellied plaice . (3) Muscle pro-
tein fractionation showed that highly significant
differences occurred in normal and jellied plaice .
Thus the average percentage of total nitrogen wa s
2 .58% in normal and only 1 .60% in jellied fish .
Though the total protein nitrogen soluble in neutra l
salt solution (5% NaCl ) was only slightly lower i n
jellied fish (88 .5% as compared with 92.8%), th e
actomyosin nitrogen was only 66 .2% of the tota l
N in the jellied fish as compared with 77 .2% in
normal fish . This difference was largely accounte d
for by both higher "stroma nitrogen" (8 .7% as
compared with 6 .6%) and non-myosin nitroge n
(22.2% as compared with 15 .5%) . The fat con -
tent of the jellied fish was a little higher, 1 .02 %
as compared with 0 .77%.

It seems that this condition may also appear i n
cod and haddock . The authors associated it with
a failure of fish living in very cold water to re -
cover the body protein which had been converted
to milt or roe during spawning, before the gonad s
were again developing . The undesirable nature o f
this condition leads to rejection of fish by the fish-
ing industry due to their poor physical appear-
ance and ready loss of liquids as "drip," especiall y
after fillets from them have been frozen and
thawed. There is some indication that this con-
dition occurs in Alaska sablefish, and possibl y
with Pacific halibut . However, data on halibut are
confusing since they indicate that the opaque mus-
cle of "chalky" fish has less water and consider-
ably more fat than normal fish, and that the pro-
tein content of the chalky fish is usually somewhat
higher (Bailey, 1950, 1951) .

LIPIDS
The seasonal distribution of lipids in fish ha s

been the subject of quite extensive investigations ,
and it will only be possible to mention a few o f
these . The references cited give adequate cover -
age of other literature . Milroy (1906) listed three
general annual periods in the life of herring,
namely: (1) An active 3- to 4-month feeding
period in spring and early summer when the spen t
fish recover and lay down depot fat ; (2) a 6 -
to 7-month ripening period during which feeding
activities gradually decline and the sex organs in -
crease in size at the expense of fat, and (3) a
2-month spawning interval when feeding ceases .
In general, it appears that the greatest fat de -
crease in herring occurs after spawning (John-



40

	

MARINE BIOLOG Y

stone, 1914), and that at any given season of the
year there is more fat in older fish (Bruce, 1924) .

One of the most interesting studies was that
carried out on herring by Channon and Sab y
(1932) . These investigators refer to research
of earlier workers who observed a "rapid rise in
the percentage of fat . . . in the muscles durin g
the several months prior to the time when rapi d
growth of ovaries and testes began . This rise wa s
followed by a steady fall and the lowest percent -
age (of fat) was reached after the fish ha d
spawned some three months later . " They recog-
nized six stages of maturity occurring from Jun e
until September when the fish were "spent," and
their work was confined to this period. Both
saponifiable (fatty acid) and unsaponifiable frac-
tions were studied, and the writers used the con-
cept of a "standard fish" for certain of their cal-
culations, a procedure which has been followe d
in our own Station's extensive researches on mi-
grating sockeye salmon .

Their results showed that the percentage o f
fatty acids in muscle rose steadily from June 1 7
for about 5 weeks, and then fell steadily to abou t
the original level with spent fish . The trend in
liver and intestine was rather similar, except tha t
there was a steady rise for only about 3 weeks
and then a fall to a very small fraction of th e
initial value after spawning . This trend was spec-
tacular when expressed as grams of fatty acid pe r
standard fish . Their results also showed a steady
rise in the average unsaturation (iodine values )
of the gonad fatty acids of both male and femal e
fish from about 137 to 200 (just prior to spawn-
ing) . No such trend was observed in other tissues ,
which agrees with later work .

A steady loss in cholesterol was noted in the
liver and intestines, a gain in gonad cholesterol ,
and a constant muscle content. The authors also
deduced that there was a net synthesis of choles-
terol . This substance accounted for from 24% t o
85% of the unsaponifiable material in the variou s
tissues . A net loss of 5 .68 gm., or about 85% o f
the fatty acids occurred in the four tissues studied ,
presumably to supply energy (luring the non-feed-
ing period .

Lovern (1938) studied fat variations in Atlanti c
herring, and Hart et al (1940) in Pacific herring .
Their results showed a marked seasonal tren d
which is easily explained by summer feeding, sex-
ual development and eventual spawning . Lovern
also observed an increase in unsaturation of the
oil (iodine values) with increasing oil content .
Normally the oil content of dogfish livers varies

from about 67% to 74%, and no seasonal trend has
been observed with these viviparous elasmo-
branchs. However, it has been amply demon-
strated that there is a very pronounced increase i n
the vitamin A potency of the liver oil of dogfis h
with increasing size . ( Pugsley, 1939a ; Sanfor d
1945) . This marked increase in vitamin A po-
tency of liver oil with fish size, and therefore wit h
maturity, has also been found in Pacific halibut
( Pugsley, 1939b) . It has been shown that th e
actual potency of vitamin A in Atlantic dogfish
liver oils increases as follows : immature male s
< immature females < mature males < ma-
ture pregnant females . However, this relationshi p
was to some extent misleading since with greate r
oil content there was lower vitamin A potency.

Migrating Sockeye Salmo n

In the early summer of 1956 Dr . W. A. Clem-
ens visited the Vancouver Station and indicate d
to Dr . Idler the need for chemical studies to deter-
mine energy reserves available to Fraser Rive r
sockeye salmon during spawning migration . It
was soon agreed that this was an important an d
interesting problem, and with Dr . Kask ' s permis-
sion work was commenced . It is mainly because
of Dr. Idler 's energy, ability and curiosity tha t
this work has progressed so rapidly. Also, with -
out the skilled biological knowledge and enthusi-
asm of Mr . Lloyd Royal, Mr . S. R. Killick, and
Dr. W. A. Clemens the work could never hav e
succeeded. As it is, the chemical study which
will be reported is by far the most detailed an d
significant which has ever been made on migratin g
salmon, or indeed on any maturing fish . It must
be emphasized that it will be possible to describ e
only the highlights of this study . Details are to be
found in a Progress Report of the Internationa l
Pacific Salmon Fisheries Commission (Idler an d
Clemens, 1959) and in a series of papers which
either have appeared, are in press, or will b e
eventually published (Idler and Tsuyuki, 1958 ;
Idler and Bitners , 1958, 1959 ; Idler, Ronald and
Schmidt, 1959; Duncan and Tarr, 1958 ; Wood ,
1958 ; Creelman and Tomlinson, 1959) .

It has been pointed out that the only precise
way of measuring biochemical changes in migrat-
ing salmon would be to sample them at different
stages in their journey without destroying the m
(Idler and Tsuyuki, 1958) . This is obviously im-
practical, though it is the technique commonl y
used in mammalian biochemistry . The obvious
solution was to sample sufficient fish at severa l
points on the migrating route to assume that the
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pooled results of analyses would represent the av-
erage condition of all fish . This is referred to a s
the concept of a "standard fish ." This metho d
works satisfactorily for sockeye salmon, but would
obviously be more difficult with fish which are o f
very different size, e .g., spring salmon . Though
there were some very valuable earlier studies con-
cerning chemical changes in migrating salmo n
(Greene, 1919a, 1919b, 1926 ; Davidson and Shos-
trom, 1936 ; Killick, 1955 ; Rutter, 1902; Miescher-
Rusch, 1880 ; Paton, et al ., 1858), it has been
pointed out that these were either carried out long
ago when analytical techniques and tools, and, in -
deed, biochemical knowledge were not nearly s o
advanced as they are presently . Also, in these stu-
dies insufficient fish were used at different sam-
pling locations to make the results obtained reall y
significant from the point of view of calculatin g
energy expenditures . For these reasons, and be -
cause of time limitations, this earlier work wil l
not be discussed, and full emphasis will be give n
to the findings which have emerged during studies
of migrating Fraser River sockeye salmon . Even
with these considerations it will be impossible to
give more than a general overall survey of th e
work since so much information has already ac -
cumulated . The work has been carried out by a
number of scientific staff members and some b y
summer students .

Salmon do not feed during their spawnin g
migration, and since they have little carbohydrat e
reserve, draw upon their body lipids and protein .
Since there are significant changes in weight, es-
pecially with female fish, the actual percentag e
composition of the whole fish, or a given organ ,
tells only part of the story. Much more valuable,
for obvious reasons, is a record of the absolut e
amount of a given constituent available to the fish .
The concept of the "standard fish" already re-
ferred to, has rendered this approach possible .
While the practical goal of this work has been t o
determine whether sockeye reach the river wit h
the same energy reserves each year, and to ascer-
tain the dissipation of these reserves up to the tim e
of spawning, the more fundamental approach ha s
involved a detailed study of many of the import -
ant chemical constituents of these fish .

Table 4 shows some of the important physica l
differences which the fish encounter during th e
Stuart Lake and Chilko runs . The fish sampled
were of a pure race, of uniform length, and wer e
taken in chronological order . Twenty to forty 4-
year-old fish were collected at each location and
were placed in polyethylene bags in ice for not

Table 4. COMPARISON OF THE STUART LAKE AND
CHILKO LAKE 1956 SOCKEYE SALMON RUN S

Location
Stuar t
Lake

Chilk o
Lake

San Juan to Lummi Island (miles) ._ 13 5
San Juan to Albion (miles)	 215 21 5
Lummi Island to Hells Gate (miles) 17 0
Lummi Island to Lillooet (miles)	 25 0
Lummi Island to Fort St . Jame s

(miles) 64 0
Lummi Island to Forfar Creek

(miles) 71 5
Albion to Chilko Lake (miles) 37 0
Rate of migration (km ./day)	 43 3 7
Entry of river until death (days) __ . . 37 44
Time spent in river migration (days) 25 1 9
Time spent on spawning ground s

(days) 12 2 5
Elevation of spawning grounds (ft .) 2270 3830

Body fat at Albion

more than 24 hours before being processed fo r
analyses . Table 4 illustrates some of the important
physical differences in the Stuart Lake and Chilk o
Lake runs .

ENERGY EXPENDITURE S

In calculations of energy expenditures, calori e
(Cal .) refers to the large calorie or kilogram cal-
orie . One gram of fat has been taken to equal 9 . 3
Cal . and 1 gram of protein 4 .1 Cal . In the tim e
available it will only be possible to discuss a few
of the most important features regarding energy
expenditures of the 1956 Stuart Lake and Chilk o
sockeye salmon runs. It is anticipated that the fur-
ther work which is proceeding on the 1957 an d
other runs will eventually be published .

In the first case the energy expenditure natur-
ally varies with different parts of the river . Thus
it is greater in the interval between Hells Gate
and Lillooet than it is between Lummi Island an d
Hells Gate . Thus it was found that standard fe-
male fish used 2.73 and 2 .84, and male fish 2 .8 0
and 5 .46 Cal ./km., over these two different inter-
vals of migration . These differences are undoubt-
edly due to differences in elevation and in wate r
temperature . Calculations of data obtained be-
tween Lummi Island and Fort St . James show
that females consumed 1 .16 Cal ./km./kg. and the
males consumed 1 .01 Cal ./km./kg. This result
indicated a body energy expenditure per unit o f
live weight of fish of approximately 12% more
for females than for males in the 1956 Stuart
Lake run . This information agrees nicely if it i s

a 13 .6%
? 14.1%

a 14.1 %
14.8%
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assumed that the male and female fish use th e
same energy per unit of live weight to maintai n
life (luring the migration and that the greate r
energy utilized by the female is mainly to build
up the large comparatively high fat content ova-
ries . The energy expenditure of 58.7 Cal . per day
for the female and 22.7 Cal . per day for the male
from the time of spawning until death are in
agreement with the observed greater activity on
the part of the female fish after completion of th e
spawning act . To summarize, it is evident that th e
body of the standard female and standard male
fish averaged approximately the same energy ex-
penditure including gonad development during
migration to the spawning grounds . However ,
from Fort St . James until death the standar d
female expended more body energy than the stand-
ard male per unit of live weight, and in additio n
underwent further gonad development . Table 5
shows similar data for the 1957 Stuart Lake run .

Table 5 . ENERGY CONSUMED FROM THE BODY TO MAINTAI N
1 KG . OF LIVE FISH DURING MIGRATION TO STUART LAK E

% more
Location

	

Cal ./kg ./km. for female

Lummi Island to Lillooet 	

Lillooet to Forfar Creek	

Lummi Island to Forfar Cree k

The standard female lost 34% of its body
weight and 80% of its total fat and protein, an d
the male lost only 14% of its weight and con-
sumed only 56% of its total fat plus protein fro m
Lummi Island until the time of death. From the
energy point of view this represents a depletion o f
79% of the Cal . reserves on the part of the stand-
ard female and 68% on the part of the standard
male .

A brief comparison of the Chilko Lake an d
Stuart Lake 1956 runs will now be made . The
average sizes of the fish of both runs were al-
most identical when the fish entered the river .
The body and fat reserves of the Chilko Lake fish
were somewhat greater than those of the Stuar t
Lake run . The fat reserves of the females wer e
greater than those of the males for both thes e
runs. At Albion the ovaries of the female fis h
going to Chilko Lake represented 4 .01% of the

live weight of the fish, while they represented
4.02% of the live weight of the fish in the cas e
of the Stuart Lake run . This indicates the relia-
bility of using the ovary weights to evaluate sex-
ual maturity on the various runs . These value s
had increased to 7 .04% and 7 .44% respectivel y
after 11 days migration . The average loss of wate r
during the first 250-mile migration of both 195 6
Chilko and Stuart Lake runs was about 10% o n
the basis of eviscerated fish . Subsequently th e
males of both races showed large increases in
body water ; 17.5% of the reserves at Lummi Is -
land for the Stuart Lake migrants and 28 .4% of
the Albion reserves for Chilko Lake migrants .
Females of both runs showed very little change .
After spawning until death loss of water occurs
and this loss was greater for the Chilko Lake fis h
of both sexes, males losing 14% of the reserves a s
compared with 11% for the females .

It has long been known that migrating salmo n
rapidly exhaust their reserve fat and also, to a
lesser extent, their protein . The Stuart Lake f e -
males use 95% of their fat between Albion an d
the time of death on the spawning grounds, whil e
the males use 91% . Corresponding figures for th e
Chilko fish were 91% and 78% . Stuart Lake fe-
males entered the river with more fat than th e
male fish per unit of body weight and this wa s
sufficient to balance any deficit, but on the othe r
hand this did not occur with the Chilko Lake fish .
Stuart Lake females expended 55% of their pro-
tein reserves and the males 34% up to the time
of death, while corresponding figures for th e
Chilko run fish were 61% and 42% . This indi-
cates that both sexes of the Stuart run used thei r
fat more efficiently, while those of the Chilko run
drew more heavily on their protein reserve . The
total fat plus protein consumed was 79% for fe-
male fish of both runs, and 69% and 64% for
Stuart and Chilko males respectively .

Calculations showed that from Albion unti l
death on the spawning grounds in Stuart Lak e
1,396 Cal ./kg. for males, and 1,644 Cal ./kg. for
females, were required to maintain 1 kg . of live
fish. With the Chilko run, from Albion to Chilk o
Lake, corresponding figures were 1,270 and 1,891 .
Standard females therefore expend 17.8% mor e
energy than males on the Stuart run and 48 .5 %
more on the Chilko run . The visceral fat reserve s
of the female dropped 79% as compared with 57 %
for the male between Albion to the spawnin g
grounds on the Chilko run . However, since the
entire fat supply of the viscera accounts for onl y
between 1 .85% and 2 .78% of the total fat energy

8 1 .28
C1 1 .5 7

8 0 .60
0 .85

8 0 .8 4
9 1 .10

8 2 3

842

8 32
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expended by the body, the amount contributed by
the viscera is not large .

Available data indicate that sockeye salmon
may arrive in about the same state of sexual ma-
turity each year . Thus at Lummi Island in 195 6
the ovaries represented 3 .59% of the live weigh t
of the female and 3.37% in 1957. There is some
indication that Chilko Lake males appear to b e
more sexually mature than Stuart Lake males o n
arrival at the Fraser River and this may explai n
why the Chilko males die before they consume a s
large a proportion of their energy as do the male s
of the Stuart run .

Some interesting comparisons have been mad e
between data for the Fraser River sockeye sal-
mon runs and those obtained for Amur River
keta salmon ( Pentegov, Mentor, and Kuranev ,
1928) . Only comparative data for the Amur

Table 6. COMPARISON OF AMUR RIVER KETA SALMON AN D
STUART LAKE (1956) RUN SOCKEYE SALMON

Stuart
Lake

Sockey e

Protein utilized	

Fat utilized	

Total energy expenditure 	

River mouth to spawning
grounds	 1152 Km .

Ovarie s
River mouth	

	

7 .02

Spawning grounds	

	

17 .40

Composition at river mouth
Water	

Protein

	

... .

	

.	

Fat	

Percen t

a 68. 7
? 67 . 0
a 21 .08
'? 20 .6 8
a

	

9 .1 9
Y' 11 .28

Percen t

a 63 . 7
63. 1

a 19 . 5
19. 9

a 13 . 6
14. 1

Composition after spawnin g
Water	

Percen t

a 85 .4

Percen t

a 81 . 1
77 .9 80 . 8

Protein	 a 13 .66 a 15 . 5
15 .85 ? 16 . 0

Fat	 a

	

0 .11 a

	

1 . 9
1 .57 1 .4

* Data for both 1956 and 1957 runs .

River and Stuart Lake runs will be consid-
ered here since the conditions experienced dur-
ing migration are fairly similar (Table 6) . Stuart
Lake sockeye migrated 43 km ./day for 3 1 days at
water temperatures of 60° to 62°C ., while th e
Amur River keta migrated at 44 km./day for the
same time at water temperatures of 50° to 55°C .
In general, the comparative energy derived fro m
fat and from protein is rather similar for the sock -
eye and keta salmon runs, with exception of the
lower consumption of energy constituents by the
sockeye males . The female keta salmon appear t o
arrive at the river mouth in a greater state o f
maturity than the female sockeye salmon, but the
final ovary development appears to be closely sim-
ilar . Sockeye salmon, which have greater fat re -
serves initially, retain more fat than the keta fol-
lowing spawning .

The preceding data have only contained brie f
highlights of this interesting study of the variou s
races of Fraser River sockeye salmon . These
studies are continuing and there is no doubt tha t
a comprehensive report will be available in th e
future .

