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Preface

Mankind is facing the spectre of a pI11et stri)ped of the resources necessary to
sustain the human populations that currcntl existnot to mention those unl)orn mu!-
titucics which seem certain to be added in the coming decades. Time is rapidly run-
ning out for scientists and engineers to find new resources to supply demands for the
myriad of components necessary to sustain the global economy and to ensure a rea-
sonal)le standard of living. The next 50 years will witness a more thorough examination
of the natural resource inventory of the planet than has ever been attempted before.
The search for renewable resources and the development of technologies to enhance
theni will certainly be major preoccupations in the future. Scientists, engineers, and
industrialists will need to join hands more frequently to examine potentials for en-
hancing supplies of raw materials wherever they can be found. This volume repre-
sents a first step in examining an untapped renewable resourcethe marine plant bio-
mass of the Pacific Northwest Coast.

This book grew out of a symposium convened on March 2, 1977 at Salishan
Lodge, Gleneden Beach, Oregon. Participating in this conference were 49 scholars
with many years of experience in disciplines which were pertinent to a balanced
study of this resource. The authors who contributed to this volume were drawn from
a broad spectrum of fields including oceanography, marine botany, engineering, ge-
ology, business, law, government, and education. The symposium was sponsored by
Oregon State University with financial support from the Pacific Northwest Regional
Commission which is headed by the governors of the States of \Vashington, Oregon,
and Idaho.

The plaiis for the symposium were developed after Governor Robert \V. Straub
of Oregon responded to inquiries of Edward Hall and Maurice Commandav of Chrom-
alloy Ocean Resources as to the possibility of the Oregon Coast serving as a site for
developing plant biomass resources. Mr. Dale Mallicoat in Governor Straub's office
called Oregon State University and conversations were begun in the fall of 1976 to
explore this potential resource. Meetings were held in the College of Science be-
tween representatives of Chromallov and selected faculty members from the College
of Science, and the Schools of Oceanography and Engineering. At the conclusion of
these discussions, it was decided to assemble a conference for the purpose of bringing
together expertise from many parts of the world, as well as Oregon, to review the
considerations that must be taken into account when exploiting such a resource. I ac-
cepted the task of assembling a group of compatible scientists and scholars who
could bring their special perspectives to l)ear on this topic. The selection of authors
was done after consultations with my numerous associates in the field of phvcologv
but especially with Dr. Joyce Lewin of the Friday Harbor Laboratories who has been
most generous in her suggestions and support during the course of preparing the pro-



gram. The Pacific Northwest Regional Commission funded travel costs as well as
some of the secretarial expenses. The College of Science, the office of John Byrne, the
Dean of Research, and the Oregon State University Press have contributed both 11-
nancial and intellectual resources to\vard the effort.

The book, in a way, is an experiment in niterclisciplinarv communication. It is

comprised of four major themes. The first six chapters deal with a review of the phvsi-
cal, chemical, and biological characteristics of the Pacific Northwest Coast. The data
in these chapters are presented by specialists in the field of ocean geology, chemis-
try, and biology, and in several instances comprise the first attern1)ts at a general re-
view of the state of the science in the region. Chapters 7 through 1.3 deal with studies
on the culture of nmrine macrophvtes currently underway in the Pacific Northwest
as well as in southern California, New England, Florida, the Philippines, hawaii, and
Europe. Chapters 14 through 17 are directed to potential items of value w'hich can be
obtained from algal species from the perspectives of analytical chemistry, pharmacy,
and the very large international seaweed industry. lnclude(l in the final four chapters
are introductions to oceanic engineering prol)lems as well as arevie\v of the systems
approach to exploiting a resource which is part of a complex and delicate ecological
matrixa matrix in man ways similar to the legal hurdles which may he faced by
an ocean-based industry as treated in the final chaoter.

No apology need be made for the heterogeneity of the volume. It was intended
that this work should present an interdisciplinary approach to a major prol)lem-area
and expose those elements of both basic and applied research which needed atten-
tion. Examination of the chapters will reveal a very pressing need for additional data
and research. \Ianv of the participants who (lid not contril)ute formal papers at this
symposium wrote extensive suggestions for a major research program to bring more
finely honed knowledge to l)ear on the problems that have surfaced. I considered con-
cinching the volume with a research plan built on those contributions. For many rea-
sons it is probably inappropriate at this time. Crant proposals are in the minds of
many who participated in the conference and it would be doing a disservice to ex-
pose their strategies in this publication. However, it would be neglectful not to men-
tion the high level of enthusiasm and anticipation felt 1w all participants for the work
that still needs to be done. The (1uickened spirit of the bench researchers, an(l the
improved understanding in government and industry of the promise of this new
source, made it clear to all that the years ahead would surely see additional efforts to
answer the many questions that have been raised.

It is abundantly clear that there are 1)0th advantages and disadvantages in at-
tempting to exploit the marine plant resources in the Northwest. The algal global
harvest amounts to billions of dollars annually. It is inevitable that the Northwest
portion of the Pacific rim will play a role in this commerce in the ears ahead. How-
ever, the time is short. Economics of many nations, including that of the United States,
are weakening. Every effort must be expended b scientists to identify new resources
before a severe crisis in energy and raw materials makes the cost of such research un-
supportable.

in the many details which attend publication activities, the editor has had the
devoted assistance of the pertvlieiit staff of the Dean's Office of the College of Sci-
ence. Special credit must be assigned to Penny' Hardest' without whose diligence and



steady support, the whole effort would have been impossible. She and Jean flavnes,
my Administrative Assistant, were iistrumental in moving both the svrnixsiuni and
the publication to completion. They were supported by Patricia Potts and Beverly
McFarland who contributed talent to the editorial task. Although many hands as-

sisted in the typing, most of that difficult task was executed by judi Bowman and
Patty Williams. Gratitude is certainly due them for their contributions to the final
product and its speedy completion.

The editor took as few liberties as possible with the chapters. Flowever, in most
cases, some dialogue did take place in the process of pouring them into an appropri-
ate mold for puhlicatioii In no cases was the thinking of the author distorted and
each is responsible for the genius exhibited in his presentation. If the text serves as a
starting point for a iioie thorough study of the renewable marine-plant resources of
the Northwest Pacific rim, it will have served its iiipose. It will have justified the ef-
forts of each of the authors who focused attention, for a time, on a special regional
prol)lem.

September 1977 Robert W. Krauss
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Marine PlantsA Renewable Resource for Mankind
ROBERT W. KRAUSS

A useful starting point for a book dealing with the potential
value of marine plants to the welfare of society is to refer to some
words of Garrett Hardin spoken in Corvallis in May of 1975 in his key-
note address to a symposium on "Radio Ecology and Energy Resources"
(4). Dr. Hardin agonized, as is his custom, over the future of an
enlarging humanity, which appears to be increasing its dependence on
atomic power plants to satisfy ever-growing demands for energy. He
saw a paradox in the dilemma of seeking more and more energy at
greater and greater rIsk. One paragraph encapsulates the thrust of
his perceptions:

Why do we push atomic energy? Because we say there is a
shortage of energy. But shortage is not an absolute term.
It is a relative one. We have an energy shortage relative
to something else--mainly relative to the number of people.
To speak of a shortage of energy is to utter a half truth.
We can just as truly speak of a longage of people. Why do
we prefer one half truth to the other? It is especially
dangerous to speak of a shortage of energy because in a
world in which population never stops growing, an energy
shortage can never be satisfied. Not if the world is
finite in some real sense.

This book is written in that same context. A naturally balanced
ecology probably could not support well the numbers of people already
on this planet. Surely they could scarcely be supported with the
high standard of living, with the same level of education, or with
the political freedoms now taken for granted in the United States
and most of the western world. A glance at the newspaper on any day
is sufficient to establish that we are not living in a balanced
ecology. Just how unbalanced is a matter of debate, but the current
rate of exploitation of non-renewable as well as renewable raw materi-
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als has created an expectation of the good life for a greater number
of human beings than the planet ultimately can support. It is not
our mission to be directly concerned with the growing world popula-
tion, but no one can talk of utilizing a segment of our renewable
resources to support human beings without being aware of the real
problem--a "longage" of people. Regrettably, the solution to that

problem is in the hands of politicians rather than scientists--
although it may not always be so. This volume is designed to address
the logic of attempting to enrich the store of resources by use of
the plants of the ocean, especially in the Pacific Northwest, and to
examine an opportunity to ease some of the pressures for survival on
this nation and others in the years ahead.