VANCOUVER STATION PROGRAM OF FUNDAMENTA L
RESEARCH ON MIGRATING SOCKEYE SALMO N

In view of our Station's interest in the whole
problem of the biochemistry of migrating salmon ,
the International Pacific Salmon Fisheries Com-
mission kindly provided a special series of very
carefully handled sockeye salmon from the 195 7
run. All fish were caught in reef nets to minimiz e
struggle ; they were anesthetized in ice water be -
fore being bled by cutting off the tails to sever th e
caudal artery . Heparin was added to the bloo d
which was centrifuged immediately and th e
plasma transported to the laboratory in dry ice .
Individual fish were placed in polyethylene bags

Table 7. SAMPLING DATA FOR 1957 STUART LAKE RU N

Number of fish per grou p

Sex Group
Lummi
Island Lillooet

Forfar
Creek

a1 7 10 1 0
Male	 a2 6 10 5

a3 5 10 6
a4 5 10 4

l 8 10 1 4
Female	 Y' 2 7 10 1 4

3 9 10 1 3
Y' 4 9 10 14

Amur
River
Ket a

Percent

a

	

5 7
5 8

a 9 9
9 7

a

	

7 8
80

Percent

a 32
5 3

a

	

9 1
95

a 68
79

1192 Kiit .

Percen t
body weigh t

Percen t
body weight

3 .59 (1956) *
3 .37 (1957) *

15 .70 (1956) *
13 .70 (1957) *
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Table 8 . LENGTH AND WEIGHT CHANGES OF SOCKEYE SALMON DURING SPAWNING MIGRATIO N

Sex Total fish Total length Snout length
Eviscer -
ated fish

Head, skins ,
bones +

tail Flesh
Sp.

gravity

g .m. c .m . c .m . g .m . g.m . g.m .
Lummi Is . _ . 2565 ± 42 59 .3 3 .4 2322 ± 40 881 ± 33 1467 + 21 1 .03 3

Male	 . Lillooet	 2371 ± 26 59 .3 3 .9 2185 ± 25 871 ± 10 1302 ± 51 1 .024
Forfar Cr . .. 2583 ± 51 61 .6 5 .2 2382 ± 47 1057 ± 10 1304 ± 40 1 .01 2

Lummi Is . 2376 ± 26 57.4 2 .8 2151 ± 19 785 ± 15 1335 ± 13 1 .037
Female. . Lillooet	 2156 ± 4 57 .6 3 .1

	

. 1908 ± 41 765 ± 20 1135 ± 30 1 .034
Forfar Cr . .. 2168 ± 10 58.2 3 .5 1775 ± 10 834 ± 12 934 ± 10 1 .01 5

Table 9. WEIGHT CHANGES IN THE ORGANS OF SOCKEYE SALMON DURING SPAWNING MIGRATIO N
(grams )

Sex Heart Live r

Lummi Is	 6 .10 31 . 6
Male ._ .__ . . Lillooet	 5 .88 25 . 4

Forfar Cr . . . 5 .80 37 . 6

Lummi Is	 5 .05 40. 2
Female . . Lillooet	 4 .95 44. 6

Forfar Cr . . . 4 .58 40 .5

Spleen Kidney
Alimen-
tary tract Viscera Gonads Tai l

2 .90 26 .0 90 .5 157 56 .5 64
1 .98 23 .3 30.1 86 .7 82 .0 5 8
3 .60 28 .1 16.4 91 .5 85 .4 82

2 .04 21 .6 78.3 147 80 .1 5 9
1 .50 19 .9 26 .2 97 .2 138 5 2
2 .17 19 .7 12 .9 79 .2 298 77

and frozen in brine at -19°C . at Lummi Island
and were placed immediately on dry ice at mor e
distant points . All subsequent handling of the
flesh and organs was done under chilled condi-
tions and all samples were kept frozen until
analyzed. Table 7 shows the number of fish take n
at each sampling site . The gross length and weigh t
changes of sockeye salmon of this 1957 run dur-
ing spawning migration are given in Table 8 .
Some of the changes in the 1956 Stuart Lake ru n
have already been discussed. The data show tha t
with male fish there is an initial loss of weigh t
which is eventually made up at the spawnin g
grounds while with the female fish this initial loss
is never made up. These changes correspond t o
earlier observations already discussed . It will b e
noticed that there is a spectacular increase in
snout length, especially with male fish, and on a
percentage basis this increase is 52% for the male
and 25% for the female . It is of interest tha t
there is a significant decrease in the specific grav-
ity of the fish, both male and female, during mi-
gration due to the increase in proportion of water .
There is also a spectacular increase in weight o f
the head, skin, bones and tail in both male and
female fish between Lillooet and Forfar Creek
spawning grounds. The weight changes of or-
gans and tissues are considered on the basis o f
grams per standard fish at the three different loca -

tions and for each sex in Table 9 . In both male
and female fish there appears to be a slight and
probably significant decrease in the size of the
heart . It is difficult to assess the meaning of th e
small changes observed in liver, spleen and kid-
ney but it will be noted that the female livers were
larger than those of the males in general and that
the reverse was the case with kidney and spleen .
The wasting of the alimentary tract in both male
and female fish is extremely marked, and the
total viscera decreased markedly with both mal e
and female fish . The increase in weight of th e
male milts is extremely marked between Lumm i
Island and Lillooet and thereafter there is hardly

Table 10 . EXPENDITURE OF FLESH FAT AND PROTEIN B Y
MIGRATING SOCKEYE SALMON OF STANDARD LENGT H

Component expended by
standard fis h

(mg ./mile)

Location

	

Fa t

Lummi Island to Lillooet . . . .

Lillooet to Forfar Creek	

Lummi Island to Forfar Creek

a 284
'? 30 4

5 2
8 5

8132
161

Protein

8 220
21 6

8 104
Y 163

8144
18 0
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Table 11 . MOISTURE, FAT, PROTEIN AND CHOLESTEROL IN THE FLESH AND HEAD, SKIN, BONES AND TAIL OF MIGRAT -
ING SOCKEYE SALMON : (Grams per Standard Fish )

Lummi Island Lillooet Forfar Creek

Flesh H,S,B,T Flesh H,S,B,T Flesh H,S,B,T

Moisture	 a 986 a

	

530 a

	

921 a 562 a 1020 a 81 5
894 9

	

466 9'

	

806 496 9 729 ?

	

63 6

Fat 137 a

	

177 a

	

66 a 138 42 a

	

5 0
141 9

	

170 9

	

64 9 116 9 25 9

	

3 6

Protein	 a 322 a

	

143 a

	

267 a 128 219 168
294 9

	

128 9

	

240 9 126 9 165 9

	

138

Free Cholesterol

Total Cholesterol	

a 0.377
9 0.342

a 0.42 8
9 0 .387

a 0 .53 7
9 0 .502

a 0 .62 7
9 0 .551

a 0.402
9 0 .347

a 0 .444
? 0 .370

a 0 .57 1
9 0 .496

a 0 .727
? 0.609

a 0 .40 6
9 0 .324

a 0 .47 9
? 0 .335

a 0.632
9 0.48 6

a 0 .82 6
9 0 .63 6

significant change . On the other hand, the femal e
gonads undergo a marked weight increase durin g
the whole period of migration .

Table 10 is of interest in that it shows the ex-
penditure of fat and protein of the flesh of sock -
eye salmon of standard length . The very differ-
ent values noted are of roughly similar order
with male and female fish and indicate a very
marked difference in the utilization of the impor-
tant energy constituents during different stages o f
the migration. Thus, fish use almost four times a s
much fat and about twice as much protein per
mile between Lummi Island and Lillooet as they
do subsequently between Lillooet and Forfa r
Creek. These differences of course depend largely
on elevations and water temperatures .

Table 11 shows the moisture, fat, protein an d
cholesterol distribution in the flesh and in the

head, skin, bones and tail at the three sampling
locations . The initial fall in water content, and
eventual very significant rise, in the case of mal e
fish, as has been emphasized previously, is brough t
out well by both these tissue groups . On the
other hand, in female fish the water content o f
the flesh falls throughout migration, but undergoe s
rather similar change with initial fall and the n
rise in the case of the head, skin, bones and tail .
In both male and female fish the depletion of fa t
during migration at all stages is very evident . I t
will also be observed that the head, skin, bones and
tail in all instances account for more fat than the
flesh. Though flesh protein is depleted markedly
during migration with both sexes, there is som e
increase which undoubtedly is significant in femal e
fish in the case of the head, skin, bones and tail .
On a weight basis there was much more free an d

Table 12 . PLASMA CHOLESTEROL, CA ++, MG ++ , SO4` , AND UREA NITROGEN IN MIGRATING SOCKEYE SALMO N
(Mg./100 G. )

Lillooet Forfar Creek

a

	

170 ±

	

17 134 ±

	

1 5
9

	

220 ±

	

24 9 77±

	

6

a

	

436 ±

	

38 394 ±

	

2 5
9

	

499 ±

	

24 9

	

202 ± 20

a 19 .9 -x-1 .3 a 12 .5 ± 0 .8
9 23 .8 ± 1 .1 9 15 .5 ± 0 . 6

a

	

3 .71 ± 0.25 a 2 .15 ± 0 .11.
9

	

2 .88 ± 0 .18 9 2 .18 ± . 0 .12

a

	

4 .3 ± 0 .7 4.9 ± 0 .2
3 .7 ± 0 .5 9 4.2 ± 0 .4

a

	

5 .5 ± 0 .3 a 9 .6 ± 0. 3
9

	

3 .9 ± 0 .3 9 .8 ± 0 2

Component

	

Lummi Island

Free Cholesterol	

Total Cholesterol	

Calcium	

Magnesium	

Urea N	

Inorganic SOe as S	

a 261± 1 8
215± 9

a 570 ± 1 9
9 572± 19

a 21 .6 ± 0 .6
9 27.3 ± 0 .4

a 1 .58 ± 0 .1 6
9 0.86 ± 0 .0 6

a 6.0 ± 0 . 3
9 6.2 ± 0 . 6

a 12 .5 ± 0 .2
9 13 .0 ± 0 . 7
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Table 13 . NITROGEN CONTENT OF MUSCLES OF MIGRATING SOCKEYE SALMON (Grams per Standard Fish )

Males

	

Female s

Fraction Lummi Island Forfar Creek Lillooet

	

Lummi Island Lillooet Forfar Cree k

whole muscle	 51 .462 42 .754 34.951 46 .966 38.376 26 .71 7

High ionic + stroma 32 .479 25 .540 22 .038 29 .470 22 .329 16 .149

Low ionic	 1	 11 .677 12 .111 8.354 10 .769 10.554 6 .34 7

Non Protein N	 6 .499 6 .097 5 .340 5 .988 5 .225 4 .362

total cholesterol in the head, skin, bones and tail
than in the flesh at all sampling locations .

Changes in cholesterol, calcium, magnesium ,
sulphate and urea nitrogen in the blood plasma o f
migrating Stuart Lake sockeye salmon are re -
corded in Table 12 . There is a spectacular de -
crease in both free and total cholesterol durin g
migration, and this is most marked with the mal e
fish. The total cholesterol content, 570 mg . per
100 gm., is extremely high compared with that
normally found in warm-blooded animals, namel y
150 to 190 mg. per 100 gm., but similar high
levels have been reported for carp blood . The
ratio of free to total cholesterol steadily decrease d
as the males moved up the river and was 0 .46 ,
0 .39 and 0 .34 at the various sampling locations. I t
is apparent that the cholesterol level in the bloo d
serum would be a useful indication of the variou s
stages of spawning migration in these fish . The
calcium level which is considerably higher tha n
that found in the blood serum of man definitel y
decreased in both male and female fish during
migration. The magnesium content was some -
what similar to that which has been reported
for human serum, and there is a significant in -
crease in the early stages of migration. The sig-
nificant drop in sulphate levels during the early
phase of migration, and later rise is rather analog-
ous to the change which has been reported fo r
human pregnancy serum. The figures for urea

nitrogen were somewhat lower than those reported
for human serum and higher than those reporte d
for carp serum .

A detailed study was made of the protein an d
other nitrogenous constituents of these migrating
salmon. Only muscle tissue was used in these stud-
ies since little is known about proteins of othe r
fish tissues . The nitrogenous constituents were
arbitrarily divided into four groups as indicate d
(Table 13) . Unfortunately, in this work the
method of sampling by freezing, thawing and re -
f reezing samples caused considerable denaturatio n
of the muscle myosin, the denatured protein bein g
therefore measured with the stroma fraction whic h
represented between about 14% and 20% of th e
total muscle nitrogen. For fish of this type strom a
proteins normally represent about 3% . The
changes in high ionic strength extractable frac-
tion, which would undoubtedly be principall y
actomyosin, and in the stroma fraction cannot b e
considered significant . There does appear to be a
significant increase in the low ionic strength ex-
tractable proteins during the early stages of migra-
tion with a return to about the initial level at For -
far Creek. There is also a tendency for the non -
protein nitrogen to increase as taken on the per-
centage basis during migration . When the nitrogen
content of the muscles is considered on the basi s
of grams per standard fish (Table 14) there are
obvious and very marked changes . Thus, the tota l

Table 14. NITROGEN PARTITION IN MUSCLE OF MIGRATING SOCKEYE SALMON (Percent total N )

High ionic
strength

Low ionic
strength Stroma NPN Recovery

Percen t
Lummi Island . . $ 45 .39 ± 1 .04 a 22,69 ± 0 .825 a 17 .96 ± 1 .66 a 12 .83 ± 0 .51 a

	

98 .43
9 42 .6 ± 1 .64 9 22 .60 ± 1 .21 9 20 .55 ± 2 .26 9 12 .61 ± 0 .95 9

	

98 .3 6

Lillooet	 8 44.8 ± 0.345 a 28 .33 ± 0 .44 a 14.86 ± 0 .785 a 14 .25 ± 0 .25 a 102 .2 4
9 42 .9 ± 0.965 9 27 .47 ± 0 .44 9 15 .24 ± 0 .328 9 13 .62 ± 0 .32 9

	

99 .2 4

Forfar Creek a 49 .33 ± 0.84 a 23 .88 ± 0 .28 a 15 .30 ± a 15 .28 ± 0 .23 a 103 .6 9
9 46 .24 ± 1 .50 9 23 .75 ± 0.357 9 14 .25 ± 0 .655 9 16 .33 ± 0.47 100 .57
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nitrogen of the whole muscle decreases extremely
markedly as does that of the high ionic strength
fraction for both male and female fish . There i s
no significant change in the low ionic strength ex-
tractable fraction between Lummi Island and
Lillooet but there was a very definite decrease i n
both male and female fish at Forfar Creek . A
slight decrease in the non-protein nitrogen con -
tent of the flesh was observed throughout migra-
tion for both male and female fish .

In view of the interest which has recently bee n
taken in the distribution of various nitrogenou s
compounds in the non-protein nitrogen fraction
of fish muscles, this was the subject of special
investigation in the case of the migrating sockey e
salmon. The following substances were identified :
comparatively large amounts of trimethylamine
oxide, leucine, valine, alanine, glycine, arginine ,
serine, glutamic acid, threonine and anserine ; mod-
erate amounts of creatine, phenylalanine, tyrosine ,
fl-alanine and histidine, and small amounts of pro -
line and aspartic acid . When considered on th e
basis of the standard fish, most of these constitu-
ents did not change greatly at the different sam-
pling locations (Table 15) . However, with his-
tidine there was a very strong decrease to abou t
one-fifth the amount found at Lummi Islan d
(Wood, 1958) . This could well be due to a recen t
observation in California that the occurrence of

free histidine in flesh of small salmon is linked
with ingestion of this amino acid (Lunton, 1958) .
There is also quite a marked difference betwee n
the amount of a amino nitrogen in male and femal e
fish, with a tendency to decrease during migration .

HORMONES IN MIGRATING SALMO N

Hormones belong to the family of organi c
chemical substances known as steroids . There are
not only a very large and diverse number of thes e
compounds but their various biological functions
are probably equally diverse . An excellent revie w
of some of these substances has recently appeare d
(Shoppee, 1958) . In general, the estrogens are f e -
male hormones and the androgens male hormones ;
in other words, they are substances which bring
about the various changes associated with sexual
development of females and males respectively .
This is a very broad and general designation an d
of course there are many fine distinctions . The
adrenal cortical hormones are another biologically
extremely important class of compounds which i s
produced by the adrenal cortex, the medulla pro-
ducing adrenalin . Early work on these hormone s
was associated with cure of Addison's disease bu t
more recently some 41 compounds have been iso-
lated, of which 8 have high biological activity .

These initial brief statements indicate the hig h
complexity of hormone research. The present

Table 15 . THE NON-PROTEIN NITROGENOUS CONSTITUENTS OF SOCKEYE SALMON MUSCLE AT DIFFERENT LOCATIONS O N

THE MIGRATORY ROUTE

(mg. nitrogen per 100 gm . wet muscle )

* These values were obtained using combined extracts from the four groups .

Component

	

Lumni Island

	

Lillooet

	

Forfar Creek

a-Amino-N	 _ . . . .

Volatile base-N	

TMO-N __ . . ..	

TM-N	

Creatinine-N	

Creatine-N	

Histidine-N	

Anserine-N*	 :

a 94.8 ± 4. 7
9 69.8 ± 3 . 6

10.5 ± 1 . 2
9 .3 ± 0 . 7

5 .4 ± 0. 3

a 4.9 ± 0. 8
9 3.7 ± 0 .4

a 77.9 ± 8 . 1
9' 95 .5 ± 11 . 8

a 10 .8 ± 1 .3
15 .1 ± 0. 8

a

	

24 .8
9

	

29.4

a 88 .4 ± 2 .3
9 65.5 ± 2 . 1

a

	

7 .2 ± 0 .3
9

	

7 .9 ± 1 .2

a 5 .4 ± 0 .8
9 5 .7 ± 0 .6

a

	

< 0 . 2
9

	

< 0 . 2

a 5 .9 ± 0. 4
9 3.7 ± 0 . 3

a 91 .4 ± 5 . 4
9 114.4 ± 2 . 8

2 .1 + 0 . 5
2 .7 ± 0 . 4

a

	

31 . 2
9

	

27 .5

a 94.4 ± 5 . 5
9 81.6 ± 3 . 2

a

	

8.5 ± 1 . 0
9 11.4 ± 0 . 6

5 .3 ± 0 .4
6 .4 ± 0.2

a

	

< 0. 2
9

	

< 0 . 2

a

	

5 .6 ± 1 .2
9

	

3 .1 ± 0 . 5

a 95 .1 ± 8 . 7
9 127.0 ± 3 .6

a

	

1 .3 ± 0 . 1
9

	

3 .1 ± 0 . 1

a

	

30 .2
9

	

36 . 1

a
9

a
9
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brief remarks will be confined to the work of Dr .
Idler's group on isolation and characterization o f
hormones in migrating sockeye salmon and th e
possible biological function of these in fish wil l
be discussed briefly . The work to which I refe r
is either in process of publication or has been
submitted for publication (Idler, Ronald, and
Schmidt, 1959a ; Idler, Ronald, and Schmidt ,
1959b) . The substances which will be discusse d
are cortisol (17 a-hydroxycorticosterone), cor-
tisone (17 a-hydroxyl-1 l-dehydrocorticosterone )
and 17 a-hydroxyprogesterone (Figure 1) . In
the initial studies about 1,760 ml . of blood
plasma was collected from about 100 Adams Rive r
sockeye salmon. This plasma is subjected to
laborious solvent extraction and other proce-
dures. In this work the recovery of cortisol
was 17 pg. and of cortisone 37 pg . per 100 ml . o f
plasma, with an overall loss of about 30% or 40 %
during isolation . No evidence for occurrence o f
aldosterone was obtained, even when sensitive ra t
assays were used as criteria . It has been pointe d
out by Robertson (1957) that at full sexual matur-
ity Pacific salmon show extensive degeneration o f
the pituitary and marked hyperplasia of the ad -
renal gland, and this has been postulated to play a
dominant role in the degenerative changes an d
death of the fish after spawning . Cortisol occurs in
salmon plasma at about twice the level found i n
human plasma, and cortisone has not been demon-
strated in the latter . Studies at the Vancouver
Station have shown by two procedures that ther e
is a greatly increased cortisol concentration in

TESTOSTERONE

sockeye salmon plasma during migration . Tota l
17-hydroxycorticosteroid levels determined di-
rectly on extracts of the plasma have confirmed
the greatly increased steroid levels . It is possible
that these high levels are associated with th e
pituitary degeneration, hyperplasia and assumed
increased secretory activity of the adrenal gland s
of salmon noted above . There is little doubt that
a planned closer study of 1959 Adams River sock -
eye may do much to clarify this situation .

It is only very recently that active research
has commenced on the androgen content of sock -
eye salmon during spawning migration. Using
milt samples of the 1957 Stuart Lake run o f
Fraser River sockeye, Dr . Idler and his associate s
have carried out a rather laborious extraction pro-
cedure . Bioassays with chicks, which were carried
out by Professor Biely's department at the Uni-
versity of British Columbia showed a significan t
increase in androgens (as based on comparativ e
testosterone propionate assays) during the firs t
250 miles of migration. It has not yet been ascer-
tained whether or not the increase occurring in
the 415 miles is significant . The values were 41 ,
106 and 133 pg as testosterone propionate per kg .
at 0, 250, and 715 miles .

The need for designing experiments to arti-
ficially produce and maintain different blood hor-
mone levels in salmon is evident since eventual
proof of the physiological role of these hormones
in salmon, and indeed in other fish, must largely
depend on such research . So far, attempts to
demonstrate presence of the known electrolyte

pH 2 O H
C O

CH3:,-O

0
CH OH2 CHOLESTERO L
C O

OH l'CH

	

O H

0
FIGURE 1 . CORTISON ECORTISOL
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Table 16. THE AMOUNT OF NON-PROTEIN NITROGENOUS CONSTITUENTS IN THE MUSCLE OF THE " STANDARD FISH "
(mg . nitrogen per fish )

Component

	

Lummi Island

	

Lillooet

	

Forfar Creek

a-Amino-N

	

a 1391

	

1151

	

a 123 1
9

	

931 9

	

743 9

	

762

Volatile base-N	 a

	

154 a

	

94 a

	

11 1
9

	

124 9

	

90 9

	

106

TMO-N	 a

	

79 8

	

70 a

	

69
72 9

	

65 9

	

60

Creatinine-N	 a

	

72 a

	

77 a

	

73
9

	

50 9

	

42 9

	

29

Creatine-N	 $ 1143 $ 1190 a 1240
9 1274 9 1298 9 1186

Histidine-N	 8

	

158 a

	

27 a

	

1 7
9

	

202 9

	

31 9

	

29

Anserine-N	 364 a

	

406 $

	

394
9

	

392 9

	

312 9

	

337

regulating hormones, aldosterone, corticosteron e
and 11-deoxycorticosterone, in the salmon plasma
have either failed or have indicated that th e
amounts present are probably insignificant .

In conclusion, it must be emphasized that Dr .
Idler and his collaborators are still actively investi-
gating this whole subject .

Discussio n
QUESTION : Would you comment on the bio-

chemical function of polyunsaturated fatty acid s
in marine fishes ?

DR. TARR : I don't think too much is known
about this . I attended a symposium the other day
in Davis concerning fatty acids in fish and thei r
biological function was not discussed . I'm afraid
that I can't answer this question .

QUESTION : Economically speaking are post-
spawning salmon wasted ?

DR. TARR : Yes. I suppose they could be used
There is enough protein, and so on, to use as fish
meal . I don't know of anyone who would want t o
eat them. The difficult part, of course, is the col-
lecting of these . They would be highly spoiled i n
most cases . It would be a very difficult job to col-
lect them. No doubt there are many proteins, and
what little trace of fat there is would be quite al l
right . There is nothing wrong with these fish a s
far as we know .

QUESTION : Has any work been done on th e
qualitative changes of gonad protein during matu-
ration, for example, immunological or physico-
chemical work? If so , by whom?

DR. TARR : This is a rather big question . Ther e
is quite a number of different proteins in thes e
gonads . The male gonads would have protamine s
on which there was quite a bit of earlier wor k
done. But I don't think most of the work has been
done on the mature gonads as far as protamine s
are concerned. Regarding the types of proteins oc-
curring in the female eggs, I don't know of wor k
done on these	 I don't know of any work that ha s
been published . There is a lot of work goin g
on in Japan on some of these subjects . It is pos-
sible there has been work done there, but if so, I
can't recall it .

QUESTION : Have you any information on sea-
sonal changes in blood and tissue lactic acid o f
fishes ?

DR. TARR : I doubt if this would be of sig-
nificant importance because it changes mor e
through just simple exertion and through a rise in
glycolysis . I would rather doubt whether thi s
would be a very important thing to follow in any
case . I don't see why there should be any such
thing . I don't know of any information on this .

QUESTION : Please define the terms : standard
length and standard fish .

DR. TARR : The standard length was arrive d
at from the concept that the weight varies as th e
length of the fish is cubed . I think this is the stand-
ard that has been used . Idler has used the idea
here that the standard length is the body length
minus the snout length . I think that is the standard
length . This remains constant during migration .
If you look at these results you can see that th e



50

	

MARINE BIOLOG Y

fish can be obtained at a very nice standard length .
They don't vary much . 1 don ' t know if that is a
good answer to this .

QUESTION : Would you speculate on the fat e
of large quantities of urea in the diet of artificially
fed and reared salmon . It has been observed tha t
such fish grow well .

DR. TARR : I didn't know that urea had been
fed to fish at all . I know that chickens won' t
utilize it and I know that ruminants will . I would
think and hazard a guess that bacteria might us e
urea to make bacterial protein and that the bacter-
ial protein would be digested by the fish . I just
don't know . This is something that I would like to
discuss with the man who is working on it.

QUESTION : Do salmon during migration livin g
at the expense of fat, develop a ketosis ?

DR. TARR : I don ' t think this is known . I don ' t
think so .

QUESTION : Do spent salmon ever recover ?
Would hormones permit this ?

DR. TARR : Well, this of course, is one of the
points that is being raised in this whole study . O f
course some of the Atlantic salmon do recover ,
as far as I know. Dr. Clemens might answer this .
I don't think that Pacific salmon ever recover .
Now I may be wrong there . There may have bee n
isolated cases . But, I don ' t think they do . Whether
hormones would influence this or not, I don ' t
know. It is possible that they would . I don't thin k
there is any information on this . It would be ver y
interesting to try to find out . I would think tha t
withdrawal of hormones might be important but i t
looks as if a very great excess has more to do wit h
maturation changes .

QUESTION : Have you investigated the change s
in glycotytic and/or pentose cycle enzyme activity
with migration ?

DR. TARR : No, we have done practically no
work on muscle or other enzymes in salmon, mi-
grating or otherwise . Most of our enzyme work
has been confined to lingcod. I can see that thi s
would be an extremenly interesting problem fo r
anybody interested in energy metabolism in th e
salmon. It certainly would be very exciting . I don ' t
know anybody who has done anything on this .
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The Rearing of Invertebrate Embryos

ROBERT L. FERNALD
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University of Washingto n

The importance of obtaining the informatio n
essential to the application of techniques whic h
can make possible the successful breeding an d
rearing of marine invertebrates is obvious to
many. To those of us who are interested in de-
scriptive and comparative embryology, there is n o
satisfactory substitute for an examination of al l
stages in the normal development of the young
adult from the fertilized egg . In the absence o f
such information, many incomplete, superficial ,
and speculative studies have found their way into
literature . These, in turn, have made importan t
contributions to the confusion in the interpreta-
tion of phylogenetic relationships in the comple x
of invertebrate types .

To the investigator interested in experimental
modification of normal development or problem s
in the physiology of the egg and embryo, a re -
liable procedure by which to obtain the norma l
stages is essential . Too many two-cell embryolo-
gists are so limited in scope of operation because
they are unable to maintain development beyond
that stage .

Many problems in taxonomy and systematics ,
genetics, geographic distribution, productivity ,
ecological relationships (commensal and parasitic )
cannot readily be solved without examination o f
the details of early development of the form o r
forms involved . Successful exploitation of certai n
invertebrates for economic use has demanded o f
the biologist the establishment of controlled breed-
ing and rearing techniques	 especially in the case
of oysters, clams, mussels, crabs, and lobsters .

When one considers the tremendous variet y
of animal types to be dealt with, one is conscious
of the inadequacies of our information concern-
ing their early life histories and the duplication
of them under controlled laboratory conditions .
For how many marine invertebrates can we pro-
vide the following details : the requirements fo r
reproductive maturation ; season of spawning an d
factors which may modify it in all parts of th e
geographic range; stimuli for natural and con -
trolled spawning; environmental factors import -
ant and limiting for all stages of normal develop -

ment temperature, salinity, response to gravity ,
light, currents ; nutritional requirements ; sensi-
tivity to toxic agents; and conditions for meta -
morphosis or development of the young adult ?
The answer is obvious .

Investigation of spawning in marine inverte-
brates has led to the suggestion of many differ-
ent environmental influences which may be associ -
ated with initiating or triggering this act .

The belief that the size and development o f
the gonads of certain marine invertebrates, es-
pecially edible echinoderms and molluscs, var y
with the phases of the moon is expressed in th e
writings of ancient Greece and Rome . It is stil l
a guide to the time of purchase of many sea food s
in the fish markets of the Mediterranean . For ex-
ample, the red sea urchins of Suez, Centrechinu s
setosus, provide an important item of the diet o f
man during the summer. The gonads which ar e
eaten were described as "full" at full moon an d
"empty" at new moon. This generalization con-
cerning the red urchin was confirmed by Fox
(1924a,b) who demonstrated that spawning co-
incided with the full moon . While many forms d o
not show such lunar periodicity in their reproduc-
tive cycle, other striking examples have been de -
scribed .

Studies of the breeding cycles of a number o f
polychaetous annelids have indicated some corre-
lation between the phases of the moon and/o r
associated tidal phenomena and the swarming an d
spawning behavior . The mention of only a few o f
these studies on Pacific annelids serves to em-
phasize the lack of uniformity in the picture .

According to Woodworth (1907), the palol o
worm, Eunice viridis (Gray), in the Samoa n
Islands swarms during the last quarter of th e
moon in October and November . The posterior
parts of the worm, packed with gametes, brea k
free and swarm at the surface at low tide in th e
early morning on several successive days . Releas e
of gametes is followed by death . The Japanese
Palolo, Ceratocephale osawai Izuka, swarms im-
mediately following the new and the full moons
in October and November (Izuka, 1903) . This
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activity occurs just after floodtide . Platynereis
d umeril i-i (formerly Nereis agassizi) (Guberlet ,
1934) swarms a night or two before the full moo n
from June through August at Friday Harbor ,
Washington. The time of appearance was jus t
after high tide . Nereis proccra Ehlers was re -
ported to follow the pattern of P . dumerilii bu t
appears at a slightly later hour . Breuer (1940) ,
in a reinvestigation, considered the swarming o f
N. procera to occur a few days before and afte r
the dark of the moon—not during it . In addition ,
many other polychaetes in sexually active condi-
tion have been taken at the night light at the Fri -
day Harbor Laboratories . These include Nereis
vexillosa, Nereis brandti, Anaitides maculata ,
Autolytus varies, Flabelligera in f undibularis,
Podarke pugettensis, Armandia brevis, and Cera-
tonereis sp . It has not been possible to demon-
strate any correlation between the occurence o f
these and the phase of the moon . They do serv e
as an important source of naturally spawne d
gametes for developmental studies .

A recent study (Dan and Dan, 1941) describe s
a most interesting case of lunar periodicity in th e
spawning of Comanthus japonicus. This crinoid
occurs in great numbers near the Misaki Marin e
Biological Station mostly in deep water but also in -
shore at depths of two to three meters . They hav e
observed the spawning for several years and re -
port that the majority of the animals spaw n
within a single hour, usually after 3 p .m., on a day
in early October during the low tide associate d
with the first or last quarters of the moon . They
conclude that the solar influence determines th e
spawning season in the early part of October ;
the specific date is determined by the quarte r
moon, either first or last .

In an experiment to test the possible effect s
of changes in depth of water associated with tidal
variation

"both females and males were collected between
ten days and a week before the spawning dat e
and kept in laboratory tanks in which the leve l
of the sea water was kept constant . Although
there was no danger of contamination of the cir-
culating sea water by sperm from outside ani-
mals, because of the distance between the Co-
nianthus habitat and the end of the intake pipe,
the inflow in some tanks was stopped well before
the time for discharge of sperm to have take n
place in order to control this factor . Animals
were also placed in jars and tanks separately, i n
pairs, and in groups of several in standing and i n
running water ; but it was found that none o f
these conditions exerted any significant effect an d
that animals which had been kept in the labora-
tory a week (and had survived in good condi -

Lion) and those which had been freshly collecte d
that morning all discharged eggs and sperm ap-
proximately simultaneously with the spawning i n
the field. (Dan & Dan, 1941) .

In summary, it may be said that the attempt s
to determine the precise nature of the effective
stimuli associated with the various instances of
lunar periodicity in reproduction have not been
successful .

Observations in the spawning of a number o f
Hydrozoa around the turn of the century (Bunt-
ing, 1894 ; Hargitt, 1900 ; Beckwith, 1909 ; Har-
gitt, 1911) suggested a relationship with light an d
darkness . The consistent spawning of one form
just after dark at night or of another form soo n
after daybreak has lead to some careful investiga-
tions of the role of photo-stimulation in reproduc-
tion. Ballard (1942) has established that Hydrac-
tinia echinata Fleming, an east coast hydroid ,
when in breeding condition in June and July, wil l
respond to a dark-light treatment in a predictabl e
way. If colonies are maintained in running sea
water under continuous illumination, no spawn-
ing occurs . However, if these same colonies ar e
placed in darkness for at least an hour and the n
exposed to light, in 50 minutes the males wil l
spawn—the females shed their gametes 5 minute s
later .

Such sensitivity to light and dark is not un-
common in the coelenterates although the pattern
varies considerably. For example, Hydractinia
epiconcha (Yoshida, 1959) requires a period i n
the light followed by darkness to induce spawn-
ing . We have found many of the local medusae a t
Friday Harbor to respond to the dark-light se-
quence—Halistaura cellularia, Aequorea aequorea,
Philalidium helnisphericum, P . gregarium, Aegena
rosae, Leuckartiara sp., Sarsia tubulosa, Aglantha
digitale, and Gonionemus vertens, each one requir-
ing special treatment to obtain predictable spawn-
ing. In addition, some of our local ctenophores ,
Pleurobrachia bachei and Bolinopsis microptera,
spawn shortly after sunrise . In the ascidians, Ros e
(1939) has controlled the spawning of Styela
partita by keeping them in continuous darknes s
until 10 hours prior to the time when spawning i s
desired . Illumination for 10 hours induces th e
shedding of gametes . Local ascidians, with th e
exception of Corella willineriana, have not been
demonstrated to respond to light in this way .
Corella daily release their gametes soon after day -
light during the breeding season .

Increased temperature is an important natura l
stimulus to spawning in many invertebrates, es-
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pecially in the molluscs and echinoderms . Investi-
gators working with the commercially important
pelecypods (oysters, clams, mussels) have used
thermal stimulation with considerable success . For
example, Loosanoff (1954) has conditioned At-
lantic oysters, Crassostrea virginica, to develop
gonads and spawn in mid-winter by bringing the m
from perhaps 0°C. temperatures into the labora-
tory and raising the temperature gradually t o
20° C. or higher. At 30° C., 38% of the oyster s
were induced to spawn after treatment of only five
(lays .

In the case of many free-spawning echinod-
erms, pelecypod molluscs, and others, the role o f
chemical stimulation is of considerable interest .
The fact that the spawning ,of a single member o f
a population may trigger the whole group to activ-
ity is well known. Such chemo-stimulation has
obvious biological significance in causing epidemi c
spawning and facilitating fertilization . That thi s
chemical agent on the sperm is near species-spe-
cific in its stimulation of the female to spawn
(Galtsoff, 1940) has further important biologica l
implications. The male is less specific in its re-
sponse to egg water .

The addition of a small amount of sperm o r
egg water to the thermally stimulated oysters pre-
viously mentioned markedly increases the per-
centage of induced spawning (Loosanoff, 1954) .
This technique, credited to Trevor Kincaid (Mc-
Millin, 1924) is widely used commercially and i n
the laboratory. The effective agent seems to be
associated with the surface of the spermatozoa o f
the male, but its counterpart in the female ha s
been demonstrated to be in the egg water as wel l
as on the egg surface .

Thus, biologists have sought to control th e
spawning of many marine invertebrates by ma-
nipulation of the natural stimuli indicated above .
In addition, a few tricks of an "unnatural" sor t
have been used with some success .

The injection of isosmotic (0 .5 M) potassium
chloride into the body cavity of most ripe sea
urchins, sand dollars, and some starfish will in -
duce the shedding of gametes . This technique was
discovered by Palmer (1937) and has been use d
by many workers (Harvey, 1940 ; Tyler, 1949)
as a method by which conservation of adult ani-
mals is possible . The potassium chloride is con-
sidered to induce spawning by stimulating con-
traction of the muscle cells of the gonad . It is non -
lethal in controlled dosage, and the animal may b e
stimulated repeatedly without permanent damage .
We have used it at the Friday Harbor Laborator -

ies on the various species of sea urchins of th e
genus Strongylocentrotus as well as the sand dol-
lar, Dendraster excentricus, with success . Less
predictable results are obtained with the starfishes ,
Pisaster ochraceous, Evasterias troschelii, and the
gastropod, Calliostoma costatum. This intertidal
and deeper-water gastropod responds well t o
thermal stimulation (25°C .) during the summer
and, upon occasion, has been induced to spawn by
the addition of potassium chloride solution to sea
water around it .

Electrical stimulation has been found effective
for inducing spawning in ripe echinoids (Iwata ,
1950 ; Dan and Wada, 1955) and the edible mus-
sel, Mytilus edulis (Iwata, 1949) . It is believed
that it, too, initiates the shedding of gamete s
through contraction of smooth muscle of the
gonads. Between 20 and 30 volts of current are
passed through the sea urchin for 15 seconds or
less—the animals are not damaged.

Miyazaki (1938) has reported the use of ex -
tracts of such green algae as Ulva, Enteromorpha,
and Monostroma in the stimulation of spawning
of the Japanese oyster, Crassostrea gigas . The ef-
fective agent or agents have not been identified .
In yet another direction, Carlisle (1951, 1954 )
has indicated surprising success in initiation o f
spawning in the tunicate Ciona intestinalis fol-
lowing injection of each animal with either 1 mg .
mammalian chorionic gonadotropin or 1 mg . mam-
malian lactogenic hormone .

In such tube-dwelling polychaete worms a s
Serpula vermicularis and Sabellaria cementarium,
the careful removal of the animal from its tube
during the extended breeding season results i n
spontaneous shedding of gametes . In still other
forms, all else failing, a dissection of the anima l
(luring its reproductive season, exposing the
gonads and gonoducts, may result in freeing func-
tional gametes . In this category one might men-
tion a number of simple ascidians, some limpets ,
phoronids, and brachiopods .

While one may say that time does not permi t
a consideration of the mode of action of the sev-
eral spawning stimuli, both natural and artificial ,
one must emphasize that there exists a more im-
portant deterrant . Our information with referenc e
to most is limited	 few clear-cut causal relation -
ships have been elucidated . We operate by mimic -
king nature's way or applying artificial techniques
with little real understanding .

Success in obtaining functional, mature
gametes depends largely upon a knowledge of th e
natural breeding season of the species in the spe-
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cific locality under study . Such information, i f
available, is the accumulation of years of carefu l
observation and study. Records of observed re -
productive activity in the field and in the labora-
tory may be supplemented by surveys of plankto n
for early developmental or larval stages to pro -
vide a basis for more intensive investigation . The
identification of planktonic larvae often provide s
important clues to the reproductive season whic h
otherwise might escape detection .

Because of our limited understanding of th e
causal factors involved in the control of the re -
productive cycles for most invertebrates, it is no t
possible to apply the information from one regio n
to another with predictable success .

Thus far, we have been concerned solely wit h
obtaining the gametes or fertilized eggs . This firs t
step is indeed an important one if we are to fac e
the problems of rearing the embryos . These prob-
lems are many and often difficult to solve . Every
detail must be carefully scrutinized and evaluated ;
nothing may be taken for granted .