In any study of the economic feasibility of exploiting a natural
resource, questions of price--the value of the product versus the
cost of production--become dominant. As populations rise, resources
become depleted and prices rise because of competition for those
resources. This phenomenon is quite independent of any contrived
inflationary policy of governments. The prices of products in the
biomass, varying from potentially priceless drugs to products valued
only for their energy, are rising now and will continue to rise.
This is a new driving force in the affairs of men that scientists
must begin to appreciate--the increasing cost of everything.

It is the fundamental increase in real prices that has raised
the questions to be addressed in this volume. Are there compounds
of value in the renewable biomass of the ocean that can be retrieved
with present or new technology? Can the plant biomass be manipulated
without endangering the fish and shellfish which are already an
economic resource of great value? Are there ways in which the ocean
can be made to produce more harvestable biomass or will there be
limits based upon the nutrients, illuminance, and temperature pre-
vailing in coastal waters? Can other activities of mankind fit into
a feedback ioop that will in some way enhance the productivity of the
coast? Is it feasible to attempt to cultivate and harvest plants in
a wild and powerful oceanic environment without high risk and potential
loss of investment?

Because of the very nature of the questions being asked and the
primitive state of our knowledge, this volume is more concerned with
identifying unsolved problems than it is with supplying answers to
questions that might be raised. The contributors to this volume

write from diverse backgrounds. Some bring the strictly scientific
preoccupation--a concern with basic questions and the solution to
fundamental problems in biology. Others have commercial concerns,
and for them science is not so much a mechanism for widening their
philosophical horizons as it is for providing a way to unlock soon
new economic resources from the sea.

At this stage, we are more interested in identifying problems.
The advantage to humans of harnessing algal productivity has attracted
for years the attention of the scientists of many nations. Often

advances have been slow simply because we did not understand clearly
what the problems were. This volume attempts to assemble the per-
spectives of many disciplines so that we shall appreciate the work
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that must be done, the engineering that must be attempted, and the
societal problems that must be faced if we are to know the targets
and be better able to take aim.

The photosynthetic efficiencies and rapid growth rates of algae
have been known for over 100 years. From the early observations in
1871 on the growth of unicellular algae in cultures supplying minimal
inorganic nutrients to the time when John Burlew edited gCu1ture
from Laboratory to Pilot Plant (3), the potential of utilizing algae
for the production of foods, drugs, or other compounds has been
recognized (5). Dr. Vannevar Bush was president of the Carnegie
Institution of Washington when the first major efforts to understand
the problems of culturing unicellular algae such as Chiorella for use-
ful purposes began some 25 years ago. In the 1950s, concern was for
additional sources of protein and the cultivation of algae was
envisioned as an ideal mechanism for supplying such food. I should
like to quote from Vannevar Bush's forward to çplture from
Laboratory to Pilot Plant, coming shortly after his triumphs during
World War II in fathering the development of atomic power. His words
had a prophetic ring:

The need of the world for additional sources of high pro-
tein food is so great--especially in overpopulated areas----
that serious effort in tracking down every promising lead
is certainly warranted. Such great advances in technology
have already come from the coupling of engineering with
biology that it seems inevitable that the production of
food--at least in certain areas--will eventually be
carried out by process industries. The large-scale
culture of algae may well become the first of them. In
regions of the world where population is especially dense
and fertile land is limited, it is entirely possible that
the process industry methods for producing food may
furnish a respite from the threat of famine and so con-
tribute toward more salutory conditions for civilized
living. If algal culture can serve such a purpose, it
is well worth the development for that reason alone.

Those who have followed the efforts to create a system for inex-
pensive production of unicellular algae know that the realization of
this prophecy has eluded us. The costs of the technology have been
too great to match economically the value of the yields. However,
much has been learned about the culture of algae. Now that our
attention is to be directed primarily to the large forms of algae,
the thallus forms often called seaweeds or kelps growing in natural
rather than primarily man-made environments, it is well to consider
the lessons that have been learned about the culture of the unicells.

In writing the introduction to the book on algal culture, John
Burlew (3) chose to extrapolate from the photosynthetic equation,
and its known efficiencies, to the amount of land that would be
required for algal factories to obtain the needed protein for all
of mankind. His calculations showed that, employing unicellular
algae alone, a million acres--about the size of the state of Rhode
Island--would be enough to provide the world population with its
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total protein needs. This was an optimistic prediction. The reader
need not be troubled with a careful analysis of why we are not now
utilizing such a small area to feed so many people. It is sufficient

to say that there are major problems blocking such developments. We

can expect similar problems to be confronted in utilizing the larger

marine plants off the coast of the Pacific Northwest or elsewhere.
However, some commercial culture of unicellular algae is in fact
underway in several parts of the world. The culture of unicellular
algae, coupled with waste disposal (7), is a major research topic
at the University of California at Berkeley, and many proponents
believe they can evolve a methodology which is economically feasible.

The commercial utilization of large marine algae has always been
ahead of that of unicellular algae. Today's marine plant industry

is a billion dollar international operation with products, primarily
polysaccharides, common on the industrial scene, and other compounds,
such as the mannitols, involved in the pharmaceutical industry. Large

and efficient companies on both the east and west coasts of the United
States, and in Europe and Asia, have engaged in types of ocean farm-

ing during the last century. Many species of red, brown, and green

algae are in commerce today. The coast of Europe in the northern
latitudes has long served as a source of marine plants which are
utilized extensively or intensively locally or are shipped abroad.
The history of the involvement of algae as part of a staple food
diet of both Europeans and Asiatics is documented in literature (6,

8). Contributing to this volume are representatives of successful
commercial enterprises who are not preoccupied with beginnings, for
those beginnings are already on record. Here the future must be
considered to determine what science must do, what commerce must do,
and what governments must do if utilization of the algal resource is

to be expanded in the Pacific Northwest and elsewhere.
The northwest coast of the United States is the area to which

primary attention will be given in this volume. No significant kelp

or seaweed industry now exists in the Northwest, although numerous

species of potential value are present. The coast in the Pacific
Northwest is climatically similar to the coast in northwest Europe
although there are differences in coastal morphology and substrate.
The Pacific Northwest Regional Commission and the governors of the
states of Oregon and Washington are interested in potential new
resources for these states facing common natural resource needs.

However, much must be learned from the status of algal harvests in
California, the eastern United States and Europe and Asia. The

uniqueness of the Northwest can be viewed best with perspectives
from an industry functioning so effectively elsewhere.

Much can be said about the potential use of marine plants to

solve the energy crisis (2). Few topics are of greater pressing

concern than the need for fuel. Today the utilization of algae for

energy may appear remote. The problems connected with producing a
sufficient biomass within coastal waters capable of producing benthic

algae loom large and the costs of large-scale culture are at present

staggering. However, final judgment would be premature. This

volume will deal in part with the possibility of utilizing algae as
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a source of fuel, but the more immediate probability of harvesting
comparatively small algal crops as a source of organic compounds
of high value to society will be the primary occupation. This is
an age where steering wheels of automobiles are made of soy beans,
where paint is made of wheat or milk, and where hulls of boats are
made of petroleum or sand. We may well be overlooking a group of
compounds in algae that can play unexpected roles in commerce and
relieve pressures on other renewable resources.

A previous symposium held almost exactly a year ago in Washing-
ton treated the problem of capturing the sun through bioconversion
(1). That program makes interesting reading. In it, projections
were made of vast areas of ocean on the west coast that could
potentially supply food and fuel to the nation. However, the extra-
polations made in that symposium need to be addressed in greater
detail by scientists especially knowledgeable about the algae and
the environments in which they grow. In the last analysis, the
solutions to many of the most obvious obstacles will be made by
phycologists who are responsible for understanding the growth and
reproduction of the varieties and the species employed, and for
designing the methodology used to maximize the biomass. Experience
with land-based agriculture is consonant with this view. Botanists
and agronomists establish the parameters for optimum growth and
yield. Engineers and industry combine to match technology to the
crop. Once we learn how to produce the biomass, the chemical engi-
neering technology for its processing to useful forms will follow
almost automatically. The major problem is how to generate the bio-
mass and manage a sustained yield from it. The reader should be
especially interested in assessing the potential of the ocean environ-
ment to supply necessary nutrients, temperature, illuminance, and
substrates to sustain the type of standing crop that seems to be
necessary if some of the long-range projections we have heard are
to be achieved. The ecosystem in which this biomass exists and to
which it is, in a sense, susceptible must also be given a detailed
scrutiny.