We have learned through experience that cul-
ture dishes or containers must be carefully sea-
soned and prepared . New, uncontaminated glass -
ware should soak in sea water for several week s
and be rinsed with several changes of clean se a
water or distilled water ; detergents, soaps, an d
dichromate cleaning solution are to be avoided .
We maintain in our laboratories a stock of suc h
"embryological" glassware ; its history is known ;
it is "biologically " clean and ready for use. Shoul d
it become contaminated by chance or carelessnes s
with fixatives or other toxic agents, it is returne d
to the general stock for less critical uses .

In searching for "culture media " for inverte-
brate embryos, embryologists have tried man y
preparations . Again, experience indicates tha t
pure, filtered, sea water serves most requirements .
The emphasis must be on the "purity" of the se a
water—freedom from heavy metals or other toxi c
contaminants is essential . The effectiveness of an
otherwise excellent sea water system can be nulli-
fied by the inclusion of even a seemingly smal l
source of toxic materials .

This point has been emphasized at the Frida y
Harbor Laboratories by our experience on tw o
different occasions. In the summer of 1953, the
supply of sea water to the laboratories was by an
all-glass system save for a hard rubber pump a t
the intake . Studies involving the fertilization an d
rearing of embryos of the highly sensitive hydro-
zoan, Halistaura cellularia, were progressing mos t
satisfactorily . Just after noon one day, eggs

handled in precisely the same fashion as before ,
failed to fertilize	 a drop from nearly 100% t o
1% development . Comparable difficulties were
noted in work with Strongylocentrotus pur-
puratus .

An investigation established that, unknown t o
the biologists, the rubber pump had failed and an
iron pump with bronze fittings had been put int o
service as a standby measure . Precise chemica l
analysis for copper in the sea water comin g
through the system with the metal pump showed
4.5 micrograms per liter . The same system with
the rubber pump supplied sea water with the nor-
mal 2 .5 micrograms per liter . That the volume o f
flow was near 45 gallons per minute serves t o
emphasize how brief a contact with metal is neces-
sary to contaminate the sea water . It is significant
that, with the return to service of the rubber pum p
and an interval of flushing, the troubles of th e
embryologists were solved .

In a study in systematics involving the rearin g
of the larval stages of commensal copepods of th e
family Notodelphyidae (Dudley, 1957), consider -
able success was had until a segment of galvanize d
iron pipe was installed in the sea water system .
While previously the larvae progressed success -
fully through the naupliar and first and secon d
copepodid stages, the latter stage is that at which
entrance to the tunicate host occurs ; new culture s
ceased to moult in the naupliar stage . Internal dif-
ferentiation progressed and these "nauplii "
showed internal characteristics of the copepodi d
stages . Confusion in description of these naupliar
stages could have resulted . The larvae died with -
out completing the moult . Tests involving the ex-
posure of pure sea water to pieces of galvanized
iron for a brief period corroborated the source o f
difficulty. Metallic zinc, brass, and copper were
demonstrated to have even more deleterious effec t
on the early larvae .

Where the source of sea water is unreliable ,
some investigators are adding chelating agents
such as versene to it or using carefully com-
pounded artificial sea water (Bernhard, 1957) .
The demonstrated sensitivity of developing stage s
of marine invertebrates, to various heavy metal s
makes such precaution mandatory.

Careful control of the temperature of the cul-
tures is especially important in a region such as
Friday Harbor where the animals normally live i n
water which seldom exceeds temperatures of 12°C .
or 13°C. even in the summer time . Many of the
local embryonic and larval forms develop abnorm-
ally or are killed by exposure to temperatures of
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18°C. or more . Prolonged exposure to low temp-
eratures is likewise injurious .

The nutritional requirements of developing in-
vertebrates demand careful consideration if one i s
to rear them successfully . Thorson (1946) in hi s
monumental study of larval development in
Danish waters has emphasized the variation i n
nutrition and its ecological implications . The food
to support the early development may be derived
in several ways . At one extreme, one finds em-
bryos which develop from large, yolky eggs with
sufficient nutrients to support development t o
young adult . To indicate the absence of correlation
between the mode of oviposition and mode o f
nutrition and development, I should like to cite a
few examples from our observations at Friday
Harbor .

These large, yolky eggs may be spawned freel y
into a pelagic existence as in the case of our local
cushion star, Pteraster tesselatus, or two common
sea cucumbers, Psolus chitonoides and Cucumaria
ininiata. They may be brooded and have no free
larval form as in the case of the small six-rayed
starfish, Leptasterias pusilla, or deposited in pro-
tective capsules as in the cephalopods, the gastro-
pods, Neptunea lyratus or Thais lamellosa . They
may be maintained in the mother's body as in th e
viviparous brittle star, Amphipholis squamata . In
all of these examples, the embryos are independ-
ent of outside sources of food .

In contrast, at the other extreme are those
embryos which develop from small eggs with
varying amounts of stored nutrient available .
Many of these are spawned free and in thei r
pelagic phase, which may last for several weeks ,
as in the case of the local species of Strongylo-
centrotus (droebachiensis, franciscanus, and pur-
puratus), which must select and utilize food from
the plankton—are planktonotrophic . Others hatch
from protective cases or jellies (Trichotro pus, sp . ,
Fusitriton oregonense, Aglaja diomedea, etc.) as
advanced larvae and take up a short planktono-
trophic existence . They require an outside food
source only in this last phase and thus would
occupy a position between the extremes in ou r
categorization .

In this intermediate range, one finds other in-
teresting adaptations for feeding. The feeding on
nurse eggs has been described for a number o f
groups and is well illustrated in the local gastro-
pod, Searlesia lira . This form deposits a variable
number (ca . 100) small eggs in a flat, transparent
case on the undersurface of rocks in the low in -

tertidal . These eggs, similar in appearance, hav e
quite different fates . From one to eight of th e
group progress through normal cleavage and de-
velop into larvae	 the remainder give indicatio n
of some early cleavages and then cease to develop .
After three or four weeks of development, th e
larvae begin to devour the other eggs whole .
These are consumed in a day or two and may b e
seen packed within the thin, transparent coverin g
of the visceral hump. The larvae, now supplie d
with food, remain within the case from three t o
four months and emerge as young snails to tak e
up a free existence . Thorson (1940) has found an
extreme case of nurse egg consumption in a deep -
sea species, V olutopsis norvegica . Each embry o
may consume from 50,000 to 100,000 nurse eggs .

A further illustration of embryos developing
from small eggs but supplied with a source o f
nutrients to carry them through development i s
that in which an "egg white" is deposited wit h
each egg by the female—this material nourishes
the growing embryo to adult form . This device i s
common in fresh water pulmonates and is foun d
at Friday Harbor in Siphonaria thersites, a marine
gastropod of somewhat uncertain taxonomic af-
finities .

Even in so sketchy a summary, it become s
obvious that individual consideration in the matte r
of food supply is essential for success in rearing
of invertebrate embryos and larvae . Many forms
are only contaminated unnecessarily by the hope-
ful addition of "food." They have their own sup-
ply and often have no morphological equipment
with which to utilize particulate food . It is often
necessary to protect these forms from bacteria l
contamination by use of antibiotics such as peni-
cillin G (50 units/ml .) and streptomycin (5 0
gamma/ml .) . Walne (1958) has found this a
useful technique even in the culturing of oyste r
larvae which were once thought to utilize bacteri a
as their early food source. The oyster larvae sur-
vive better on phytoplankton made relatively free
from bacterial invasion by use of antibiotics .

During larval development, it is the planktono-
trophic group, such as oysters, which must be sup -
plied choice items of diet . Unicellular algae and
diatoms of different size and degree of purity
have been cultured to provide a choice of foo d
for larvae . As has been so well demonstrated b y
Loosanoff and his coworkers on a number o f
bivalve larvae (Loosanoff, 1954; Loosanoff ,
Davis, and Chanley, 1954 ; Davis, 1953), not only
is the selection of food critical but also its size
and concentration are of utmost importance . Over-



56

	

MARINE BIOLOGY

feeding can cause death more quickly than star-
vation .

Dietary requirements and food sources chang e
with development and metamorphosis . For suc-
cessful rearing of the animal through its entir e
life cycle, careful study of these requirements a t
each stage is necessary .

It is important to mention the problem of pref-
erence for substratum in metamorphosing larva e
of many polychaetes, gastropods, pelecypods, asci -
(bans, and others . Many larvae will remain in the
planktonic phase past the normal time of meta -
morphosis unless provided with a suitable sub -
stratum for settling . The excellent work of D . P .
Wilson (1954), Knight-Jones (1953), and other s
has served to emphasize the specificity of response
to substratum in many larval types at the time o f
metamorphosis and its ecological implications . In
cultures, larvae will often fail to settle on glas s
and swim until death unless provided with an at-
tractive substitute . The substitute may or may no t
be a natural substratum . For example, wax serve s
very well in culture for the attachment of the as-
cidian, Boltenia villosa.

In conclusion, I should like to illustrate in a
positive way what can be done in the rearing o f
embryos when one knows and controls the condi-
tions of culture . The short movie of the develop-
ment of Halistaura cellularia was prepared by Dr .
Shinya Inoue (formerly of the Department o f
Anatomy, School of Medicine, University o f
Washington), using a few fertilized eggs in a
drop of sea water . With time-lapse camera an d
polarization microscope, Dr . Inoue recorded th e
development to the planula stage. The series o f
photomicrographs of stages in the developmen t
of the simple ascidian, Boltenia villosa, were pre -
pared by Richard A. Cloney as part of a doctora l
study at the University of Washington .

Discussion

QUESTION : Please comment on the use of plas-
tic lines instead of glass for embryological work .

DR. FERNALD : This question has to be answered
in terms of the use of specific kinds of plastics .
One has to be very careful because it is found
that a variety of plastics are available, some o f
which are highly toxic although the claims ar e
quite to the contrary. We are using, in addition to
the glass sea-water system, a polyethylene lin e
which is highly successful as far as all of the ob-
servations which we have made . Here, again, I
would emphasize that you cannot generalize and

be certain that polyethylene involves in one in -
stance the use of highly toxic agents and in th e
other one in which the end product, at least, i s
completely free of such .

QUESTION : How often do the sea urchin, S .
purpuratus, spawn naturally in Friday Harbor ?

DR. FERNALD : In terms of natural spawning, i t
is very difficult to say exactly how many times a
year these spawn, but the indication would be tha t
with proper feeding the urchin can show a re -
development of the gonad and a reaching of th e
spawning condition a number of times (luring th e
breeding season . Its precise number, I would no t
want to say .

QUESTION : Have plastic containers been use d
to rear marine larvae with any better results tha n
glassware referred to ?

DR. FERNALD : The same answer as we gave t o
the question on plastic lines applies . Certain plas-
tic containers are very good for this use in labora-
tory work . It simply means that one again has t o
test to determine that the type he is using is satis-
factory .

QUESTION : Is it possible to use sulfhydryl com-
pounds such as cysteine and thioglycollate in cul-
ture systems to remove heavy metals, or are they
too readily removed by oxidation ?

DR. FERNALD : I have had no experience wit h
the use of the agents mentioned . We have use d
versene and other chelating agents to advantage .

QUESTION : In some gastropods, there are two
types of sperm known . Do you know of any phy-
logenetic or other explanation of these kinds o f
sperm ?

DR. FERNALD : The answer is no . . . I do not .

QUESTION : What has been the success of raisin g
Cucumaria or other similar species in the labora-
tory ?

DR. FERNALD : Actually, we have not done ver y
much with Cucumaria . I have a student, Mis s
Sally Jones, who is working on the form Psolus
chitonoicies which has an egg very similar to
Cucumaria. These develop very well in the labora-
tory if they do not become contaminated wit h
bacteria . They will go through the planktonic
phase, which is one in which they require no
feeding, will metamorphose and attach to glas s
with considerable success . They will continue to
develop if provided with a supply of running sea
water from which they can select planktonic or-
ganisms .
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QUESTION : Could you tell me at which stage o f
cleavage the fertilized eggs of the brown nudi-
branch are emitted from the body, and if it woul d
be possible to remove the eggs prematurely to ob-
serve their development ?

DR. FERNALD : I am not sure what you mean by
the brown nudibranch . But most nudibranchs la y
the eggs in the fertilized condition before the y
have cleaved . Many of them, as a matter of fact ,
have a very slow development up through the firs t
cleavage . They, in other words, require a fair
period of time for cleavage to start . Some of th e
forms that we have observed may have a delay o f
as much as seven hours before cleavage actually
starts . I would suggest that probably the brown
nudibranch would have much the same pattern . I
know of no instance where the nudibranch group
lay eggs that are beginning the cleavage process .
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RALPH I . SMITH

Department of Zoology, University of California ,
Berkeley

The breadth of the topic implied by the title o f
this paper reflects the tendency of the speaker to
agree to talk before he has completed the neces-
sary thought processes regarding what he is goin g
to say. The topic is, indeed, broad enough t o
justify an entire symposium, but at this time w e
are limited to discussing in general terms th e
biology of brackish waters as an extension o f
marine biology, and to giving examples of recen t
studies of the physiology of animals that inhabi t
the brackish environment . In this environment o f
lowered or variable salinity, selection is intense ,
and the relationship between environmental
factors and physiological mechanisms to cope with
them provides a rich field of study . Accordingly ,
the physiology of brackish-water animals seen i n
relation to their ecology has been chosen as th e
framework of this discussion .

While it is not difficult to define brackish
waters (dilutions of sea water with fresh water) ,
the problem of classifying brackish waters has led
to continued disagreement among ecologists . The
problem is complicated by several facts . (1) At
low salinities the composition of the diluting
" fresh" water may appreciably affect the propor-
tions of ions present . (2) In some regions evap-
oration may extend the "brackish" range upwar d
into hypersaline conditions . (3) Some landlocked
saline waters possess ions in quite different pro-
portions than are found in sea water, and (4) I n
estuarine areas, where rivers mingle with tidal se a
water, the salinity is not constant, but varies
from point to point within the estuary, and from
time to time with the daily and lunar tidal cycles ,
with season, and with rainfall . Attempts to classify
brackish waters have sometimes led to the use o f
cumbersome and conflicting terminologies . The
most generally accepted systems have evolve d
from the simple "chlorinity spectrum" propose d
by Redeke (1922, and restated in 1933) . Its most
recent lineal descendant was adopted in 1958 a t
the Venice Symposium on the Classification o f
Brackish Waters . (Table 1 . )

The modifications introduced by the Venice
system include the raising of permissible limit s
within the mixohaline (which replaces the ter m
"brackish") so as to allow for conditions in th e
Mediterranean area, and for the use of ± signs
to indicate that the boundaries of the zones ar e
not rigid . It has to be recognized that any suc h
system of classification assumes the dual burde n
of attempting to provide generally-understoo d
descriptive terms, and of assigning quantitativ e
values to these terms without being unnecessaril y
rigid . Proper use of the Venice system, it is t o
be hoped, will make for more readily comparabl e
descriptions of brackish waters throughout the
world . But there remain two difficulties in thi s
approach to salinity classification . One of these i s
that in practice we rarely find "breaks" betwee n
ranges of salinity ; any divisions must be set by
faunistic or floristic breaks seen in the biota o f
the brackish waters under study, and there is n o
a priori assurance that such biotic breaks are
solely correlated with salinity in general, or wit h
particular salinity values . For example, Remane' s
famous diagram (Figure 1), based upon fauna s
of the Baltic-North Sea system, suggests a break
at 5 parts per 1000 (the oligohaline-mesohalin e
boundary, where most fresh-water component s
drop out) and another at 18 parts per 1000 (th e
mesohaline-polyhaline boundary, where the spe-
cific brackish-water fauna seems to reach its sea -
ward limit) . Yet we lack evidence for assuming
that in the warmer Caspian or Black Seas com-
parable faunal breaks necessarily occur at th e
same salinities . Hence the importance of the flex-
ibility implied in the (±) designations of th e
Venice system .

The second difficulty with classification o f
brackish waters by salinity values alone is the fac t
that variation in salinity characterizes most brack-
ish waters, especially in estuaries, so that a give n
animal may be exposed to oligo-, mesa-, or poly-
haline water in the course of a tidal cycle, or to
oligohaline water in the wet season and mesohalin e
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FIGURE 1 . Remane's generalized representation of
the proportion of fresh-water (diagonal striping) ,
brackish-water (vertical striping), and marin e
species found at different salinities in the Nort h
Sea-Baltic Sea system. From Remane (1934) .

in the dry. The duration of exposure is at least a s
important as the salt concentration reached. Ex-

	

tremes may be limiting	 means, meaningless . In

an effort to provide terms descriptive of the gen-
eral range and pattern of variation seen in differ-
ent waters, I have proposed (1957) the following
general categories of aquatic habitats from th e
point of view of salinity :

1. Marine environments, in which the salinit y
is 30 parts per 1000 or higher, and in which th e
concentration does not vary significantly in a n
ecological sense .

2. Marine dominated environments, as in th e
lower reaches of estuaries, in which the salinit y
varies tidally, but where the range of variation i s
moderate and includes concentrations part of th e
time equal to sea water (such waters would fal l
within the "polyhaline " or "mixoeuhaline "
ranges) .

3. Typically estuarine environments, wher e
tidal and sometimes seasonal salinity variation be -
comes the most striking characteristic, and wher e
salinities as high as sea water or as low as fres h
water may be encountered periodically .

4. Tideless brackish environments, where sa-
linities are less than that of sea water, and wher e
salinity variation is seasonal, and often of long
duration. Examples include the Baltic and Cas-
pian Seas, Chilka Lake (India), etc .

5. Limnetic or fresh-water environments, in
which salinity is minimal at all times, and varia-
tion in salinity absent .

6. Special instances of brackish waters rend-
ered hypersaline by evaporation, or of inland
waters having a different proportion of ions fro m
that seen in sea water are not readily classified ,

Table 1 . CLASSIFICATION OF BRACKISH WATERS

Redeke system (1933)

	

Venice system (1958 )

Zones Salinity

	

Zones Salinity

(parts per 1000) (parts per 1000 )

Hyperhaline ± 40

Sea Water > 30 Euhaline (sea water) ± 40 — ± 3 0

± 30 ,
Polvhaline 30—18 Mixoeuhaline but < adjacen t

euhaline se a.11CI (Mixo) polyhaline ± 30— ± 1 8
Mesohaline 18—1 .8

(Mixo) mesohaline ±18—± 5

Oligohaline 1 .8—0.2 (Mixo)

	

oligohaline ±5_±0. 5

Fresh Water < 0 .2 Limnetic (fresh water) < ± 0 .5
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and, indeed, habitats can easily be found that par -
take of the characteristics of more than one of th e
above environments . Nevertheless, the attempt t o
describe the brackish-water environment makes u s
more aware of its extent and complexity, and o f
the dimensions of the physiological problems con -
fronting its inhabitants .

The ecology of brackish waters has recently
been well reviewed by several authors in Volum e
I of the "Treatise on Marine Ecology and Paleoec-
ology," edited by Hedgpeth (1957), and by Re-
mane in Volume 22 of "Die Binnengewasser "
(1958) . The physiology of brackish-water organ -
isms has been comprehensively treated in th e
latter volume by Schlieper .

The physiological aspects of brackish-wate r
biology may be approached in various ways . The
cell physiologist is immediately concerned with
the facts that any living system is different from
the surrounding environment, and that these dif-
ferences are set up and maintained by active pro-
cesses at cell surfaces . He becomes interested i n
basic mechanisms at the molecular and energeti c
level . The organ-system physiologist realizes that
the multicellular animal provides within itself a
stable "milieu internale, " differing markedly fro m
the outside medium in ionic composition, an d
often in osmotic pressure, as in the case of brack-
ish or fresh-water animals . Setting aside the prob-
lem of how the cells themselves regulate agains t
the "milieu internale" of the body, he concern s
himself with organic mechanisms for the discharg e
of excess water via nephridial organs, the per-
meability to water of the outside surfaces, th e
active uptake of salts from the medium by th e
body epithelium, or the recovery of salts fro m
urine in the nephridia . The physiological ecologist ,
or ecological physiologist, works with environ-
mental variables as he finds them in the field, and
becomes acutely aware of the interaction of en-
vironmental factors such as salinity, temperature ,
oxygen, food supply, and also of reproduction .

He soon finds himself attempting to unrave l
details of adaptation to a complex environmen t
and is faced with problems of genetics, selection,
evolution and systematics . Since it is not possible
to detail today so complex a picture, even fo r
one species, I shall trace certain problems upon
which I have been engaged, and cite related work
to indicate current areas of interest where active
studies are being or should be pursued .

My own interests have for several years cen-
tered upon two very similar species of brackish-
water polychaete worms . One of these, Nereis

limnicola (= lighti) , occupies estuaries from Van -
couver Island, Canada, to the central Californi a
coast, and a population exists isolated in the fresh -
water Lake Merced at San Francisco . This specie s
is unique among nereids in being viviparous, th e
young arising by self-fertilization of eggs in th e
coelom of the parent, where they develop to a
length of several millimeters before being born a s
fully-formed juvenile worms (Smith, 1950) . The
other species is Nereis diversicolor of the north
Atlantic and Mediterranean areas ; its males an d
females release gametes into the water and pro -
duce yolky trochophore larvae that develop int o
juvenile worms rather directly, without passin g
through a swimming or planktonic phase . Nereis
diversicolor occurs in estuaries of Britain and the
continental coasts of northwest Europe, seldo m
if ever being found in full-strength seawater i n
that region, and reaches one ecological limit o f
its salinity range in the inner Baltic (Smith, 1955 ,
1956) . Study of the level of coelomic fluid chlor-
ide maintained by N. diversicolor after it has bee n
carefully adapted to low salinities has shown tha t
over the more saline range of brackish water, th e
worm "conforms " or "adjusts," so that its in-
ternal chloride concentration follows rathe r

ID
CHLORIDE Of MEDIUM, GM/L .

FIGURE 2. Chloride regulation in coelomic fluid
of Nereis diversicolor from six European local-
ities . Millport (Scotland) and Kingsbridge (Eng-
land) are marine-dominated, the River Tama r
(England) and Isefjord, (Denmark) are typically
estuarine, and Tvarminne (southern Finland) i s
in a tideless region of stable low salinity. From
Smith (1955) .
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closely that of the outside medium (Figure 2) .
However, over the range of salinities below abou t

that of seawater, N. diversicolor regulates it s
chloride at a fairly constant level, down to ex-
ternal chlorides about 1/20 that of sea water ,
where it may show signs of failure . Specifically ,
worms from marine-dominated habitats in Britai n
fail to adapt to fresh water and die . On the othe r
hand, worms from waters of low salinity in estu-
aries of Britain and Denmark, and from the low-
mesohaline of the Gulf of Finland survive read-
ily in fresh water . It is noteworthy that the "pla-
teau" of chloride regulation is at very much the
same level, regardless of whether the worms com e
from marine-dominated regions or from a region
of permanent low salinity (4-6 parts per 1000 )
as in the Baltic . We seem to be dealing with a
chloride level below which the cells and tissues d o
not function, and below which the organs of regu-
lation do not permit the coelomic fluid to fall ,
despite centuries of existence of the Baltic popu-
lation in low salinities . On the basis of the level
of chloride regulation, we could not say that the
Baltic population constitutes a "physiological race "
of N. diversicolor . However, we do notice that
they can tolerate fresh water in the laboratory ,
which worms from marine dominated habitat s
cannot; this may be indicative of some real phy-
siological differences between these populations ,
though whether genetically a "racial" distinction ,
or merely the result of environmental stress an d
conditioning during ontogeny, cannot at the
moment be said .

The above-mentioned laboratory results indi-
cated that Finnish, Danish, and certain British
populations can endure fresh water in the labora -
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FIGURE 3. Weight changes in Nereis limnicola
transferred at 13°C to media of low salinity.
Compare with Figure 4 . From Smith (1957) .
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FIGURE 4. Weight changes in N. limnicola trans-
ferred at ca. 2°C to media of low salinity. Note
failure to control swelling ; compare with Figur e
3. Modified after Smith (1957) .

tory, and it was not surprising to find the specie s
extending into nearly fresh-water conditions i n
the heads of British and Danish estuaries, where ,
indeed, it is the last representative of the typica l
group of brackish-water animals that include Ma -
coma baltica, I1/7ytilus edulis, Cardium edule, Ba-
lanus improvisus, Corophium volutator, etc . But
it was a surprise to find that, in the Gulf of Fin -
land, N. diversicolor is the first of this assemblag e
to drop out, at a summer salinity of about 4 part s
per 1000, whereas the other species mentione d
extend into waters of still lower salinity. One i s
forced to conclude that in the Baltic, the salinit y
prevailing in summer is not the limiting factor .
If salinity is a limiting factor at all, it must b e
operating in combination with some other factor ,
probably low temperature . The hydrographi c
picture of the Gulf of Finland is such that mini-
mal salinities are encountered beneath the ice a t
the time of the spring melting of snow . Two pos-
sible ways by which the distribution of N. diver-
sicolor might be limited are : (1) Temperature s
near 0°C. might prevent the adult worms from
performing the osmotic work necessary to surviv e
the spring inundation of nearly fresh water, o r
(2) these conditions might not harm the adults ,
but might prevent reproduction and/or the dis-
persal of larvae . It appears probable that N. diver-
sicolor is a spring breeder, raising the possibilit y
that its naked larvae may be exposed to a letha l
combination of low salinity and low temperature .
Furthermore, even if the larvae escape this phys-
iological crisis, they may face a hydrographi c
problem posed by the fact that in spring there i s
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a net seaward movement of water in areas re-
ceiving land drainage, so that whatever passive
dispersal the essentially benthic larvae receiv e
would tend to prevent their colonizing shorewar d
areas . In contrast to N. diversicolor and its pat -
tern of reproduction, its brackish-water associate s
are either summer breeders or spend a long perio d
in the plankton as larvae ; they may thus coloniz e
areas of low salinity during the summer month s
when hydrographic conditions are more stabilized .
It is clear that ecological distribution cannot b e
related to any one factor of the environment, an d
that low temperature acting in combination wit h
low salinity may provide a limiting situation eve n
though neither factor would be limiting by itself .

Although it was not possible at the time t o
study the effects of low temperature upon N .
diversicolor in the Baltic area, I have been abl e
to obtain evidence that seems confirmatory fro m
the responses of N. limnicola collected in estuarie s
on the California coast . In its chloride regulation ,
this form shows the same pattern as in N. diversi-
color, and is morphologically very similar as well .
Worms were adapted to brackish water (sea wate r
diluted to a chlorinity of 5 grams per liter) fo r
some time, then transferred directly to pond wate r
or to extreme dilutions of sea water, and th e
weight changes caused by the osmotic uptake o f
water were followed for a period of two days
(Smith, 1957) . When this experiment was don e
at 13°C. the worms controlled their volume in
pond water and 1/20 seawater (chloride = 1 part

per thousand) as shown in Figure 3 . But when per-
formed at a temperature of 1°C . to 2°C., this ex-
periment showed failure to control volume in th e
fresh water or 1/20 seawater (Figure 4) . Othe r
studies made at this time showed that N. limnicol a
could not maintain the usual chloride level of it s
coelomic fluid at temperatures near zero .

Numerous other examples of the close inter -
action of salinity and temperature can be foun d
in the literature . Wikgren (1953) gives a good
general discussion of the mechanisms probably
involved, namely, relative rates of ion uptake an d
ion loss, lowering of permeability with a lowering
of temperature, effects of tissue hydration upo n
metabolism, etc . For the present discussion, w e
may focus our attention upon certain example s
of the effects of salinity-temperature interaction ,
leaving aside the mechanisms involved . Thus ,
McLeese (1956) has worked out for the Atlanti c
lobster, Homarus americanus, the combinations o f
high temperature, low salinity, and low oxyge n
that are sufficient to effect a 50% mortality within
48 hours. He has summarized his findings in a
three-dimensional graph, reproduced here as Fig-
ure 5 . Inspection of it will make clear that (within
the range where any one factor is not by itsel f
lethal) the effect of a given salinity is limitin g
only when certain temperatures prevail, and vic e
versa. Oxygen concentration must also be take n
into account when this factor is at a low level .

In a study of a different sort, Kinne (1957 )
has provided an excellent account of the interac-
tion of salinity and temperature upon the growt h

FIGURE 6 . Length of the hydranths of Cordylo-
phora grown at different temperatures at a uni-
form salinity of 17 parts per 1000 . From Kinn e
(1957) .

6
4

FIGURE 5. Diagram of the boundaries of lethal
conditions set by combination of high tempera-
ture, low salinity, and low oxygen for the lobster ,
Homarus. From McLeese (1956) .
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of the fresh-water hydroid Cord yl o phora . In
nature this animal inhabits a wide range of salin-
ities, including fresh water . Kinne worked wit h
a Baltic Sea population that thrived at a salinit y
of 17 parts per 1000. If, at this salinity, growing
colonies are exposed to different temperatures, it
is seen that there is a temperature range (ca . 10°C .
to 20°C.) within which growth is essentially un-
affected. But temperatures only 3°C . above o r
below this range result in a marked reduction in
growth (Figure 6) . If, on the other hand, salini-
ties and temperatures are presented in differen t
combinations, it is found that the "salinity opti-
mum" for hydranth size and form shifts wit h
temperature . In Figure 7 are shown the result s
of Kinne's study of growth and form of hyd-
ranths developed at various combinations of salin-
ity and temperature . In terms of hydranth length ,
it may be seen that at 20°C . the "optimum" salin-
ity is high (17 parts per 1000), but at 10°C . th e
"optimum" salinity has dropped to 10 parts pe r
1000 . Overall growth in fresh water at 10°C. i s
superior .to growth at any salinity at a tempera-
ture of 23°C . It is notable also that the hydranth s
are rounded in form when grown in fresh wate r
or low salinity ; Kinne attributes this to a chang e
in cell shape such as to reduce the surface-volum e
ratio, and regards the form-change as a true regu-
lative mechanism. It is clear that salinity an d
temperature must be considered together in an y
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FIGURE 7 . Form and size of hydranths of Cordy-
lophora grown at different combinations of salin-
ity and temperature . From Kinne (1957) .

ecological or physiological consideration of Cor-
dylophora .

A most interesting and well-documented salin-
ity-temperature relationship has been worked ou t
in Holland for the shrimp Crangon crangon by
Broekema (1941) . This shrimp shows migrator y
behavior, being found in summer in shallo w
brackish waters of the Dutch coast, but with th e
onset of cold weather in autumn it leaves thes e
regions for deeper and more saline waters in th e
North Sea . In extensive studies of survival at
different temperatures and salinities, Miss Broe-
kema found that adult shrimp exposed to cold
water (4°C.) survived best at a salinity of 3 3
parts per 1000 ; at a temperature of 20°C. the
optimum salinity was 28-29 parts per 1000 . Since
Crangon actually penetrates into much less saline
waters in summer (to as low as 10 parts pe r
1000), its salinity range is far wider than that
defined by the laboratory "optima." Broekema de-
termined the concentration of the blood in animal s
exposed to a wide range of salinities at 4°C . and
20°C. The graph summarizing her results is re-
produced as Figure 8 .

It can be seen that Crangon is relatively
homoiosmotic, that is, it tends to regulate the con-
centration of its blood despite changes in externa l
salinity, even though not independent of such
changes . Furthermore, Crangon is hyperosmotic
in salinities below 21-23 parts per 1000, and
markedly hypoosmotic at higher salinities . This
tendency is marked in a number of brackish-wate r
crustaceans . Verwey (1957) has recalculated Mis s
Broekema's values for blood and seawater concen-
tration in terms of osmotic pressures, which are a

so.

FIGURE 8. Concentration of the blood of Crango n
crangon as a function of salinity of the mediu m
at 20° C . and 4° C. from Broekema (1941) .
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Table 2 . SALINITY AND OSMOTIC PRESSURE OF THE BLOOD OF SHRIM P

Environment Blood
Differenc e

Temperature Salinity
Osmoti c
Pressure "Salinity"

Osmoti c
Pressure

in Osmotic
Pressur e

Centigrade (parts per 1000) Atmospheres (parts per 1000) Atmospheres Atmospheres

4° *33 .0 23 .0 27 .3 19.0 4 .0
28 .5 19 .9 24.7 17 .2 2. 7

21° 33 .0

	

24.4 25 .8 19 .1 5 . 3
*28 .5

	

21 .1 23 .2 17.1 4 .0

(* "optimum " salinity for the respective temperature . )

function of temperature as well as salinity . In the
table above are shown the osmotic pressures o f
seawater of salinity 33 parts per 1000 and 28 . 5
parts per 1000, at temperatures of 4°C . and 21°C .
These values were chosen because in Miss Broe-
kema's study, the optimal salinities for survival o f
adults were found to be 28.5 parts per 1000 at
21°C. and 33 parts per 1000 at 4°C. Also shown
are the "salinity" and osmotic pressure of th e
blood of shrimp maintained at each of the fou r
combinations of salinity and temperature .

From the above table it may be seen that for
shrimp held at their respective salinity "optima, "
corresponding to 4°C . and 21°C., the difference i n
osmotic pressure between blood and medium re -
mains the same, four atmospheres . Thus a shrimp
exposed to falling temperatures while in brackis h
inshore water, responds by a rise in its interna l
concentration, tending to make its blood mor e
nearly equal to the surrounding water . This i t
seems to avoid by migrating to the North Sea ,
where in more saline water at the lower tempera-
tures of winter it is able to enjoy the same degre e
of hypotonicity it maintained during the summer .

FIGURE 9 . Blood concentration of the amphipod
Gammarus duebeni as a function of salinity a t
20° C . and 7° C . From Kinne (1952) .

According to Verwey, "One gets the impression
that Crangon by its migration tries to keep the dif-
ference between osmotic pressures of blood and
medium at a constant value." Whether it tries i s
perhaps not the question at issue ; it is, however ,
an interesting result . Time does not permit furthe r
elaboration of points raised in Verwey's very in-
teresting discussion, but it must be pointed ou t
that whereas Crangon seems to find "optimum "
salinities in the more saline part of the range o f
salinities experienced ecologically, certain other
crustaceans find their optima in the lower end o f
the range of salinities tolerated by them, and thes e
forms tend to hyper-regulate at a higher level
when exposed to relatively low temperatures .
Thus Kinne (1952) reports that Gammarus due-
beni, which has an optimal salinity range in natur e
between 5 and 15 parts per 1000, hyper-regulates
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FIGURE 10 . Blood concentration of the crab Rhi-
thropanopeus harrisii as a function of salinity a t
20 0 C. (circles) and 7° C. (dots) . From Kinne and
Rotthauwe (1952) .
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in this range, and does so more strongly at 7°C .
than at 20°C . (Figure 9) . Likewise, Kinne and
Rotthauwe (1952) have shown that the crab
Rhithropanopeus harrisii, which is generally found
in salinities as low as 1 to 5 parts per 1000 or even
in fresh water, shows the same response to temp-
erature, maintaining its level of hyper-regulation
markedly higher at 7°C . than at 20°C. (Figure
10) . It should not be concluded that these result s
are incompatible with those I have reported fo r
Nereis limnicola, for in the latter instance th e
temperatures were extremely low, such as to in-
hibit physiological activity, while 7°C . is within
the active range of a temperate-zone aquati c
animal . It is possible that experiments involving
only two temperatures fail to give us an adequat e
picture of the temperature-salinity relationship ,
and do not tell us the real upper and lower temp-
eratures which bound the relatively "normal "
range of activities, nor can we tell if the tempera-
tures of 20°C. used in the experiments are not
very close to temperatures where a marked drop
in activity occurs, as Kinne (1957) has shown
for growth of Cordylophora . Then too, we need
to know the temperature-range of the species in
nature, some species being decidedly more cold -
water or northern in distribution than others . In
such northern forms there has been remarked a
tendency to advance into fresh water in the mor e
southern parts of the range . Gammarus ducben i

12.5-

2 .5
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12.
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Medium, CI in mg/m l

FIGURE 11 . Comparison of coelomic chloride
regulation in estuarine and fresh-water popula-
tions of Nereis limnicola . Original .

shows this markedly, being exclusively brackish -
water in its distribution in the Baltic Sea, bu t
found in fresh waters in Ireland and England,
and known from fully marine waters only on th e
arctic shore of the Barents Sea, near Petsam o
(Segerstrale, 1946, 1948, 1950) . The probability
that the fresh water populations represent distinc t
physiological races makes the analysis of such a n
ecologically diverse species as Gammarus duebeni
a most complicated problem . It must be empha-
sized that we lack sufficient data on salinity-temp-
erature relationships to permit extensive general-
izations .

Before jumping to the conclusion that the dif-
ference between Crangon and Gammarus dueben i
is related to the more northern distribution of th e
latter species, we should reflect that both Crangon
crangon and Rhithropanopeus are found in th e
Black Sea and both penetrate a short way into th e
Baltic Sea; thus, their ranges tend to coincide
temperature-wise, but their salinity preference s
and their osmotic responses to salinity and temp-
erature seem to differ . A more detailed study i s
obviously needed .

One cannot fail to be impressed when makin g
even a brief survey of this sort, that the specie s
of certain genera may exhibit a surprising diver-
sity of salinity-temperature preferences . One
naturally inclines to ask whether or not thes e
physiological differences are the consequence o r
the cause of the original separation of the grou p
into species, and from here one is led to as k
whether or not physiological differences of a
lower order may not permit the recognition o f
" incipient species" or "physiological races " within
a species found under widely divergent ecologica l
conditions . Since the brackish-water habitat is s o
often discontinuous, and one in which extreme s
of the factor of salinity are encountered, variou s
workers have looked for physiological races, as I
have done with Nereis diversicolor and N. limni-
cola. It must be made clear that a physiological rac e
can only be selected by the operation of environ-
mental factors, and that to recognize such an en-
tity we must apply a proper test ; we must ask the
right question if we expect the animal to answer .
In the example of N. diversicolor in northwestern
Europe, we have seen that the test of the level o f
coelomic chloride in relation to the salinity of th e
medium is probably not a question that the anima l
can answer	 the response seems uniform through -
out the species . The test of fresh water may b e
more informative, but my information on this i s
too scanty to permit a generalization . We must
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FIGURE 12. Comparison of coelomic osmotic pres-
sure regulation in estuarine and fresh-water pop-
ulations of N. limnicola . Original .

further recognize that if environmental factor s
can condition an animal during ontogeny, adul t
populations may be produced that react differentl y
to physiological tests, but are themselves genetic -
ally alike . Only breeding experiments can clarif y
this last possibility . Following the work on Nerei s
diversicolor discussed earlier in this paper, studie s
were made on N. limnicola . Estuarine members o f
this species showed a level of chloride regulation
quite comparable to that of N. diversicolor. How-
ever, unlike the latter species, N. limnicola con-
tains one population inhabiting fresh water, Lak e
Merced in San Francisco, and has provided an
opportunity to compare a fresh-water, isolate d
population with estuarine members of the same
species .