Those with their eyes on algae as a source of fuel project that
marine plants could contribute as much as 20 quads of the nation's
total current need of approximately 100 quads (1 quad = 1 x 1012

B.T.U.). The production of 20 quads would require nearly 100 million
metric tons of algae. Such production would require a highly ef-
ficient scrubbing of the nutritional components which exist naturally
or which, to some degree, might be replenished by man.

It may be useful to make extrapolations concerning one of the
resources off the Oregon coast and the probability of supporting a
significant algal population. Nitrogen is commonly a limiting factor
in algal growth, and the adequacy of its supply will determine how
large a crop can be grown. The estimate of nitrogen flow during a
period of upwelling through one square meter of ocean surface as
calculated by Atlas in Chapter 4 of this volume makes possible a
projection of the potential algal biomass. Data indicate that the
on-shore nitrogen drift during a typical upwelling period is approxi-
mately 31.5 kg of nitrogen per meter parallel to the coast per day.
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Assuming approximately 740,800 meters of Oregon coastline between
parallels 42° and 46° north latitude, 23,335,200 kg of nitrogen move
into Oregon's coastal photic zone per day. Employing a conservative
analysis in typical kelp of 2% of the dry weight as nitrogen, 1 kg
of nitrogen will produce 50 kg of algae assuming it is absorbed with-
out loss and plays its normal metabolic role. Thus, there could be
1,166,760 metric tons of algae produced per day along the Oregon
cost, during a period of upwelling if nitrogen were the only limi-
ting factor. However, such strong upwellings occur during only 25%
of the days in an upwelling season which normally lasts six months
in the summer. If there are only 45 days of adequate upwelling
during the summer season to sustain growth, the total algal crop
could amount to 52,500,000 metric tons. Therefore, of the total
U.S. energy supply requiring 500 million metric tons of algae, over
10% could theoretically be produced off the coast of Oregon during
the upwelling season, if upwelling alone were the source of nitrogen!

Clearly such estimates represent performance under ideal condi-
tions and are based on the known supply of only one of the factors
which might be limiting. However, they do suggest the potential that
does exist if all other conditions could be optimal. Reality must
be retained in any projection. Certainly modest cultivation of some
algae for commercial purposes will need to precede their employment
as a significant source of fuel substrates to replace petroleum or
gas. This volume presents much to keep extrapolators within bounds.
It should serve as a guide to the science that exists or needs to be
created. It also raises warning signals to those who wish to exploit
the plant biomass. It should provide many with an understanding of
what the commercial concerns may be and identifies many questions for
the solution of which governmental funding may be required. It is

designed not as a textbook nor as a coherent assembly of all the
knowledge we have. Rather it should serve as a starting point for
a new approach to the management and exploitation of a very great
and increasingly precious renewable resource of the Pacific Northwest
coast.
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Coastal Morphology and Geology

of the Ocean BottomThe Oregon Region
LaVERNE D. KULZtI

The Oregon coastline and the adjacent continental shelf and
slope have been studied in detail by Oregon State oceanographers and
other workers since 1960. The major geological features are shown
in Fig. 1. A few estuaries have been investigated in enough detail
so that the basic estuarine circulation system and the sedimentary
deposits are known in a general fashion. A number of studies have
described the severe effects of erosion along the Oregon coastline
(6, 8, 37) and the influence of coastal geology on these erosional
processes. The effects of coastal erosion are most apparent to those
persons living at or near the coastline and have an important bearing
upon the socio-economic climate of the region. Several sedimento-
logical studies were also conducted on the Oregon continental shelf
(4, 11, 20, 28, 32, 42, 43, 49) during the l96Os and early l97Os.
The main objective of these related studies was to determine the
sedimentary facies on the continental shelf and relate the facies to
(1) the estuarine circulation system and sediment input from the
coastal drainages, (2) the modern and ancient hydraulic regime of
the shelf, and (3) the benthic activities that modify these deposits.
A concurrent investigation, emphasizing the geologic history of the
regime, was conducted by Kulm and Fowler (27) on the shallow struc-
ture and stratigraphy of the continental shelf.

Unless otherwise indicated by references, the bulk of this
chapter was taken largely from the papers of Kulm et al. (28) on
Oregon shelf sediments and Kulm and Fowler (27) on geologic history
of the Oregon shelf. Some passages and paragraphs have been extract-
ed verbatim from the published work of the author and his co-workers
and integrated here to give an overview of the geology of the region.

Ji1W(JXSIti

The Oregon coastline is relatively straight except where it is
indented by estuaries and interrupted by erosion-resistant headlands.
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Figure 1. Map of the Oregon continental margin, coastal region and
surrounding features.

Volcanic rocks generally form these headlands whereas crystalline
and sedimentary rocks occur along the coastline in other areas (8).
Well developed emergent marine terraces are prominent along the
central and southern Oregon Coast. Near Cape Blanco (Fig. 2) the
youngest terraces are elevated about 60 m above sea level, dropping
in elevation to the north and south. The terraces consist of uncon-
solidated beach and dune sands associated with former Pleistocene
stillstands.

The morphology of the Oregon continental terrace (shelf and
slope) has been described by Byrne (5, 6, 7), Maloney (32), Carlson
(10), and Spigai (49). The combined width of the terrace ranges
from 75 km off Cape Blanco to 135 km off the Columbia River (Fig. 2).
The shelf varies in width from about 17 to 74 km, has an inclination
of 0°08' to 0°43', and a depth at its outer edge of 145 to 183 meters.
These dimensions are narrower, steeper, and deeper than the average
values given for the continental shelves of the world (45). Promi-

nent submarine banks (i.e., Nehalem, Stonewall, Fleceta, and Coquille)
of exposed bedrock occur near the outer edge of the shelf and have
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as much as 75 in of relief. Bedrock also crops out on the inner shelf,

especially between Coos Bay and the Rogue River.
The upper continental slope (180-190 in) is characterized by

benches and low relief hills (Fig. 2). The largest bench (Cascade
Bench) occurs between Cascade Head and Tillamook Bay and is 400-600 m

deep. Another prominent bench lies between 500 and 700 m and is
located between Cape Sebastian and the California border (49). It is

a continuation of the Kiamath Plateau found on the upper continental

slope off northern California (46). 0ff central Oregon (Fleceta Bank)

the upper slope forms a steep escarpment. Astoria and Rogue River

canyons and numerous small submarine valleys cross the outer shelf

and upper slope. They are the most important avenues of sediment
dispersal by turbidity currents originating on the continental terrace

(10, 35, 49).
The irregular width of the shelf, submarine banks, abundant

benches, and linear ridges on the slope, all suggest strong structural
control of the morphology and general configuration of the terrace.

COASTAL EROSION

Studies by Byrne (6, 8) and North (37) show how effective erosion
is along portions of the Oregon coast. Numerous sea cliffs, sea
stacks, and landslides are testimonials to the erosive power of sea
and swell conditions associated with storms generated in the northeast

Pacific Ocean. When these physical forces are coupled with certain
geologic conditions along the coastal region, erosion of this region

is severe and rapid.
Byrne (8) has devised an erosional classification for the north-

ern Oregon coast which shows how various geologic parameters influence

coastal erosion (Fig. 3). The relative resistance to erosion is

related chiefly to lithology, structure, and stratigraphy. He believe
that lithology, either by itself or in conjunction with structure or
stratigraphy, has the most influence on erosion.

Landslides are most likely to occur where the relatively soft

sedimentary rocks are exposed at the coastline. Periods of excessive

rainfall, which occur frequently in the winter months, cause these

types of lithologies to slip off their frequently seaward-dipping bedd

planes onto the beaches where the material is redistributed by wave

action. Coastal terraces consisting of unconsolidated sand also
retreat landward rapidly under wave attack. In contrast, the hard

igneous rocks commonly found at protruding headlands are much more

resistant to wave erosion.
Broad, sandy buffer zones (unconsolidated sediments) along the

coastline (e.g., coastal dunes and broad beaches) inhibit erosion as

long as the littoral sands are allowed to move seasonally north

(winter) and south (summer) without interruption by man-made barriers

such as jetties. Areas deprived of these buffer materials often
display excessive erosion in the winter months.

Because the Oregon coast is affected by severe winter storms,
coastal land erosion by waves is an important mechanism for redis-

tributing sediment along the coastline. Significant heights of storm

waves range from 5.8 to 9.6 m (34). Estimated rates of erosion on



MORPhOLOGY AND GEOLOGY OF THE COASTAL BOTTOM 13

c o YAQU/NA

RIVER
T4RTS

IBAY rt 9

AL SEA
BAY

Lu

'KNEST(JCCA

TILLAMOOK
HEAD I

/

ITICASCADE
PERPET1JA

v$ J:.

I'

CAPE ¶?I
..[ALCON : HECETA

7.HEAD
,1SILETZ
I BAY

P
NEHALEM
BAY /: COASTAL ROCK TYPES

ThrncoNsoL IDA TED

ir.
EROSIONAL CONTROL

- LITHOLOGIC
T/LLAMOOK F1
BAY

STRA TIGRA PH/C
STRUCTURAL

E YAQU/NA LANDSLIDE AREAS
fMEAR HEAD

Figure 3. Erosional classification of the northern Oregon coast.
All symbols apply to the coastline (from Byrne 8).



14 L. D. KULM

A:n.N:ToN :I46

NET LITTORAL DRIFT

f4 MODERN

LATE PLEISTOCENE.0

'.
DISCHARGE MILLION

YAQUINA6 ACRE FEET PER YEAR

DRAINAGE BASIN

r I

44.
t

IVS,AW
0

KILOMETERS

%.

COO 6

VMPOUAc

I

42

KLAMATH 60

CS.)

1 I I

24 122 OK

Figure 4. Coastal drainage basins and adjacent continental shelf

off Oregon. Littoral drift summarized according to Scheidegger

et al. (44).



\IORPIIOLO(;i AXJ) CEOLOGI OF TIlE COASTAL BoTToM 15

the northern Oregon coast range from 0.6 m per year for sedimentary
rocks overiain with consolidated marine terrace deposits to 16 m
per year for unconsolidated sands and gravels along the coastline
(6). Runge (43) calculated 595,000 cubic meters of coastal sediment
potentially could be added to the continental shelf each year.

SEDIMENT SOURcES

coastal Drainages

The bulk of the sediment supplied to the Oregon shelf is
derived from the Columbia River and from the southern coastal rivers
such as Rogue and Umpqua (Fig. 4). The Columbia River, which has
the third largest flow of all rivers in the United States (22), has
a drainage basin 12 times the area of all neighboring basins along
the Oregon coast (Fig. 4). Peak discharge of the Columbia River,
occurring during May and June, is caused by melting snow in the
Rockies and Cascades. Peak discharge occurs in the smaller coastal
rivers from October through March as a result of local precipitation.
Approximately 11 x 106 cubic meters of suspended sediment is trans-
ported annually to the Pacific Ocean by the Columbia River (50). An
average annual bedload of 1,360,916 cubic meters was measured at a
station at Vancouver, Washington (30). Although the sediment load
of the smaller coastal streams is not monitored, these streams
probably supply an amount proportional to their drainage area. All
streams have their headwaters in mountainous regions that receive
large amounts of rainfall during the winter months.

Heavy mineral studies of the sand in these coastal drainages
and on the continental shelf show that the Columbia River drainage
basins and the Klamath Mountains of southern Oregon and northern
California are the principal sources of coarse sediment for the shelf
(43, 44).

Estuarine Circulation Versus Sediment Supply

Drowned river estuaries, which occur at the mouths of the coastal
rivers, act as filters for sediment being transported between the
fluvial environment and the open marine environment (26, 40). The
two-layered and partly mixed circulation systems characteristic of
Oregon estuaries during winter and spring (3) produce a net upstream
flow along the bottom, which transports marine sand from the longshore
drift into these embayments (26, 30). In the smaller estuaries, during
peak fresh water discharge in the winter and early spring, a partly
mixed or two-layered circulation system inhibits the transport of
fluvial sands Out of the estuary, although a portion of the suspended
fine-grained sediment continues to diffuse seaward. Aerial photos of
the surface plumes of muddy water and optical studies of the suspended
material in the continental shelf waters (15, 21, 38) indicate that a
significant part of the fine sediment is transported out of the
estuary and across the shelf. During peak flow in May or June, the
Columbia River pushes the salt wedge seaward toward the mouth of the
estuary (30), allowing the suspended material to pass through the
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surf zone and diffuse directly to the shelf where the surface plume

moves south (38). During the winter months, the plume moves north

(15).
The filtering process, which traps the coarse sediments (fine

sand and coarser {26}) in the estuaries, is most efficient when the
fresh water discharge is at a maximum (two-layered system) and there
is a corresponding high sediment input from the stream. During peri-

ods of low river runoff and corresponding low sediment supply, the

estuaries become the well-mixed system, with a net flow seaward at

all levels (3). Because the peak discharge of the Columbia River
occurs several months after the peak discharge of the smaller coastal

streams, there is a seasonal change in the primary source of shelf

sediment, the coastal stream dominating in the winter months and the
Columbia dominating in late spring and early summer.

CONTINENTAL SHELF SEDIMENTS

Sediment Composition

The Oregon shelf sands are grouped into three main genetic

classes: detrital, biogenic, and authigenic (4, 11, 32, 49, 51).
Detrital sands consist chiefly of quartz, feldspar, and rock frag-

ments. They generally are found on the inner continental shelf and
portions of the outer shelf. Quartz:feldspar ratios average 1:1

(4) and are similar to the ratios found in adjacent beach sands (25).
These deposits are classified as arkosic sand by Williams, Turner,

and Gilbert (52). All detrital sands have a fresh surface texture
and lack the typical iron oxide coating that is found on relict sand

deposits (16).
Biogenic components, such as sponge spicules, diatoms, radio-

larians, and planktonic and benthic foraminif era, constitute as much
as 32% of the sand fraction of the fine-grained muds (32), but a

minor portion of the total deposit. Sponge spicules and diatoms are

most abundant in the muds of the Heceta swale, whereas benthic fora-

minif era are abundant in the vicinity of the submarine banks. Bio-

genic constituents form a minor part of the sand deposits on the

shelf.
Glauconite is the principal authigenic constituent of the shelf

sands (43). The highest concentrations range up to 98% of the coarse
fraction and occur on the outer edge of the shelf and topographic
highs.

Sediment Facies

Definition. Sedimentary fades on the Oregon continental shelf
have been determined from the textural analysis of more than 900

surface and 100 subsurface samples. These data are contained in
several studies (4, Il, 32, 42, 43, 49) and are summarized by Kulm
et al. (28).

Distribution. The distribution of sedimentary facies on the

Oregon shelf is shown in Fig. 5. The sand facies occurs mainly on
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Figure 5. Sedimentary facies of the Oregon continental shelf.
Glauconite pattern denotes those sediments with greater than 15%
glauconite. The continuous solid line that intersects the facies
patterns is the 183-meter contour at the edge of the shelf (modified
from Kuim et al., 25).

the inner shelf or in a few small patches on the outer edge of the
shelf. This facies extends seaward from the shore to depths of 90
to 100 meters from the Columbia River to the Siuslaw River and to a
depth of only 50 meters from the Siuslaw River to the California
border.

It is apparent that the mud facies is irregular and patchy and
concentrated in areas near rivers that have a fairly high discharge
(Fig. 5). Although this facies occurs largely at mid-shelf depths,
it may extend to the outer edge of narrower portions of the contin-
ental shelf, as in southern Oregon. The mud layer is usually less
than 10 cm thick off the Rogue River (Fig. 6), 1-3 cm thick or absent
off central Oregon (Fig. 5), and more than 40 cm thick south of the
Columbia River. The rate of sedimentation in the large mud patch
south of the Columbia River (Fig. 5) is only about 6 cm/1000 yrs
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Figure 6. Model of sediment facies determined from box cores taken

of the southern Oregon shelf. Vertical scale is approximately 40 cm

(from Kulm et al., 28).

based upon a Mazama ash horizon (36) encountered in a gravity core.