In experiments conducted over the past tw o
years, comparisons have been made of coelomi c
chloride regulation in worms from Lake Merced ,
and from the estuaries of the Salinas River and
Walker Creek. It would appear that there is a
small but significantly higher level of chloride
regulation by the fresh-water population whe n
compared to estuarine worms collected at the same
time and held under identical laboratory condi-
tions (Figure 11) . The fresh water worms seem
to be slightly better regulators . Preliminary studie s
of the osmotic pressure of coelomic fluid in thes e
populations suggests that the fresh-water worm s
have the same or a slightly higher osmotic pres-

sure (Figure 12) . This being the case, the osmoti c
stress endured by the fresh-water worms is a t
least as great as, or greater than, that endure d
by estuarine members of the species .

In order to test the active response to sudden
osmotic stress, groups of Lake Merced and estu-
arine N. limnicola were adapted to half-strength.
sea water for periods up to 9 weeks . Even after
such adaptation under identical conditions, the
fresh-water population showed a lesser degree o f
swelling upon immersion in fresh water, and a
better volume control (Figure 13) . These experi-
ments will be reported in more detail elsewhere .
The results indicate that adult worms from Lak e
Merced are physiologically different from estu-
arine members of the same species . Since we kno w
that, if anything, the Lake Merced worms regu-
late at a higher level and so maintain a greater
osmotic gradient, we conclude that their more
effective volume control resides in some activ e
physiological ability to control swelling . Since
both groups swell at about the same rate, there i s
no evidence at present for a difference in per-
meability of the body wall, as has been postulate d
by Jorgensen and Dales (1957) for N. diversi-
color in very low salinities . Possibly the Lake
Merced population possesses a greater ability to
prevent swelling by a more rapid urine output ,
but this point awaits further study .

We are still not ready to say that the Lak e
Merced population has reached the status of a
physiological race, despite the fact that its mem-
bers do behave differently . Only if we can show

FIGURE 13 . Comparison of volume regulation in
estuarine and fresh-water N. limnicola immersed
in fresh water after over 62 days of adaptation
to half-strength sea water . Original .

Volume control in Lake Merced and Walker Creek worms ,

adapted to dil. SW (CI=10%°)for > 62 days since collection .
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that the observed differences persist in a secon d
generation of worms born and reared in identica l
conditions, from parts of the estuarine and la-
custrine populations, may we claim that we ar e
dealing with genetically distinct physiologica l
races . Conversely, if we can produce the observed
differences among the offspring of either popula-
tion by rearing them in different salinities, w e
may be in a position to say that the semblance o f
"physiological races" is, in this instance, merel y
the result of ontogenetic conditioning of genetic -
ally similar populations .

Recently Schlieper (1955) has examined a
comparable problem in the mussel, Mytilus edulis .
Mytilus from the North Sea has a lower respira-
tory rate at its normal salinity of 30 parts per
1000 than M'vtilus from the Bay of Kiel at th e
prevailing salinity of 15 parts per 1000 . Schlieper
found that if mussels from each of these salinitie s
were transplanted to the other salinity, a progres-
sive shift in respiratory rate took place until, afte r
a period of 4 to 7 weeks, the transplanted mussel s
had assumed the rate characteristic of the nativ e
mussels of the respective areas . The initial dif-
ferences are thus eliminated by acclimation, an d
one may not postulate physiological races . In thi s
instance, neither population could be said to b e
isolated from the other ; they are parts of a con-
tinuous population inhabiting a long salinity grad-
ient, and are assured of continual population mix-
ing by having planktonic larvae .

In various parts of the world, interest in salin-
ity and temperature tolerance of possible "physi-
ological races" of brackish-water and other ani-
mals continues to rise . In recent years efforts have
been made to use the lethal temperature for whol e
animals (Fry, 1957), or the thermostability o f
isolated tissues (Ushakov, 1958), as a taxonomi c
tool . Fry gives a good discussion of the problem ,
and points out. the difficulties raised by ontoge-
netic conditioning to temperature . Ushakov argue s
that "the thermostability of tissues in poikilother-
mic animals presents a convenient cytophysiologi-
cal criterion for the determination of a species . "
While such ideas are not likely to become immedi-
ately popular among systematists, they do offer
an interesting approach to the study of physiologi-
cal isolating mechanisms possibly important i n
speciation . From what has been said earlier, the
combined study of temperature and salinity ma y
offer even more . An interesting instance of physio-
logical isolation by salinity tolerances has been re -
ported for Nereis diversicolor in the Black Sea
region by Pora and Rosca (1952) . These authors

report that certain Rumanian lagoons or " limans, '
separated from the Black Sea by sand banks, hav e
over a period of 40 years reached a salinity o f
62 parts per 1000. Adult N. diversicolor, collecte d
in these lakes, were found to be unable to sur-
vive in Black Sea water, and worms of the latte r
would not survive immersion in water tolerated
by the saline lagoon population . The authors con-
sider that the lagoon population represents a "phy-
siological species," and consider that this breakin g
up of a "systematic species" into such physiologi-
cal entities (for which the term "physiological
race" seems more suitable) represents a first ste p
in the establishment of a new species . This mat -
ter deserves further attention .

The ability of brackish-water populations to
become acclimated to different salinity regimen s
is marked, and there are numerous instances o f
natural transfer or transplantation by man o f
various species into new waters . Thus, the Chi-
nese mitten-crab Eriocheir has become widely es-
tablished in European rivers, and the small cla m
Dreissena has been spread throughout Europea n
rivers from the Caspian Sea, probably since 1810 .
A most notable transplantation by man in recen t
times has been the introduction of the polychaet e
Ncanthes succinea into the Caspian Sea from th e
Black Sea, starting with 65,000 worms in 1939-4 1
(Zenkevich, 1957) . The present quantity of thes e
worms consumed annually by Caspian fish ha s
been estimated as sufficient to load a freight trai n
72 miles long ! Several other forms are reported
by Zenkevich to have undergone "biological ex -
plosions" after introduction into the Caspian Sea .

Thus the brackish waters of the world can b e
productive in material as well as in scientific ways .
To the zoogeographer, ecologist, evolutionist an d
physiologist, they offer innumerable problems fo r
individual research and international cooperatio n
as challenging as any others that the seas afford .

Discussio n

QUESTION : Have you any comment on th e
problem of raising salmon in brackish wate r
ponds ?

DR. SMITH : Where is Dr . Clemens? I don' t
know enough about the problems of raising sal-
mon . I'm afraid I wouldn't want to comment o n
that .

QUESTION : Do you know of "freshwater "
species that can be adapted to at least half sal t
water?
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DR . S1\IITI-I : I've been told that there is some -
one around here named Miller working on cray-
fish which work down rivers into salinities a s
high as half sea water . I've been wanting to talk
to Miller and would like to catch him afterward s
if I may. There are a number of instances of th e
reverse adaptation : certain Caspian forms like the
clam Dreissena have spread throughout the river
systems of Europe . And there are some other in-
stances of polychaetes, for instance, invadin g
fresh water . There are a good many groups o f
crustacea which are found in fresh water, pre-
sumably coming in from the sea . I think the re -
verse is much rarer . And it is notable of brackis h
waters that the fresh water fauna is terminate d
very sharply as_the salinity increases, whereas the
brackish water fauna is attenuated very gradually .

Note added in proof : Mr. George C. Miller later in -
formed me that there are a number of records of cray-
fish in brackish water . We have identified Balanus
nnprovisus, a barnacle characteristic of brackish water ,
growing on the shells of crayfish in Oregon waters, in
salanities of at least 13 parts per 1000 .
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An Integrated Approach to Some Problem s
of Marine Biological Deterioration :
Destruction of Wood in Sea Wate r

DIXY LEE RA Y
Department of Zoology, University of Washington

The topic that I have chosen to discuss is bot h
broad and narrowly confined . It is broad becaus e
"marine biological deterioration" implies a multi-
tude of problems and activities each of which may
be investigated by observation, by analysis, and by
innumerable experimental techniques . And it i s
confined, because of all the many thousands o f
different marine animals, only two are of any con-
sequence as destroyers of wood . These two, one
of them a mollusc best known by the name of it s
widespread genus "Teredo" (or by its descriptiv e
if inaccurate common name "shipworm"), an d
the other , a minute crustacean called Limnoria
(or in some places known as the "gribble"), di -
vide between them on an almost equal basis th e
world-wide damage to marine wooden installations .
To be sure, both of these wood borers are repre-
sented by many different species each with its own
characteristics and special features . The relativ e
numbers of individuals and of species may var y
considerably in different parts of the world, but
these two animals are everywhere the chief agent s
of wood destruction in the sea .

Because my own studies concern Limnoria, I
have chosen to limit my remarks mainly to infor-
mation about this organism, and I will try to sum-
marize what we already know about this ubiqui-
tous pest and what lines of investigation are pres-
ently being pursued .

At the beginning it may be appropriate to ask ,
1) what is the nature and extent of the problem ,
and 2) i s it a problem that both from the eco-
nomic and the biological standpoint is worth in-
vestigating. The problem itself can be simpl y
stated . It is that unprotected wood in contact with
sea water soon becomes honeycombed with the
burrows of marine wood-boring animals . How
soon? A good-sized pile may be destroyed in a s
short a time as 6 months or it may survive fo r
several years . With unprotected wood the danger

1 These studies were aided by a contract between the Biolog y
Branch of the Office of Naval Research, Department of the Navy,
and the University of Washington, NR 104-142 .

of imminent failure is ever present . Treated wood
lasts longer, but all too often the wood borer s
somehow gain entrance and their destructive ac-
tivities may begin long before the serviceable lif e
of the boat, float, pile or dock should be ended .

The extent of the problem can be expressed
most dramatically in terms of financial losses .
Estimates of the actual damage are difficult t o
evaluate, but it appears likely that American
losses run annually to about $500 million, and
that the annual cost of wood borers to the Unite d
States Navy alone is approximately $50 million
(P.D .C. Newsletter, January, 1958) . For the
single province of British Columbia in Canada ,
Trussell (1959) has reckoned the annual losses at
"several millions of dollars ." The figures for the
entire world, if they were available, would be
staggering indeed . Such sums, even though they
are rough estimates, testify to the fact that pres-
ent methods for protecting wood from deteriora-
tion in sea water are either far from effective, o r
that there is somewhere a failure in their success-
ful application .

Aside from the economic features, which w e
can never wholly ignore, the biological aspects of
the problem of marine wood borers are of very
basic interest . Few animals feed on wood, but thi s
is true of Limnoria and probably also of Teredo .
Many different kinds of animals can burrow int o
the substratum in which they live, but few o f
them do this by chewing out a tunnel and at th e
same time derive their nourishment from the ex-
cavated material . But this, in essence, is just wha t
Limnoria does . Moreover, many of those animal s
such as termites and wood-boring beetles that d o
burrow into wood and feed upon it, generally ar e
themselves unable to digest the wood that the y
swallow. They are dependent upon the activitie s
of microorganisms, bacteria and protozoa, that liv e
within the gut and produce the enzymes that make
the initial attack on wood . But Limnoria is able ,
independently, by elaborating its own cellulolytic
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enzymes to degrade cellulose and to use wood fo r
food . Cellulose represents the most abundan t
carbohydrate reserve in nature, yet because of it s
high degree of polymerization and insolubility i t
is seldom exploited as food by higher animals . An
understanding of the way in which cellulose i s
broken down enzymatically to glucose, would have
far reaching and significant theoretical value .
(Tracey, 1959) .

General Morphology of Limnoria
Let us then take a closer look at this anima l

with the remarkable ability to feed on wood an d
to utilize its carbohydrates, including cellulose it -
self . Limnoria is an isopod crustacean (Figur e
1) ; the body is small, seldom exceeding 3 .5 mm .
in length and a millimeter or so in width . It i s
slightly compressed or flattened dorsoventrally an d
has a jointed, articulated exoskeleton . The body
is divisable into three regions, head, thorax, an d
abdomen, and is sufficiently flexible to roll up int o
a tight ball when disturbed . The head (Figure 2 )
bears two pairs of short sensitive antennae, a pai r
of black, conspicuous, compound eyes, and a com-
plex set of mouth appendages of which the toug h
jaws or mandibles perform the major chore o f
wood cutting, acting in the manner of a rasp an d
file . In the middle or thoracic area are the seven
pairs of walking legs, each one terminating in a
minute but sharp and recurved hook-like claw tha t
enables the animal to cling most tenaciously to th e
wood and to retain its hold against the force of a
considerable current . Also in the thoracic region,
on the underside of the body, the females (Figure
3) have a series of broad flat plates that develo p
from the base of the legs and expand medially t o
overlap at the midline and thus form a protectiv e

'covering for the brood chamber into which egg s
are deposited and within which the young develop
until they are ready to set off on a lifetime o f
wood burrowing . Males, of course, lack these spe-
cial structures. The posterior, abdominal region
bears five pairs of appendages on its lower sur-
face . These differ somewhat between the tw o
sexes, but their primary functions are to prope l
the animal in swimming and to act as areas o f
respiratory exchange . Internally there are well de-
veloped muscular, nervous, circulatory, and repro-
ductive systems . No excretory organs have been
identified and there are some structures of as ye t
unknown function .

But the system that has interested t'is most i s
the digestive system, whose gross morphology i s
simple and straightforward (Figure 8) . The

mouth leads into a short foregut or esophagu s
that terminates just behind the head . At this poin t
there is a complex arrangement of plates an d
bristles that appears to function to permit th e
passage of only very small particles . The mid-
gut, consisting of two pairs of blind, tapering ,
hollow diverticula, extends posteriorly, one pai r
on each side of the straight, tubular intestine or
hindgut that terminates at the anus located in th e
penultimate body segment . The midgut caeca ar e
the site of production of the digestive enzymes ,
but wood particles do not enter these diverticula .
Instead, the enzymes are forced into the intestine
by contraction of the muscular bands that sur-
round the caeca, and the food material remain s
within the straight gut . Nowhere along the entire
length of the alimentary tract are there micro -
organisms that could contribute to the digestiv e
processes. Indeed it is one of the striking feature s
of Limnoria that bacteria and protozoa are en-
tirely absent from the gut .

For many years, until 1952, it had been be-
lieved that Limnoria burrowed into wood only fo r
protection, and that the animals were incapabl e

Figure 1 . Limnoria, dorsal view. 32x .
Photo by Fred Clogston.



FIGURE 2 . Limnoria, frontal view. 70x .
Photo by Fred Clogston .

r

FIGURE 3 . Limnoria ,
lateral view of fe-
male. Note brood
pouch. 39x .
Photo by Fred Clogston .
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of utilizing as food the wood indubitably swal-
lowed during the burrowing process . Many con-
siderations, including features of the ecology ,
anatomy, and behavior of Limnoria led us to doubt
this interpretation . These considerations may be
briefly summarized as follows :

1. In habitat Limnoria is restricted, almos t
exclusively, to wood . The only other natural sub-
stratum used by some of the animals (Phycolim-
noria) is the stipe and holdfast of certain brown
algae ( Laminariaeae) . The primary constituent s
of both wood and algae are complex polysacchar-
ides, and the constant association of Limnoria
with these carbohydrate-containing structures i s
suggestive. If the animals burrow for protectio n
alone, then conceivably other substances havin g
similar mechanical properties but composed o f
materials other than polysaccharide ought to serv e
Limnoria equally well, but this is not the case .

2. Limnoria burrows by chewing its way int o
the wood . Tiny particles are rasped and bitten off ,
and the great majority of these are swallowed .
They pass through the gut and are eliminated a s
compact, cylindrical, fecal pellets of uniform diam-
eter but slightly varying length . It may be that
the gut represents only the most direct route t o
the exterior of the burrow, but the passage o f
wood fragments through it is also suggestive .

3. No materials other than wood (or bits o f
algae in the case of the algal dwelling forms) hav e
ever consistently been found in the gut of Lim-
noria. No microorganisms occur in the gut .

4. Limnoria continues to burrow throughou t
life . Hatched within the protective confines of th e
parental burrow, the juveniles begin to bore sid e
chambers within a few hours of their release fro m
the brood pouch . If protection is the primary
consideration in constructing a burrow, then once
the body of the animal is buried, continued boring
serves no useful purpose and indeed it result s
only in the destruction of that very protection that
the animal is presumed to be seeking.

5. The normal position of the animal within
the burrow is head down in the deepest part of
the blind tunnel (Figure 4) . Limnoria rarely ha s
been observed to leave its burrow except unde r
conditions of severe environmental stress or popu-
lation pressure . This habit is hardly adapted t o
browsing on the microorganisms of the wood sur-
face. There is no evidence that Limnoria is a
predator, and no conceivable prey.

6. Limnoria lacks the necessary anatomica l
structures to feed by any method other than rasp-
ing and chewing. To strain planktonic or particu -

late matter from sea water requires morphologica l
adaptations that Limnoria does not possess. No
alternative supply of food other than wood is dis-
cernible .

It seemed, therefore, that it would be instruc-
tive to look as carefully as possible into the prob-
lem whether Limnoria is capable of utilizing wood
for food. We began by investigating the animal' s
digestive enzymes .

Cellulolytic Enzymes : Preparation

Previous investigation of this question by
Yonge (1927, 1950) had given negative results ,
but as I have already indicated, we were able t o
show that Limnoria does indeed elaborate its ow n
cellulolytic enzymes (Ray and Julian, 1952) . Evi-
dence for this was obtained by dissecting out the
alimentary tract and testing each part separately .
The testing procedure consists of preparing a
homogenate by grinding the desired tissue, incu-
bating it with cellulose or a cellulose derivative
and following the changes in the substrate . These
may be measured as loss in viscosity or as pro-
duction of reducing sugars detected by colori-
metric and chromatographic techniques . Approp-
riate controls are used to rule out the participatio n
of bacteria and to assure that we are dealing with
an enzymatic hydrolysis . In this manner it wa s
established that cellulolytic enzymes are presen t
in the midgut diverticula and only in this tissue .

Removal of the midgut tissue from approxi-
mately 600 animals yields about 1 ml . of homo-
genate . This can be partially purified by precipi-
tation from saturated ammonium sulfate ; the pre-
cipitate that separates between 40% and 80 %
saturation contains virtually all of the active ma-
terial, is readily redissolved in water or buffer an d
can be frozen and stored for periods of at leas t
a year without appreciable loss of activity. Ma-
terial prepared in this manner shows, on electro-
phoretic separation, that it contains five differen t
protein components one of which has been identi-
fied as amylase . Of the remainder, one is respon-
sible for reducing the viscosity of solutions of cel-
lulose derivatives (carboxymethyl-cellulose, hyd-
roxyethylcellulose, methocel) and the other thre e
are still unidentified, but research along this lin e
is continuing .

Cellulolytic Enzymes : Action on Differen t
Substrates

Study of the partially purified enzyme prep-
aration has given us considerable informatio n
about the hydrolytic enzymes of Limnoria, the
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conditions under which cellulose degradation prob-
ably takes place, the range of cellulosic com-
pounds that can be attacked, and the nature o f
the end products . A brief summary of these re-
sults include :

1. The cellulolytic enzyme (which is probabl y
a family of closely related enzymes rather tha n
a single molecular species, (see also Jermyn ,
1959) has optimum activity at a pH of 4 .7 to 4 .8 .
The stability of the enzyme is greatest at a pH o f
5 .6 . These data have been obtained from a serie s
of tests using different buffers and measurin g
both the loss of viscosity of carboxymethyl-cellu-
lose by the Hoeppler falling ball technique, an d
the production of glucose by the Somogyi (1945 )
and the Sumner (1925) procedures .

2. The temperature optimum for the same re -
actions is 50°C, although at this temperatur e
enzyme activity falls off sharply with time an d
most of our experiments have been carried out a t
35°C. or 40°C .