The mixed sand and mud facies, which is created by burrowing

benthic organisms mixing the basal sand into the overlying mud, may

occur anywhere between the sand facies and the outer edge of the con-

tinental shelf (Fig. 5). It usually occurs between the sand and the
mid-shelf mud fades except off the Umpqua River and the California

border. Just south of the Umpqua River, the mixed sand-and-mud

fades extends seaward from the sand fades on the inner shelf and

transects the mid-shelf mud facies. South of the Rogue River, the
mixed sand-and-mud facies actually may exist as a narrow belt on the

inner shelf, but it may not have been detected because of the small

number of samples collected in this area.
There is no systematic depth dependency in the facies distribu-

tion over the Oregon continental shelf. However, where the shelf is

widest, (northern and central Oregon) the sand facies extends sea-

ward to water depths of 90-100 m. Where the shelf is narrowest and

somewhat steeper (southern Oregon), the sand facies retreats to a

water depth of 50 m.

Wave Influence on Sediment Facies

Hundreds of bottom photographs taken on the Oregon shelf show
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Figure 8. Wind and wave conditions recorded from an oil rig off the

coast (from Rogers., 41).

capable of stirring the bottom to water depths of 200 m whereas the
shorter period summer waves stir the bottom to a depth of about 90 m.

Periodic high speed unidirectional currents ranging up to 70 cm!
sec provide the energy for sand erosion and transport on the inner
shelf and mid-shelf region (47) and probably are related, in part,
to the extreme wave conditions during the winter months. Even though

there is sufficient energy for resuspending and transporting sand-
sized material, the exact nature of the sand dispersal system is not
known.

FINE SEDIMENT DISPERSAL SYSTEM

Definition of Turbid Layers

The distribution pattern of the mud facies on the central and
northern Oregon continental shelf (Fig. 5) is related, in part, to
the dispersal of fine-grained, suspended material across the contin-
ental shelf from the coastal region (21, 38). Profiles of turbidity

from the surface to the bottom were recorded over the northern and
central shelf using a beam transmissometer (Fig. 9); bottom current
measurements were made in selected areas of the shelf in conjunction
with the turbidity measurements (21). These measurements were made

in February, April, and May when sediment supply from coastal drain-
age is high to moderate. Although the turbid regions were not
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Figure 9. Turbidity measurements made along a profile taken at 45°
11' N. Transect was made February 9, 1971. Comparisons of turbidity
between profiles can be made only on a relative basis (from Harlett
and Kuim, 21).

sampled, the suspended particles probably consist of clay and silt-
sized particles of biogenic and terrigenous debris similar to that
described in the section on Composition of Shelf Sediments.

Transmissometer measurements show that suspended materials are
concentrated at three surfaces (21): (1) the seasonal thermocline,
(2) the permanent pycnocline, and (3) the bottom (Fig. 10). Three
rather distinct layers, the surface layer, mid-water layer, and
bottom layer, are defined above these surfaces. They are described
in the following sections.

Surface Layer

In shallow water, the surface turbid layer at the seasonal
thermocline is usually the most turbid of the three layers. During
times when surface waves are large, turbidity increases nearshore
with no apparent layering, becoming so intense that it completely
obliterates the compass in bottom photographs taken 2 m above the
sea floor. This indicates that a large amount of suspended materi-
al is moving seaward from the surf zone during storms. Sediment
finer than very fine sand (< 62p) is absent on Oregon beaches and
must either diffuse seaward or re-enter the estuaries. On the north-
ern shelf, sediment in the Columbia River plume dominates the surface
layer in the late spring and early summer. During these months, the
plume extends offshore and to the south; Pak (38) traced the plume
as far south as Yaquina Bay on the central coast during May. Since
the maximum discharge of the Columbia River occurs in late spring
and early summer, its influence on sedimentation is magnified at
this time. The surface layer tends to retain its identity across
the shelf, although its intensity decreases as distance from the
source increases.
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Figure 10. Conceptual model of suspended sediment transport across
the northern Oregon shelf. Turbid layers are indicated by stipple
pattern in water column (from Harlett and Kuim, 21).

Mid-Water Layer

The mid-water layer of turbid water occurs at the permanent
thermocline, in which the temperature decreases about 1.5°C (21).
Because of the density increase associated with the temperature de-
crease in the permanent thermocline, the permanent pycnocline and
the permanent thermocline coincide. Drake (14) has noted similar
concentrations of suspended material at levels with much smaller
temperature changes. Pak et al. (39) found a scattering maximum at
the level of the permanent pycnocline during upwelling, which they
interpreted as biogeneous material sinking with upwelled water.

Unlike the surface layer, the mid-water layer becomes vertically
thicker and less intense with increasing distance from the shore.
Near the shelf edge the layer becomes diffuse (Fig. 9). Near the
surf zone, the mid-water layer receives material diffused from the
mid-water levels and the water column above. This material moves
laterally across the shelf on the gently sloping pycnocline, contin-
ually receiving a contribution from the surface waters. Furthermore,

during upwelling a significant amount of biogeneous material is added
where the denser upwelled water sinks in the middle part of the shelf

(39). Observations made at a time-series station west of the Colum-
bia River show that the mid-water layer migrates vertically, appar-
ently in response to a similar migration of the permanent thermocline.
The intensity of the layer remains nearly constant although its vert-
ical extent changes slightly.

Bottom Layer

Where the bottom sediments consist of mud, the bottom layer of
turbid water is almost as intense as the surface layer. Here the
turbidity increases sharply within 10 to 20 meters of the bottom and
generally decreases with distance from the shore. In regions where
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there is only a small amount of fine material in the surface sedi-
ment or on topographic highs, the bottom layer is much reduced and

in places non-existent. Turbidity measurements from time-series
observations over the mud facies west of the Columbia River (Fig. 5)
show a well-developed bottom layer which increases and decreases
vertically in response to concomitant increasing and decreasing bot-
tom current strength at a nearby station.

The bottom turbid layer apparently receives suspended material
from the surf zone and from the water column above, as well as from
the bottom itself. Surface waves passing over the continental shelf
generate sufficient orbital velocities to resuspended bottom sedi-

ments, including fine sand, to water depths of at least 125 meters

(24). Bottom photographs show that turbidity in the bottom layer is
greater during winter months, and sand ripples are more often present,
indicating that orbital wave motion is partly responsible for resus-

pension of sediments. Away from the direct influence of the surf
zone, the clearest bottom waters are found over submarine banks and

the most turbid bottom waters are found in the swales or valleys
landward of the submarine banks (Fig. 2). This suggests that the

bottom turbid layer may develop into a low-density bottom current
near the middle or outer part of the shelf, flowing around the topo-

graphic highs. Near-bottom velocity profiles measured on the contin-
ental shelf west of Yaquina Bay show a velocity maximum of 15-20 cm!

sec at 150 to 200 cm above the bottom.

Seasonal Fluctuations in the Mud Layer

Although the mud facies is absent off central Oregon (e.g.,
Yaquina Bay area, Fig. 5), bottom photographs reveal that a thin
blanket of fine-grained material covers the underlying sand facies
during periods of moderate wave conditions. With the arrival of the

long-period waves, the bottom is stirred and the fine materials are
resuspended and transported seaward as a bottom turbid layer. The
bottom is fairly rough in this region, consisting of relict sands

and gravel. This creates a turbulent boundary which enhances the
resuspension of the fine sediments. Because of the low sediment
supply to the shelf in this area and the frequent passage of long-
period surface waves which are capable of rippling the bottom, a
permanent mud facies never develops.

The mud facies develops when a high sediment supply coincides

with moderate wave conditions. For example, the Columbia River has

its peak discharge during May and June and the fine-grained sedi-

ments accumulate on the shelf under waves that stir the shelf de-

posits to water depths of only 90 m or less on the average. This

increase in sediment supply tends to concentrate the suspended ma-

terial near the bed (33) and may create a smooth-bottom cohesive

material that is more resistant to erosion during storm conditions.
Despite the nearly ideal conditions, the amount of mud deposited
(6 cm/l000 yrs) by the Columbia River on the adjacent continental
shelf is relatively minor compared to what one would expect from an

annual suspended sediment load of 11 million cubic meters.
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Figure 12. Seismic reflection profile trackline across the Oregon
margin (shelf and slope). Tllustrated profiles in Figs. 13 and 14
are numbered (from Kulm and Fowler, 27).

CONTIJVEiVTAL SHELF STRUCTURE

General Framework

A generalized geologic map (Fig. 11) was constructed for the
Oregon continental shelf with the aid of more than 8000 km of seis-
mic reflection profiles (Fig. 12) and more than 100 samples. Re-

gional correlation was aided by continuous tracing of the acoustic
units laterally from control points with heavy reliance upon the
ubiquitous angular unconformities for stratigraphic control.

Some of the most strictly folded and faulted areas of the Ore-
gon margin occur beneath submarine banks near the outer edge of the
shelf (Figs. 13 and 14). The principal ones are Nehalem Bank (SP-106),
Heceta-Stonewall Bank complex (SP-89), and Coquille Bank (SP-66).
Pleistocene to pre-late Miocene rocks are exposed on these banks
(Fig. 11); the oldest known exposed sediment occurs in the vicinity
of Heceta Bank on the upthrown side of faults.
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Figure 13. Seismic reflection profiles of the northern Oregon
shelf (see Fig. 12 for location) (from Kulm and Fowler, 27).

Heceta and Coquille Banks are characterized by positive free-
air gravity anomalies which suggest a slight mass excess beneath
them. In contrast, the area around Nehalem Bank (about 46°N) shows
a negative anomaly and implies a fairly thick low-density sedimen-
tary section (13).

A series of interconnecting shallow synclines occurs between
the shore and the outer banks off southern Washington and northern
and central Oregon (Fig. 11). The largest of these synclines is
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Figure 14. Seismic reflection profiles of the central and southern
Oregon shelf (see Fig. 12 for location) (from Kuim and Fowler, 27).

basinal and is centered off Cascade Head (Figs. 11 and 13). Along
the seaward limb, sediments in the syncline have ponded behind and
overlapped a series of subsurface folds (SP-56, -66). Cascade bench
(Fig. 2) and other similar benches have been produced by this process
of sediment entrapment. The most recent development of these sync-
lines involves Pleistocene sediments that almost always overlie old-
er units unconformably. However, the synclines are generally best
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developed offshore from thick late Paleogene and early Neogene sedi-
mentary sections on land that trend offshore.

Of f Washington and north and central Oregon large negative free-
air anomalies coincide with the inner shelf synclines. From ref lec-

tion profiles and gravity data, it seems clear that much thicker and
older sedimentary basins underlie the shallow Pleistocene basins on
the inner shelf such as those off Cascade Head. Braislin et al. (2,

their Fig. 2) show a known sedimentary section of 12,000 feet and
postulate a section in excess of 15,000 feet thick over this area.

An acoustic basement dips seaward beneath the inner part of the
continental shelf along profile SP-106 (Fig. 13). It is marked by
large positive magnetic anomalies (17, their Fig. 4) and is most
likely the seaward extension of the Miocene volcanic rocks found
onshore (48).

Between Coos Bay and Cape Sebastian, the inner shelf is under-
lain by intensely folded and faulted sedimentary units (Fig. 11) (31)."
Erosion has exposed Mesozoic and younger strata. Structural trends
are variable and limited to a few kilometers; they probably reflect
several stages of deformation associated with rocks of different
ages. Most of these older structures have been truncated (e.g.,
Fig. 14, SP-35) and covered by a thin veneer of Pleistocene sediments.

From the Rogue River to the California border, the shelf is
underlain by a shallow basin consisting of undeformed sediments which
unconformably overlie older units (Fig. 14, SP-75). This basin appar-
ently trends perpendicular to the shoreline and is characterized by
a large negative free-air gravity anomaly.

Although the character of the outer shelf is in large part struc-
turally controlled, it also has been shaped by considerable erosion
and sediment progradation (Figs. 13 and 14). A Pleistocene sediment
wedge unconformity overlies older truncated strata which now occur
at water depths as deep as 300 m (Fig. 14, SP-47). Subaerial erosion

during the several Pleistocene lowerings of sea level has truncated
the folded structures over much of the shelf (e.g., Figs. 13 and 14,
SP-l06, -89, -35). This suggests in turn that either the earlier sea
level lowerings were substantially lower than the negative 125 m in-
dicated for the late Wisconsin regression (12) or there has been
subsidence during the Pleistocene along portions of the outer shelf
as suggested by Kulm, von Huene et al., (29) from deep-sea drilling.

Uplift of the Continental Shelf and Slope

Assemblages of benthic foraminifera from the sedimentary rocks
collected on the Oregon continental slope and shelf generally are
indicative of deeper environments of deposition than presently found
at the collection sites. The difference between the paleodepth and
the present-day water depth gives the minimum amount of relative
uplift or downwarp for the sedimentary section.

Uplift of as much as 1,000 meters has been reported for the
central Oregon shelf and upper slope (9, 18, 19). The largest
amounts of uplift (900-1000 meters) on the Oregon continental shelf
involve the late Miocene and early Pliocene rocks in the vicinity
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Figure 15. Minimum rates of uplift on the Oregon continental margin
and coastal terraces. Pleistocene is number with solid dot, Pliocene
is solid triangle and Miocene is solid square (from Kulm and Fowler,
27).

of Heceta Bank (Fig. 15). Early to middle Pliocene strata on Nehalem
and Coquille Banks have been uplifted as much as 500 to 600 meters.
Pleistocene deposits on the submarine banks have an estimated uplift
ranging from 0 to 100 m.

The Elk River terrace is the lowest and youngest emergent marine
terrace along the Oregon coast (1). An age of 45,000 years is given
for the youngest and lowest marine terrace on Cape Blanco (23) which
rises 60 m above sea level.

Average rates of uplift range from 100 to 1000 m/m.y. over the
Oregon margin with the highest rates associated with coastal terraces
at Cape Blanco and with the lower continental slope deposits off cen-
tral Oregon. Although the largest amounts of uplift of shelf and
upper continental slope rocks involve the late Miocene to early Plio-
cene strata, the rates are only 100 m/m.y. and probably are not more
than 200 m/m.y. at a maximum. Rates of uplift over the entire shelf
and upper slope are fairly constant suggesting a uniform rate of up-
lift during late Cenozoic time. The rate of uplift in the coastal
region decreases to the north and south from Cape Blanco.
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Figure 16. Seasonal regime for the Oregon continental shelf. Sedi-

ment rippling and turbid layer transport are enhanced during the
winter due to high sediment input from coastal streams and long
period wavs that ripple the bottom sediments in water depths of
at least 125 m. Turbid layer transport) especially in the surface
and mid-water layers., is greatest during the late spring off the
Columbia River (after Kulm et al., 28).

SUMMARY AND CONCLUSIONS

Sedimentation in the Oregon coastal region and on the adjacent
continental shelf is controlled by several factors, some related and

others independent. The most important factors are: (1) river dis-

charge, coastal erosion, and sediment supply; (2) estuarine circu-
lation system; (3) wave dimensions and direction; (4) subsurface and
bottom currents; (5) density stratification of water column; and
(6) burrowing benthic organisms.

River discharge which is related to seasonal rainfall in the
drainage basin and snow melt, estuarine basin configuration, and
tidal range determine the nature of the estuarine circulation system.
When a partly mixed and two-layered system develops, the estuaries
act as a sediment trap for much of the fluvial sand transported in
traction along the bottom and some silts and clays that flocculate
and settle in the vicinity of the salt wedge. In addition, marine
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sands are transported from the beaches to the estuary by the landward
flowing salt wedge. During periods of unusually high river discharge,
such as that associated with the Columbia River in the early spring,
large volumes of very fine sand (124 to 62 microns) and finer material
may be carried in turbulent suspension to the surf zone and inner con-
tinental shelf. Sand-sized material is also supplied to the shelf by
erosion of the coastline during the severe winter storms. Erosion of
the coastline is strongly influenced by its geology and the waves that
attack the sea cliffs and sand buffer zones.