3. A large number of cellulosic substrates an d
disaccharides can be attacked. These tests hav e
been carried out by measuring the production o f
reducing sugars photometrically, ( Somogyi an d
Sumner techniques), measuring the loss in viscos-
ity of solutions of substituted celluloses and othe r
soluble polysaccharides, and by identifying th e
hydrolytic products by means of paper chroma-
tography. A summary of the results appears i n
Table 1 .

There is no detectable activity on sucrose o r
trehalose ; on the monosaccharides fructose, galac-
tose or glucose ; or on the pentose, xylose . Thes e
data have been verified by many repetitions, an d
similar results were obtained on enzyme prepara-
tions made from Limnoria of the Bay of Naples .
There appear to be no significant differences,
from the standpoint of their enzymatic capabilities ,
between the animals of the cold temperate water s
around Seattle and Friday Harbor and those fro m
the subtropical waters of the Mediterranean .

Examination of the tabulated results shows
that the enzyme preparation reduces the viscosity
of soluble cellulosic substrates but not of alginates ,
agar, dextran, levan, pectin, or inulin . It appears ,
therefore, that there is no action on a-linked sac-
charides other than starch, glycogen, and mal-
tose; attack on these substrates must be attributed
to the amylase known to be present in the enzyme
extract .

Glucose is a hydrolytic end product from wood
cellulose, filter paper, cellophane, starch, glycogen ,
carboxymethylcellulose (CMG), hydroxethylcel -

lulose, and methocel . Glucose is also split fro m
salicin, laminarin, maltose, cellobiose, and highe r
cellulose sugars . Galactose is split from raffinose,
and both glucose and galactose appear as hydroly-
tic end products from lactose and melibiose .

These results may be interpreted to indicate
that, in addition to cellulase and amylase, th e
preparation probably also contains a /3-glucosidase
that splits glucose from salicin, a maltase, a cello-
biase, and a galactosidase that slits galactose fro m
raffinose and is possibly responsible for the hyd-
rolysis of lactose and melibiose . Other (or per-
haps the same) carbohydrases are present that are
capable of reversing the hydrolytic reaction unde r
conditions of high substrate concentration .

Cellulolytic Enzymes : Synthetic Reaction s

When disaccharides are tested, if the initia l
substrate concentration exceeds 2% (w/v) the n
paper chromatographic analysis gives positive evi-
dence of the synthesis of oligosaccharides . Cello-
triose, cellotetrose, and higher cellulose sugars ar e
produced from cellobiose . A triose and short chain
oligosaccharides are formed from lactose and
maltose . An as yet unidentified disaccharide, pos-
sibly gentiobiose, is also formed when any of the
cellulose sugars is used as starting substrate . Sim-
ilarly, a disaccharide is produced during attack o n
laminarin, and another, possibly isomaltose, ap-
pears during incubation with maltose . To illustrat e
the synthetic reactions, the results of some o f
these tests are reproduced in Figures 5, 6, and 7 .

These synthetic reactions, on the basis of pres-
ent results, are believed to be transglucosylation s
involving only glucose transfer . Other investiga-
tors, Crook and Stone (1957) and Buston an d
Jabbar (1954), have obtained similar results wit h
enzyme extracts from cellulolytic molds, and th e
whole question of formation of oligosaccharide s
by transfer reactions has been reviewed by Edel-
man (1956) . Evidence is accumulating that on e
and the same hydrolytic enzyme may catalyze re -
actions in both directions depending upon sub-
strate concentration . If the latter is high enough ,
the substrate competes with water as the recepto r
molecule and this leads to the formation of shor t
chain oligosaccharides . Limnoria enzymes may be
of this kind, since they show a partial hydrolytic
action by liberating free hexose, and a partia l
synthetic action in forming oligosaccharides by
transglucosylation . It is planned to continue thes e
analyses and also to investigate the effect of added
hexoses that may serve as receptors for glucose .
Much can be learned by pursuing these studies,
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but ultimate, correct interpretation of the result s
rests upon further purification of the enzym e
preparation .

Although cellobiose is indicated in Table 1 as a
possible hydrolysis product from the action o f
cellulase on CMC, filter paper, and cellophane, i t
is our present opinion that this may not be the
only interpretation . By spotting paper chromato-
grams at intervals during incubation with CM C
and other soluble cellulosic substrates, it can read -

ily be determined that the first visible reactio n
product is glucose. Cellobiose appears only much
later, after glucose has greatly increased in
amount . Moreover, if the incubation and makin g
of paper chromatograms is continued over many
days, it can be seen that the cellobiose fluctuates
widely in amount, appearing and disappearing a t
regular intervals . This may mean that the cello-
biase in the enzyme preparation is being periodi-
cally saturated, allowing the accumulation of di -

Table 1 . ACTION OF PARTIALLY PURIFIED CELLULASE ON VARIOUS SUBSTRATE S

Substrate

	

Kind of Reaction

	

Reaction Product s

From Hydrolysis : From Synthesis :

Viscosity
loss

Hydrol -
ysis

Syn -
thesis Glucose

Cello -
biose

Galac -
tose Triose Tetrose Othe r

Wood	 + +

Filter paper	 + + (+ )

Cellophane	 + + (+)

Starch	 + +

Glycogen	 + +

+ (+ )
Carboxymethyl cel -

lulose	 + -f -

Hydroxyethyl cel -
lulose	 + + +

Methocel	 + + +

Alginic acid	 — —

Na alginate	 — —

Agar	 — —

Dextran	 — —

Levan	 — —

Pectin	 — —

Inulin	 — —

Raffinose	 + +

+Salicin	 +

Laminarin	 + + + +

+ + +Lactose	 + +

Maltose	 + + + + + +

+ + +Melibiose	 + +

Cellobiose	 + + + + + +

Cellotriose	 + + + + +

+ + + +Cellotetrose	 + +

+ + + +Cellopentose	 + +
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saccharide, or it may mean that glucose is the onl y
true hydrolysis product of the action of cellulas e
on cellulose and that the cellobiose that appear s
is the result of synthesis by transglucosylatio n
once the concentration of glucose has become suf-
ficiently high .

Effect of Inhibitors
Although cellulase and other hydrolytic enzy-

mes are relatively unaffected by substances tha t
markedly reduce activity of other types of en-
zymes, (Reese and Mandels 1957) a number o f
well known inhibitors have been tested to deter -
mine their effect upon the cellulolytic activity of
Limnoria enzymes . These experiments were ru n
by determing the relative loss of viscosity in CM C
70-medium using a Hoeppler falling-ball viscosi-
meter with 40 ml. of one percent (w/v) solutio n
of substrate, 0 .1 ml . enzyme preparation, pH 4 .8 ,
(citrate or phosphate buffer) and a temperatur e
of 35°C., both in the presence and absence of th e
various inhibitors . Substances tested include :

Formalin

	

Sodium arsenite
Phenol

	

Hydroxylamine hydro-
Copper compounds

	

chloride
Potassium cyanide

	

Sodium azid e
Glutathione

	

Sodium fluorid e
Phenylmercuric acetate

Controls were run with substrate and enzym e
alone, substrate and inhibitor alone, and with sub-
strate plus inhibitor and enzyme that was inacti-
vated by boiling for 10 minutes. None of the sub -
stances tested are effective in blocking the enzyme

FIGURE 6. Paper chromatogram showing actio n
on cellotriose and cellotetrose .

Photo by Fred Clogston .

when used in inhibiting quantities (generally
M/50) . At present time we know of no specifi c
enzyme inhibitor effective against the cellulolyti c
enzymes of Limnoria.

Effect of Degree of Polymerization and
Degree of Substitution of Substrate

In an effort to learn more about the way in
which Limnoria enzymes might act upon the lon g
chains of the cellulose molecule, we have investi-
gated the effect of the degree of polymerizatio n
(D . P .) and of the degree of substitution (D .S.) ,
using the cellulose derivative, sodium carboxy-
methylcellulose (CMC) . Different samples of CM C
and information concerning their degrees of poly-
merization and of substitution were obtaine d
through the courtesy of the Hercules Powder Co .

Results of these tests confirm the work o f
other investigators studying mold enzymes (Reese ,
1957) and indicate that the degree of polymeriza-
tion of CMC has little effect upon its suscepti-
bility to attack by Limnoria enzyme preparation ,
whereas the degree of substitution has a marke d
effect . It should be pointed out, however, that thes e
measurements were made in one percent solutio n
(w/v) or in solutions roughly calculated to con-
tain the same number of anhydroglucose units an d
they probably vary widely from one another i n
their molarity . The lack of precise information o r
even of reasonable estimates of the average mole-
cular weight of different samples of CMC is a
handicap to more careful testing which should b e
clone on an equimolar basis . For the material at ou r
disposal, estimates of average molecular weigh t

FIGURE 5. Paper chromatogram showing result o f
both hydrolytic and synthetic action on cello-
biose, and hydrolysis of cellotetrose.
Photo by Fred Clogston .
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are available for only two samples ; CMC 70-low,
M.W. 70,000 and CMC 70-high, M .W. 300,000 .
Using these figures, kindly supplied by the Her-
cules Powder Co ., solutions were made at a con-
centration 10- 4 molar, incubated with enzyme an d
tested for the amount of reducing sugar produced .
The results showed that approximately four time s
as much sugar is produced from the solution o f
higher molecular weight . Since the degree of sub-
stitution in these two samples is very close (0 .72
and 0 .77), this alone seems insufficient to account
for the large difference in susceptibility to attack ,
and it may well be, that when testing is done on
an equimolar basis, the degree of polymerizatio n
does indeed have a large effect . Perhaps the longe r
chains of the more highly polymerized CMC 70 -
high provide more bonds available to the enzyme .
Were this to be true the implication would b e
that the enzyme acts by random splitting . But i t
must be borne in mind that the molecular weigh t
determinations may be far from accurate, tha t
they represent average molecular weights only ,
that we know nothing about the distribution curv e
for the population of larger and smaller molecule s
in this material which is certainly heterogeneou s
in this respect, and that, finally, the results may
reflect only the effect of substrate concentration .

All of these experiments demonstrate tha t
Limnoria does indeed produce enzymes capable o f
degrading cellulose . Or, to state it more accurately ,
when an enzyme extract is made and tested out -
side the body of the animal, there is indisputabl e
evidence of cellulose breakdown . But this tells
us only that Limnoria is capable of attacking cellu -

FIGURE 7. Paper chromatogram showing actio n
on cellopentose .
Photo by Fred Clogston .

lose enzymatically and therefore might utiliz e
cellulose as food ; it does not tell us whether th e
animals actually do this .

Dry Weight Determinations of Wood Eate n

To try to answer the question whether Lim-
noria actually feeds on wood, we set up a serie s
of experimental dishes, each one containing a
carefully weighed sample of wood (Douglas fir )
and a group of ten or twenty animals ; these wer e
allowed to burrow into the wood for 60 days .
Every 48 hours collections were made of all th e
fecal pellets produced and of the wood chewe d
off but not swallowed (fluff) . At the end of the
experimental period the remainder of the woo d
and all accumulated pellets and chewed off ma-
terial were carefully dried and weighed . A tota l
of 76 such samples representing the activities o f
1,320 animals have been analyzed, and represen-
tative data are given in Table 2 . The results sho w
that of the wood actually passed through the gut ,
there is an approximate 50% weight loss (experi-
mental range, 41% to 59%) . This weight los s
represents wood presumably utilized by the ani-
mals and compares favorably with the results from
a similar experiment with termites (Hungate ,
1944), who found that 40% to 60% of the weigh t
of wood eaten is represented by the weight of th e
pellets, the rest is presumably utilized .

Chemical Analysis of Wood Eate n

Another approach to the same question i s
through chemical analyses of the wood eaten an d
the pellets produced . That the wood is actuall y
eaten by Limnoria is indicated by analysis of th e
main chemical constituents of Douglas fir befor e
and after passage through the gut . Whole Dougla s
fir (500 mg . samples) as well as separated sap -
wood and heartwood portions were used in thes e
analyses and the results were compared with sim-
ilar analyses of 500 mg. samples of fecal pellets .

For direct determination of a-cellulose, th e
Hagglund (1951) process, modified in the las t
step by substituting the Flanders (1952) extrac-
tions for removing xylan and other non-cellulosi c
cell wall materials was used . This procedure gav e
an average figure of around 36% for a-cellulose .
For sapwood alone, the figure was 34.44% (rang e
34 .27% to 35.0%) . Additional samples of Dougla s
fir analysed according to the monoethanolamin e
ethanol (1 :1 v/v) process (Ott, Spurlin, and
Grafflin, 1954) gave similar results but a wide r
range of variation (from an a-cellulose low o f
31% to a high of 40%) .

., .
pnti^,,i
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Polyuronide hemicelluloses, when calculated b y
difference as is necessary in the Hagglund process ,
accounted for only 8.73% of the original dry
weight of the wood . When determined directly by
the probably more accurate method of extractio n
with cold 4% NaOH following mild chlorinatio n
and extraction with ethanolamine, this figure aver -
aged 15 .5% (experimental range 13 .5% to 18%) .

The non-cellulosic polysaccharides, determine d
by the Flanders (1952) process, account fo r
12.3% and 11 .84% of the original weight o f
heartwood and sapwood respectively .

The Klason (1936) process for direct deter-
mination of lignin, repeated a number of time s
with several modifications, gave results of aroun d
29% (range 27.4% to 32%), whereas lignin ana-
lyses by the ethanolamine extraction procedur e
resulted in figures of 31% to 37% . 'We suspec t
that these latter figures are higher than the tru e
value, for the 29% lignin concentration in Doug-
las fir determined by the Klason process is close r
to that reported for Douglas fir by the Insti -

tute of Paper Chemistry (Ott, Spurlin, and Graf -
fin, 1954) .

Similar, but smaller numbers of analyses hav e
been carried out on dried fecal pellets . Using th e
same procedures, our results were as follows :

Averag e
composition

a -cellulose	 33 .6 %
(Average of several samples )

Polyuronide hemicelluloses	 0 . 2
Non-cellulosic polysaccharides	 0 . 8
Lignin

	

63 . 2
(Average of several samples )

On the basis of these figures it is apparent tha t
only a barely detectable amount of the polyuronid e
hemicelluloses and non-cellulosic cell wall carbo-
hydrates remained in the pellets, and that the cellu-
lose to lignin ratio had been drastically changed . I f
it is assumed that Limnoria is incapable of attack-
ing lignin, then only about half of the expecte d
amount of ,a-cellulose is present in the pellets ; the
rest has presumably been hydrolyzed by the ani -

Table 2 . *DRY WEIGHT DETERMINATIONS OF DOUGLAS FIR BEFORE AND AFTER ATTACK BY Li mmnoria AND WEIGHT O F
FECAL PELLETS PRODUCED

Wood Final t Unaccountabl e
Sample Original' Weight Weight Pellet Weight Wood
Number Weight Fluff Loss Weight Loss Utilized

Percen t
1 262 210 .5 51 .5 30 21 .5 42

2 212 164 48 27 21 44

3 293 257 .3 37 .5 19 .2 16 .5 46

4 363 309 .5 53 .5 29 .5 24 45

5 307 263 .5 43 .5 20 .5 23 5 3

6 346 285 61 30 31 5 1

7 319 271 48 26 22 4 6

8 295 246 49 26 .5 22 .5 4 6

9 364 328 36 18 18 5 0

10 530 473 .5 56 .5 30 26 .5 4 7

25 427 368 .5 58 .5 30 28 .5 4 9

26 347 295 .2 51 .8 29 .3 22 .5 43 . 5
27 346 286 .5 59 .5 36 .5 23 39

28 316 249 67 43 24 36

29 212 161 .5 50 .5 28 .5 22 43 .5

30 227 174 .5 52 .5 28.5 24 46

31 313 264 .5 48 .5 27.5 21 43 .5

32 309 263 .5 45 .5 25 .5 20 44

33 402 330 72 40 32 44. 5

34 240 184 .5 55 .5 29 .5 26 47

* This table includes results from only 20 of the 76 samples included in the experiment. Results from the remain-
ing 56 are within the same range of variation as these illustrative examples .

t All weights expressed in mg . after drying to constant weight at 105°C .
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orals . Since it is known that the digestive enzyme s
of Limnoria can degrade cellulose in vitro, thi s
conclusion seems to be fully warranted . In sum-
mary, the chemical analyses of the wood passe d
through the gut of Limnoria indicate that the ani-
mal is capable of removing from it nearly all o f
the polyuronide hemicelluloses and non-cellulosi c
carbohydrates and about half of the cellulose .

We conclude, as a result of these investiga-
tions, that Limnoria does indeed feed directly
upon the wood into which it burrows . We believ e
that wood serves as the animal's chief nutriment ,
but whether wood fulfills all of Limnoria's dietary
requirements we cannot say with certainty . There
are still unanswered questions regarding the nu-
tritional physiology of Limnoria and paramount
among these is the problem of nitrogen metabol-
ism. It can safely be assumed that these animal s
require some nitrogen, but how much they nee d
and where it comes from is not at present known .
This is the aspect of the nutritional physiology
that we wish to investigate next . The fact tha t
Limnoria has no recognizable excretory organ and
that no nitrogenous excretory products have eve r
been reliably identified, might be interpreted a s
indicating that these animals conserve nitroge n
in a highly efficient manner and may require onl y
a small outside supply. But there are no quantita-
tive data as yet available that could help to answe r
this question .

Relationship to Marine Fungi

It has been claimed (Becker, Kampf, and
Kohlmeyer,1957 ; Becker 1958, 1959 ; Schafer and
Lane, 1957; Lane 1959 ; Meyers and Reynolds ,
1957 ; Reynolds and Meyers, 1957) that Limnori a
is unable to attack or to survive in wood that i s
free from marine fungi . We (Ray and Stuntz ,
1959 ; Ray, 1959) have carried out laboratory and
field studies to test this in both cold and warm
water localities (Friday Harbor, Washington and
Naples, Italy) and find that it is not the case .
More recently Kohlmeyer, Becker and Kamp f
(1959) have obtained results similar to ours and
now agree that Limnoria can attack fungus-free
wood and can live in it . They claim, however, that
fungi are necessary for reproduction and conse-
quently for the growth of a colony, possibly
through supplying some kind of unidentified
growth factor or vitamin . This is not an easy
point to establish with certainty and I do not fee l
that the present data warrant a conclusion to b e
drawn .

Obviously there are always microorganisms ,
bacteria and protozoa as well as fungi, present i n
the sea water and on the surface of all solid ob-
jects, including wood, that are immersed in it . No
species lives in a biological vacuum and pure cul-
tures are exceedingly rare in nature . To under-
stand the role of each member of an ecologica l
community requires, ideally, that the activities o f
each should be separately evaluated and the limit s
of individual capability determined. Even when
such information is available, however, it is wel l
to keep in mind that this does not necessarily ,
automatically, or completely clarify all possible in-
terrelationships between different members of any
biological community . Analysis is only the begin-
ning of understanding, but it is also the most
fruitful approach and most powerful tool of in-
vestigation .

As I mentioned before, it is probable that Lim-
noria needs a source of nitrogen, but how much
this animal requires and where it comes from i s
still a matter for speculation alone . I f we assume
the most likely nitrogen source to be in the bodies
of microorganisms ingested with wood fibers, the n
the marine fungi constitute one of the possible
supplies and this could be a basis for the claim
that they are essential . Although the amount o f
cytoplasm in fungal mycelium is very small an d
mainly limited to the growing hyphal tips, the cel l
wall material is largely chitin . If Limnoria is abl e
to degrade this, then an abundant supply of glu-
cosamine would become available, and so fung i
could perhaps serve as a source of nitrogen .