The very fine sand and finer material either is held in suspen-
sion or resuspended by surface waves vigorously stirring the bottom
to depths of at least 125 m and possibly 200 m. Long-period winter
waves are capable of stirring the bottom to water depths of 200 m
whereas the shorter period summer waves stir the bottom to depths of
about 90 m (Fig. 16). Although near-bottom currents with velocities
ranging up to 70 cm/sec provide the energy for sand erosion and trans-
port on the inner shelf and mid-shelf region (47), the exact nature
of the sand dispersal system is not known. Fine-grained sediments,
terrigenous silt and clay, and biogenic debris, are carried across
the shelf in a well-defined surface turbid layer and a mid-water tur-
bid layer associated with the seasonal thermocline and the permanent
pycnocline, respectively (Fig. 16). Both the coastal drainages and
the turbulent surf zone, which receives its sediment from the coast-
line and drainages, supply terrigenous sediment to each layer. A
substantial biogenic input (diatoms, radiolarians, foraminifers) is
made to the surface and mid-water layers as the result of coastal
upwelling during May to September. Some settling of fine-grained
material to the waters below probably occurs during lateral transport.

A bottom turbid layer develops on the shelf in response to the
rippling and resuspension of sediments by surface waves, from uni-
directional currents, and from the influx of material from the surf
zone and possibly from the mid-water layer above (Fig. 16). The
bottom layer is prominent on the shelf to the depth of sediment
rippling and is concentrated in the submarine swales and small valleys
near the mid- and outer shelf.

The sedimentary facies on the Oregon continental shelf are re-
lated in part to the Holocene transgression of the sea, that deposited
the basal sand fades (Fig. 6), and to those modern-day processes
associated with the present hydraulic regime on the shelf. Benthic
organisms mixed the slowly accumulating mud fades into the underlying
sand facies creating the mixed sand and mud fades (Fig. 6). In the
areas of highest sediment supply (Columbia, Umpqua, and Rogue Rivers),
the mud accumulated more rapidly with the zone of benthic-reworking
shifting upward in the sediment column away from the basal sand. A
mud facies is developing in the areas adjacent to rivers with highest
discharge and sediment supply. In areas of low sediment supply (shelf
adjacent to the central Oregon coast), little mud accumulates on the
rough relict sediment surface. The mixed mud and sand fades gener-
ally surrounds the mud facies, which thins towards its periphery.
Wave stirring controls the landward extent of the mud facies and shelf
edge turbulence and sediment bypassing probably limit its seaward
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extent. The mud fades is developing slowly because surface waves
periodically resuspend the silts and clays and transport them sea-
ward in a low density bottom turbid layer.

The structure of the Oregon shelf shows that it has been folded
and faulted, especially in the vicinity of submarine banks that occur
near the outer edge of the shelf (Figs. 11, 13, 14). Older sediment-
ary rocks (largely Pliocene to Miocene) have been uplifted from deep-
er parts of the continental slope and now form the banks and other
rock exposures on the shelf. Rather rapid structural adjustments have
taken place on the shelf during the past several million years.
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Physical Characteristics of Pacific

Northwestern Coastal \Vaters'
ADRIANA IIUIER AND ROBERT L MITII

The coastal waters of the Pacific Northwest have been
studied extensively in the last two decades so that much is known
about their physical characteristics, especially the circulation
and stratification. The physical characteristics determine to a
large extent the natural productivity of the ecosystem, and may de-
termine whether or not it can be enhanced. This chapter will
describe the main physical characteristics (the circulation, strat-
ification, tides, and waves) and the ways these might be limiting.
It will also outline the kinds of information still needed to clar-
ify the problems associated with increasing the marine plant biomass
of the Pacific Northwest.

CIRCULATION

Much of the knowledge about the circulation of coastal waters
is based on direct current observations, made with instruments

1We wish to acknowledge the contributions of several programs
to our knowledge of Oregon coastal waters: the Newport Hydro Line
occupied regularly from 1958 through 1971, and funded largely by the
Office of Naval Research; the pioneering coastal current measuring
program from 1965 to 1969, funded mainly by the National Science
Foundation; the first and second Coastal Upwelling Experiments, CUE-I
and -II, which were funded by the Office for the International Decade
for Ocean Exploration, National Science Foundation, and most recently
the program to study the winter-spring transition (WSIP), funded by
the National Science Foundation, NSF, DES 74-22290.

We also wish to acknowledge the aid of H. Pak, H. Pittock,
P.D. Komar, L.F. Small, and R.J. Zaneveld for providing information
on the physical characteristics with which we were less familiar.
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Figure 1. Locations of direct current measurements (dots) and tide
gaaes (triangles) along the Pacific Northwest Coast. The star at
44°45 'N indicates the position of Poinsettia, a mooring maintained
for over a year. The mooring at Sunflower (S) was maintained for
seven months.

moored on a taut wire with subsurface flotation. The current meters
record speed, direction, and temperature at regular intervals, usually
10 to 20 minutes. Locations where current observations have been
made repeatedly, or for periods longer than a month, are shown in
Fig. 1. By now, there are sufficient data to resolve signals with
periods of several hours, a day, several days, and even the seasonal

variation.
At one location, Poinsettia, 44°45'N, 124°17.5'W, current meters

were deployed in December 1972 to monitor the shelf currents. The

mooring was serviced at intervals of a few months, and was maintained

until May 1974. To study the low frequency currents, the short gaps

due to servicing were filled in with artificial data and the result-
ing long record was filtered statistically to remove periods of a
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Figure 2. Time series of wind (computed and observed), the 40 m
current at Poinsettia, sea level at Newport, Oregon,and temperature
at 40 m, Poinsettia, from December 1972 to May 1974. The observed
parcvneters have been statistically filtered to remove tidal and
shorter observations. Bal<un's wind is computed from the large scale
6-hourly synoptic pressure charts. The length and direction of each
vector represents the speed and direction toward which he flow occurs,
with vertical upwards representing the true month.

day or less. The low-passed time series of the current and temper-
ature at 40 m is shown in Fig. 2, with low-passed time series of the
wind and sea level at Newport, and with the wind at 45°00'N, 125°00'W
computed from the six-hourly synoptic pressure charts (2). This
record demonstrates some important features of the coastal currents:

(a) the currents are usually nearly parallel to the local iso-
bath (in this case along 20

°
T); the "alongshore' (really along-iso-

bath) component is usually stronger than the "onshore" (cross-isobath)
component.

(b) the currents are highly variable in both direction and
speed on a time scale of several days.

(c) these fluctuations in the currents are directly correlated
to fluctuations in the sea level and the alongshore component of the
wind.

(d) there seems to be a significant seasonal variation in the
alongshore component of the current. In fall and winter, the mean
is northward, but the direction of the current is highly variable.
In spring and summer, the mean is strongly southward, and the flow
is hardly ever northward.

(e) the seasonal cycle of the currents seems to be asymmetri-
cal, with extremes in winter and spring. The sea level exhibits a
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Figure 3. Progressive vector diagrams of the wind at Newport, Ore-

gon, and of the current at 25 m, 40 m, 80 m at Poinsettia, for 363

days beginning December 17, 1972.

similar asymmetrical cycle, but the seasonal cycle in the wind is
symmetrical, with the strongest northward mean in December or Janu-
ary, and the strongest southward mean in July or August.

Fig. 2 also shows that the wind measured at Newport is similar to
the larger scale wind computed from the 6-hourly synoptic pressure
charts, on both the seasonal and the multiple-day time-scales. The

temperature-time series show little variation at periods of several
days, but reveal a strong seasonal signal: the temperature is high-

est in winter and lowest in summer!

The Mean Circulation

Integrating a year's data from Poinsettia gives some indication
of the mean circulation over the middle of the continental shelf off

central Oregon. Fig. 3 shows progressive vector diagrams (PVD's) of
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the current at three depths, and of the wind. A PVD is a trace of
the endpoint of a vector whose components are the time integrals of
the eastward and northward velocity; if the velocity were independent
of location, this trace would represent a trajectory. The most strik-

ing feature of Fig. 3 is the extreme difference between the wind and
current: the current PVD's form almost a straight line which is
nearly parallel to the local isobath, while the wind favors no partic-
ular direction (except that it is hardly ever westward). The currents

at 25 and 40 ni exhibit a net southward flow during the year, with an
average of about 9 km/day (10 cm/sec) at 25 m, and about 7 km/day
(8.5 cm/sec) at 40 m. The mean Newport wind is northeastward at about
74 km/day (.86 m/sec). The eastward and northward components of the
mean wind stress are 0.17 and 0.20 dynes/cm.