Although we conclude from our studies that
marine fungi are not necessary for Limnoria at -
tack on submerged wood or for the establishmen t
of growing populations of these animals, our ex-
periments do not permit the conclusion that Lim-
noria requires nothing but wood in its diet . There
remains the possibility that bacteria, which w e
have already noted are constantly present in th e
superficial fibers of wood exposed to marine
waters, are important . The question whether thes e
microorganisms are essential to Limnoria must
now be critically evaluated, and we are trying t o
devise experiments that will provide the needed
information . If the goal of understanding the
whole picture of marine wood deterioration is eve r
to be reached, we must know what is the contribu-
tion of wood-inhabiting bacteria, both those tha t
are cellulolytic and those that are not . For the
same reason further investigations should also be
directed toward elucidating the role of marine
fungi since these organisms do occur in wood,
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FIGURE 8 . Freshly dissected alimentary tract. 43x.
The "gastric mill" is at the posterior extremity
of the foregut . The hindgut extends from the
entrance of the midgut diverticula to the poster-
ior.
Photo by Fred Clogston .

especially in some localities . In this connection i t
is essential to distinguish between those fungi that
are truly cellulolytic like the terrestrial hymenomy-
cetes (wood-destroyers like Merulius lacrymans
for example) and those others, like the blue stain
fungi that live in wood, certainly penetrate wood
cells, absorb stored nutriment especially from th e
tissues of the wood rays, etc ., but do not affect the
tensile strength of wood and could hardly be called
wood destroyers .

Histology and Cytology of the Enzyme -
secreting Cells of the Midgut

Since the cells of the midgut diverticula ar e
implicated in secretion of the digestive enzymes ,
one of our graduate students (Fahrenbach, 1959 )
has examined their microstructure. He finds that
a diverticulum can be divided into several distinct

FIGURE 9 . Distal portion of midgut diverticulum.
270x. Note large a-cells, dark fl-cells, and scat-
tered oil droplets .
Photo by Fred Clogston.

histological components . Outermost is a thin en-
velope incorporating epithelium and some muscl e
cells, and internal to this are the cells lining the
lumen . The latter fall into two groups : a-cells ,
large binucleate cells not in contact with each
other, and &-cells, smaller, granulated cells tha t
form a lattice-like network between the a-cell s
(Figure 9) . Both a- and ,Q-cells appear to be sec-
retory in function, the cell surface adjacent to th e
lumen being a brush border (Figure 12) . Th e
lumen is filled with a viscous, clear liquid and i s
found to be consistently free of any ingested wood
particles or other formed matter .

The envelope is transparent and relatively re-
sistant to mechanical injury. Regularly arranged
muscle bands separated by very thin, roughly rec-
tangular epithelial areas are visible on the surfac e
of the envelope . These bands show no histologica l
details under conditions of ordinary light micros-
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FIGURE 10 . Cuticle and muscle bands of midgut
diverticulum . 238x. Photographed in polarized
light . Freshly dissected squash preparation . Note
that scattered crystals are birefringent in the
same plane of polarization as the muscles .
Photo by Dr. Shinya Inou e

copy, but in polarized light the bands are bire-
fringent (Figure 10) . They can also be demon-
strated by intense silver impregnation .

The a-cells, each with two prominent vesicular
nuclei ranging in diameter from 14 to 22 µ project
deeply into the lumen . The cytoplasm usually con-
tains a certain number of oil droplets (Figure 9) ,
granules, and, to a varying degree, small and larg e
crystals (Figures 10 and 11) . These crystals con-
stitute one of the most interesting aspects of the
diverticula and merit considerable attention .

They are conspicuous, yellowish in color, tet-
ragonal and bipyramidal in shape with a rati o
of the axes of 1 :1 : 2 .13, and range in length fro m
0.1 to 28 µ, (lower measurement determined b y
electron microscopy) . As many as 27 crystal s
have been counted in a single a-cell . The crystal s
are found most concentrated in the circumnuclea r
and basal parts of a-cells . Crystal concentratio n
or other cytoplasmic inclusions or reactions to b e
subsequently mentioned are always more pro-
nounced in the proximal portion of the diverticula ,
the distal portion usually showing less clear histo-
logical differentiation .

FIGURE 11 . a- and R-cells, phase contrast . 243x .
Note that crystals are confined to the a-cells .
I3 -cells contain granules that give positive sul-
fhydryl reaction.

Photo by Fred Clogston .

The crystals are insoluble in both fresh an d
sea water, are fixed by common fixatives, and d o
not dissolve in organic solvents, e .g ., methyl ,
ethyl, propyl, butyl, amyl alcohols, carbon tetra -
chloride, acetone, and toluene. They remain un-
affected by acids or bases between pH 2 .1 and
pH 11 .8 . At pH values over 1/10 of a unit below
and above these limits, respectively, the crystal s
decompose slowly, losing their color and leaving a
ghost, while a further increase in acidity or alka-
linity produces immediate dissolution . The crystal s
stain with mercuric bromphenol blue, an indica-
tion of their proteinaceous nature . The birefring-
ence (Figure 10) is positive with respect to th e
long axis . The strength of birefringence (retarda-
tion/thickness) is somewhat weak for ordinar y
dry proteins, but is within the range reasonable
for a fairly hydrated protein . The axes are paralle l
throughout ; therefore, the crystals are not liquid
crystals, nor is it likely that lipids are incorporate d
into their structure . The absorption spectrum of
single crystals shows that there is a strong ab-
sorption peak at 4100 A, a fact that suggests that
the crystal protein is a porphyrin .

The most easily demonstrated chemical char-
acteristic is that the crystals contain large amounts
of iron, as shown by the Turnbull Blue reactio n
and by exposing the diverticula to hydrogen sul-
fide or ammonium sulfide . The latter reaction was
found to be a simple test for the presence of iron ;
it consists of adding a drop of full strength
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FIGURE 12. Electron micrograph of section o f
midgut diverticulum . 3,200x. Note brush borde r
of microvilli extending into the diverticula r
lumen, and concentration of electron-dense Golg i
bodies in the cell to the right .
Photo by Stanley W . Strunk .

(NH 4 ) 2 S to several diverticula in a depressio n
slide and noting the reaction after about 10 sec-
onds . The presence of intracellular iron is shown
by the development of the typical green color .

While carrying out these qualitative tests on
the crystals, it was discovered that iron is als o
accumulated in granular inclusions in the cyto-
plasm of a-cells, even in the absence of micros-
copically detectable crystals . Examination of th e
crystal-containing cells by electron microscopy re-
vealed the interesting fact that the crystals are
formed in close topographical relation to the Golg i
apparatus .

Strunk, (1959) has studied the submicroscopi c
structure of these crystals and has suggested th e
sequence of events that lead to their formation .
Liinnoria midgut cells (Figures 12 and 13) ar e
especially rich in Golgi bodies . The typical com-
plex consists of 1 to 2 µ long units of closel y
packed, flattened cysternae with cysternal cavitie s
approximately 70 A in width . During crystal f or-
mation these cavities dilate, internal membran e
systems appear, substances accumulate internally ,
and the whole unit becomes enclosed by a singl e
large vesicle which is bounded externally by limit-
ing membranes (Figures 14 and 15) . The crys -

FIGURE 13 . Electron micrograph of section of a
crystal-containing a-cell . 9,100x. CR—crystal ;
G—Golgi bodies ; M—mitochondria ; ER—endo-
plasmic reticulum ; NM—nuclear membrane .
Photo by Stanley W . Strunk .

tals begin to form on certain members of the in-
ternal membranes, and the material from which
they are built is deposited in double rows on each
membrane (Figure 16) . The membranes then
disappear, leaving even numbers of double, par-
allel rows of particles without supporting mem-
branes (Figure 17) . These particles subsequently
orient themselves in a hexagonal, close packe d
pattern, thus giving rise to a fully formed crystal .
Each of the particles composing a crystal i s
grossly spherical with a diameter of 60 A and a
center to center distance of 90 A (Figure 18) .

We are unable, at present, to explain the sig-
nificance, if any, of these crystals . They are not i n
any way related to the secretion of digestive
enzymes, so far as we can tell . A resemblance to
ferritin is suggested, but this is speculative . It i s
clear that much remains to be learned about thes e
crystals, but Strunk's (1959) study has alread y
elucidated the role of intracellular membranes an d
the changes occuring in the Golgi complex durin g
elaboration of a cellular product . That we still do
not understand why protein crystals are secrete d
in the midgut cells of Limnoria only serves to
spur us to greater effort .

There are many facets to marine biological



FIGURE 14. Enlargement of Golgi bodies in a-cell .
27,000x. Note limiting vesicular membranes
around individual Golgi bodies, inrolled Golg i
membranes, organization of internal Golgi mem-
brane lamellae, and different degrees of develop-
ment of the internal Golgi substance .

Photo by Stanley W. Strunk .

FIGURE 15 . Electron micrograph o f
single Golgi body with crystal be -
ginning to form on the internal mem-
brane lamellae . 45,000x . CR—crystal
substance in the process of being de -posited ; GS—Golgi substance ; GM—
internal Golgi membranes ; VM—
double vesicle membranes .
Photo by Stanley W. Strunk.

si

FIGURE 16. Golgi body
showing several interna l
Golgi membrane lamella e
extending from a central
electron-dense body an d
showing deposition of
crystal substance in double
rows along the lamellae .
52,000x .

Photo by Stanley W . Strunk .
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FIGURE 17. Electron micrograph of crystal in
early stages of formation . 81,000x. Note deposi-
tion of spherical crystal substance in doubl e
rows. Crystal particles are 60 A in diameter wit h
a center-to-center distance of 90 A .
Photo by Stanley W. Strunk .

deterioration, even when we confine our inquiry
to one wood-boring animal . It is perfectly eviden t
that we are not ready to recommend any contro l
or preventative procedures, but as our investiga-
tions continue, we can hope that further knowl-
edge will lead to the kind of understanding of liv-
ing organisms that is the goal of all biologists .

Discussio n

QUESTION : Is there any evidence that Lim-
noria form a port of entry for Bankia?

DR. RAY : No, I know of no evidence for this .
In any case, Bankia enters the wood as a very
minute larva . Just after settling, and during th e
process of penetration, it is metamorphosin g
from the free-swimming planktonic form to the
burrowing form, and getting the teeth on the shell s
with which it burrows . The animal at the time o f
entrance is approximately 0 .1 mm. to 0 .2 mm. in
diameter, a little globular or almost spherical -
shaped larva, and it can enter directly through th e
wood surface . There is no particular advantage t o
having a hole approximately 2 or 3 mm . in diam-
eter for it to enter . There is some evidence, but
it is neither quantitative nor very good, that th e
two animals do not often burrow into the same

FIGURE 18. Electron micrograph of section o f
fully formed crystal . 80,000x . Compare size and
arrangement of crystal particles with Figure 17 .
Photo by Stanley W. Strunk .

piece of wood . Perhaps I should say, if you hav e
a piece of wood that is heavily infected with Lim-
noria, usually, there is not a lot of Bankia presen t
and the opposite can also be the case . This may be
just a subjective impression, but it has been re -
ported by a good many people. The animals cer-
tainly can occur together but I don 't think there
is any particular relationship between them . I
know of no reason why the holes made by Lim-
noria, which would increase the surface area ,
would provide any better habitat for teredi d
larvae than a piece of wood which was not alread y
attacked by Limnoria.

QUESTION : Could you say a few words abou t
shipworms ? Are they more or less destructive, an d
have they been studied as thoroughly as Lini-
noria

DR. RAY : I have not myself worked with ship -
worms very much . We have done a little work in-
vestigating the activity of an enzyme preparation
made from them. In some respects, the teredid s
have been studied much more thoroughly tha n
Limnoria, and in other respects less so . Nutri-
tional studies are lacking except for a few isolated
experiments . The teredids are known to pro-
duce cellulase, but the question is compounded
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with difficulty since the gut is full of bacteria . I t
is a real problem to determine whether the enzym e
preparations that are active on wood are produce d
by the cells of the animal or by their inhabiting
bacteria . There is some Japanese work where a
number of the species of the bacteria have bee n
cultured from the gut . These include Cyto phag a
and Cytophaga-like bacteria that are themselve s
cellulolytic . So far as the destructive capabilitie s
of the shipworms are concerned, on a world-wid e
basis, the damage is shared about fifty-fifty with
Limnoria . At any one place and at any one tim e
one animal may be much more destructive tha n
the other . The rapidity with which the Bankia, es-
pecially, can work is something that is a bit aston-
ishing. I think quite often people believe that i n
our cold northern waters animals tend to grow
very very slowly. There are records that sho w
that within a period of time involving not mor e
than four to six months, Bankia can settle, bur -
row into a piece of wood, attain a total bod y
length of something over 4 feet, and if enoug h
of them are present, completely destroy a pile o f
some 2 feet in diameter . That is drastic and
doesn ' t happen very often . But it can happen an d
there are plenty of records to attest to this .

QUESTION : Does Limnoria show a preference
for a particular type of wood ?

DR. RAY : No. So far as we can tell all kind s
of woods are attacked, given the opportunity, at
an almost equal rate, including many that are be-
lieved to be relatively resistant . We have tested
species such as Western Red Cedar and Redwood ,
woods which are known to be relatively resistan t
to the penetration, for example, of fungi, but
Limnoria will attack only a little less readily
and rapidly as it does Western Yellow Pine an d
Douglas Fir. I have not myself worked with an y
of the tropical woods that are claimed to be re-
sistant under some circumstances . Of the woods
that we have tested, the only one that I can sa y
that Limnoria attacks with a less degree of rapid-
ity is a Neapolitan species of elm . It is a very
dense, very, very hard wood and the animals wen t
into it perfectly well but slowly . They attacked i t
right away and began to feed on it, but the rat e
of penetration was much slower than for othe r
wood species. I think this was due primarily to
the much greater mechanical strength and density
of the wood itself .

QUESTION : Does the Port Orford Cedar ac t
as a protection against these animals ?

DR. RAY : No. There are no known woods that

are resistant to the attack of Limnoria except a
very few tropical woods . Some of these are known
to have their resistance due to deposition of ano-
molous amounts of the silicates in the cell walls .
And this appears to be related not so much to th e
species of the tree, but to the particular trees ,
growing under particular soil and climate condi-
tions . Certain species of Eucalyptus for example ,
grown under certain conditions will deposit sili-
cates in the cell wall to such an extent that these
woods become resistant both to Limnoria and t o
the shipworms . There are other reported cases ,
particularly of tropical woods that are claimed
to be resistant. Then when tests are made, th e
wood is found to be not resistant . What is th e
answer for this, we do not know. My own preju-
diced, subjective opinion is that it may be that
the particular woods that have been reported t o
be resistant may have been growing on such a
kind of soil and under such conditions that they
deposited toxic materials in the cell wall as th e
cellulose is being laid down . By toxic material s
I would like to think that these were heavy metals .
It is known that in a number of places on th e
earth there are soils that contain a high amoun t
of ores, lead, for example, zinc, tin, silver, gold ,
and so on . In some cases there are certain specie s
of pine—in England I think it is the Jeffrey Pin e
—grown on the tailings of lead mines that wil l
deposit lead in the cellulose layers of the cell wall .
And I cannot help but feel that if Limnoria
should start to feed upon a particular tree o r
group of trees cut after having grown under thes e
conditions with heavy metals being deposited i n
the cell wall, that it would find them palatabl e
enough but possibly a bit fatal to the animals . We
have been doing experiments along this line, in-
corporating heavy metals into wood, not into th e
cellulose because that is very difficult to do, but
by selecting a heavy metal which is relatively in -
soluble in sea water . We use a very simple one ,
silver chloride, because it can be taken in as silve r
nitrate and very easily incorporated into the wood ,
even driven by autoclaving into the interior of th e
wood fibers. Then you simply throw the woo d
into sea water and as the sea water penetrate s
it reacts with the silver nitrate and percipitate s
silver chloride in very small crystals throughou t
the entire piece of wood and even, as I say ,
within the wood fibers . The animals show no evi-
dence of detecting the presence of this silver -
laden wood at all, and -hey begin to burrow int o
it. But they have only to swallow a little bit of i t
and they begin to show the signs of heavy metal
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poisoning. An interesting thing is that the sign s
of heavy metal poisoning in Lininoria are pharma-
cologically the same as they are in higher animals .
They begin to get what we call " jaw droop." The
muscles of the head begin to relax and they ar e
unable to bring the jaws together and very soo n
they lose the ability to hang onto the piece o f
wood. The muscles all fail to contract properly .
And the animals starve to death . I believe that i f
a way could be found to incorporate heavy metals
by controlling the growth conditions of the trees ,
particularly those that may be useful for marin e
construction, that in this way lies the very bes t
hope for a solution for the problem of the pro-
tection of the marine timbers against marine ani-
mals . I think that this line of investigation is a
promising one . It involves very long term experi-
ments . But I think that wood is a valuable enoug h
resource so that we are going to be driven t o
growing trees for special purposes, and thi s
means, of course, an enormous amount of funda-
mental study in plant physiology and the condi-
tions under which our plants, especially trees ,
grow and incorporate materials into the cell walls .

QUESTION : Now that the absence of micro -
organisms from the gut seems assured, and sinc e
the cellulolytic enzymes appear to be concentrate d
in the (so called) "soluble " cytoplasm (of the
cells of the gut), couldn't you bypass the tediou s
dissection step and simply start with the homogen-
ates of the entire animal ?

DR. RAY: No. It would be very nice if thi s
were possible . We have tried it . I should perhap s
go a bit farther back and say that the origina l
experiments which led Dr . Yonge, who is a very
fine investigator, to conclude that the animal s
could not feed on wood was because he tested
homogenates of whole animals and was unable t o
detect the presence of cellulolytic activity . He
ground up the entire bodies of the animals an d
incubated this with a variety of cellulose substrate s
and found no activity whatever . We repeated thes e
experiments and we got exactly the same results .
It is only when the mid-gut is separated from th e
rest of the body that we get an active preparation .
What is the reason for it ? We are not certain .
Perhaps there are other substances present in
other tissues of the body that absorb or inactivat e
the digestive enzymes . Perhaps there is competi-
tion for substrate . Perhaps the digestive enzymes ,
which would represent only a small portion of th e
"gmish" of a homogenate of the whole body, ar e
still active, after this treatment, but since the

result of cellulolytic activity is the production o f
sugar, and since the sugar in turn may be attacke d
by other enzymes present from other tissues o f
the body, they cannot be detected . And finally an-
other possibility exists and that is that the diges-
tive enzymes may be present in too low a concen-
tration. It is important to emphasize that the en-
zyme concentration must be rather high in orde r
to get positive results from the enzymatic study .

QUESTION : And finally, I have here, not a
question but a statement . It is a good one and I
will read it .

" It might be well to remember that if it were
not for wood-destroying organisms in the worl d
at large, most of the world's carbon would be tied
up in unusable form . N'est-ce pas?"

DR. RAY : Oui, oui. That is certainly true . And
it reminds me of a very thoughtless statement that
I once made during the years when it was my
privilege to assist in the microbiology course that
Dr. van Niel teaches at Pacific Grove. We had
been studying all kinds of odd groups of bacteria .
I opened my big mouth one day and said, "It
seems to me that bacteria can attack almost any-
thing except terribly insoluble things, like hai r
for example . Certainly there were no bacteria o r
other microorganisms capable of decomposin g
hair ." Dr. van Niel looked at me and he said ,
"Yes, that is very reasonable because keratin is a
very insoluble substance . You know, that is prob-
ably the reason that when you go for a walk in th e
woods you have to climb up and down over thes e
great piles of hair and fur that have accumulate d
from all of the bodies of all the dead animals in
ages past ."
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