Over the inner part of the shelf, the mean current is much weaker.
Although direct current measurements are not available year round,
there are several sets of observations near the 50 m isobath: at

44°4OtN from July to October 1972 (45); at 45°16'N during July and
August 1973 (46); and at 45°N from February to May 1975 (13). These

indicate that the mean flow over the inner part of the continental
shelf is weakly southward, or perhaps even northward.

Less is known about the mean circulation over the outer shelf
and further offshore, but it is generally believed to be southward
at the surface. Geostrophic computations along 44°40'N (25) indicate
that there is mean southward surface flow beyond the shelf, but that
it is weaker than the flow over the mid-shelf. At a depth of 200-
300 m, there is a mean northward undercurrent (12). Its influence
on water properties (and therefore probably its velocity) decreases
with distance from shore (12, 49). Its presence very near the conti-
nental slope has been verified off Washington in fall (6, 48) and in
summer (20), and off Oregon in spring and early summer (29).

Seasonal Variation
Huyer, Pillsbury, and Smith (26) computed the monthly means of

all the direct current data available for the Oregon continental
shelf including Pointsettia, up to the end of 1973. They found a
strong and regular seasonal variation in the alongshore flow. Another
mooring, Sunflower, was subsequently maintained over the 100 m iso-
bath at 45°N from February through August 1975 (13). Monthly means
of the alongshore flow at both Poinsettia and Sunflower are shown in
Fig. 4. Both records show a similar seasonal cycle: northward
currents at all depths in winter, with little or no mean shear; south-
ward currents at all depths in spring, with strong vertical shear in
the lower half of the water column; and southward surface currents
over a northward undercurrent in summer, with a weaker mean vertical
shear. No long continuous current records are available for the
southern Washington shelf, but there are a series of shorter records
from different seasons near the 70 m isobath at 46°25'N (53). The

currents there exhibit a similar seasonal cycle except that the
current is more strongly northward in winter and more weakly south-
ward in the spring. This might be because it is effectively nearer
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Figure 4. Monthly moan values of the alongshore component of the
currents off the Oregon coast at Poinsettia, 1973, and at Sunflower,

1975. To obtain the alongshore component, the coordinate axes were

rotated by -20° at Poinsettia and -13° at Sunflower. Positive
values are poleward; negative values indicate equatorward currents.

shore (in shallower water), but could also be because it is further
north.

Events: Fluctuations with Periods of Several Days

The data from Poinsettia (Fig. 2) showed clearly that in the
alongshore component of the current there are variations (termed
"events") which are associated with similar variations in the wind
and sea level. The events that occur over the shelf in summer have
been studied extensively in recent years (10, 27, 36, 37, 54). At

present, we know that:
(a) the alongshore current fluctuations are nearly independent

of depth in both magnitude and phase, at least below 20 m.
(b) the current fluctuations are highly coherent with those

in the sea level, and usually coherent with those in the local wind.
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Figure 5. A diagran of the onshore-offshore circulation that occurs
during an upwelling event in summer, when the wind stress has remained
favorable for upwelling for several days, from Huger (24). Offshore
velocities in the surface lajer are about 20 cm/see; the strongest
onshore velocities are 5 - 10 cm/sec.

(c) current fluctuations over the continental shelf are highly
coherent over alongshore separations of up to 200 km.

(d) the amplitude of the alongshore current fluctuations de-
creases rapidly with distance from shore.

(e) the current fluctuations generally rotate clockwise.
(f) the orientation of the fluctuations is determined largely

by the local bathymetry.
(g) at the lowest frequencies, the current fluctuations behave

as a northward propagating continental shelf wave that is continually
forced by the wind stress. At other frequencies, the current fluctu-
ations seems to behave as if they are locally driven by the wind
stress.

The onshore component of the current also varies with a period
of several days. This variability was clearly observed in the summer
of 1973 when current meters were moored in the near surface layer as
well as at greater depths over the 100 m isobath (14, 24). When the
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speeds observed during July and August 2973, and during February,
March, and April 297.5 off Newport, Oregon.

wind stress is southward, there is strong offshore flow at the sur-
face, which decreases rapidly to zero at about 15 or 20 m. The
compensating onshore flow occurs over the remainder of the water
column, but is strongest just below the layer of offshore flow. The
vertical velocity associated with this circulation decreases rapidly
with distance from shore. Fig. 5 shows a diagram of the onshore-
of f shore circulation during an upwelling event in summer, i.e., when
the wind has been southward and strong for several days.

Tidal and Inertial Currents

The currents oscillate with periods of approximately a day as
well as at the longer periods described above. The principal periods
are those associated with the diurnal tide (about 25 hrs), the semi-
diurnal tide (12.4 hrs), and the inertial period (17.4 hrs off
Oregon). The diurnal tidal currents are closely associated with
the diurnal oscillation in sea level, but the semi-diurnal currents
can be associated with internal waves as well as with the semi-
diurnal changes in sea level. Inertial currents are generated im-
pulsively, often by a rapid change in the wind stress (47); in a pure
inertial current the centrifugal force is balanced by the Coriolis
force.

Inertial oscillations off central Oregon often have amplitudes
exceeding 10 cm/sec (31, 35, 44). Kundu (35), using summer data from
one location over the 100 m isobath, showed that the amplitude of
the inertial motion decayed slowly with depth; the energy propagated
downward from the surface as we would expect if the oscillations
were generated by the wind. Wang and Mooers (58) found that inertial
energy propagated downward and offshore along an inclined pycnocline
(a layer of maximum vertical density gradient) during an upwelling
event. There is little spatial correlation between inertial currents
as measured by current meters at the same depth (40 m) off Oregon in
summer (32).
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The energy associated with internal semi-diurnal tides is highly
variable at the 100 m isobath (19, 44, 58). The kinetic energy of
the internal tide is high when the stratification is strong, and
weaker when the stratification is reduced. When the stratification
decreases abruptly, as during an upwelling event, the semi-diurnal
velocity shear may become unstable. When this happens, the tidal
currents are dissipated and there is increased mixing (58).

Extreme Currents

Though a discussion of the circulation in terms of the dominant
periods during which it varies is of scientific interest, it is of
little value in determining whether a particular engineering approach
might succeed. The current at any given time is a composite of all
of these signals, and maximum speeds can far exceed the amplitude of
any of the dominant signals. Fig. 6 shows the maximum hourly speeds
as observed during two separate experiments, one in July and August
1973, and the other from late January through April 1975. These
values are taken from the data reports (13, 46) that also include
time series plots of the hourly data. Even in summer the maximum
speed exceeds one knot (50 cm/sec); in winter, the maximum speed
exceeds two knots. Note that these speeds were observed at depths
greater than 20 m; surface currents are likely to be stronger.

STRATIFICATION

Sea water density is usually described in terms of sigma-t, tne
specific gravity anomaly multiplied by a thousand (e.g., water with
a sigma-t value of 25.6 has a specific gravity of 1.0256, and a den-
sity of 1.0256 gm/cm3 at atmospheric pressure. Sigma-t, a function
only of the temperature and salinity, increases with increasing
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Figure 8. Vertical sections of sigma-t observed over the central
Oregon shelf in January and August 1973. (26)

salinity and decreasing temperature.
The general structure of the vertical stratification of the

waters off the Pacific Northwest is shown in Fig. 7. The deep winter
mixed layer is caused by convective cooling and wind mixing; its
depth is limited by the strong halocline. Subsequent warming and
additional runoff lead to the seasonal thermocline and seasonal halo-
dine. A remnant of cold water often persists through the summer
as a temperature minimum at the top of the halocline (51, 57).

These water characteristics are modified locally by mixing,
changing surface temperature, upwelling, precipitation, and by runoff
(especially the Columbia River effluent) (5, 41). Affected by these
processes, the density stratification varies with periods of a year,
several days, and several hours.

The seasonal density variation over the continental shelf has
been described for two locations: off southern Washington (55) and
off central Oregon (25). In both locations, isopycnals (lines of
equal density) generally slope downward toward shore in winter, and
upward toward shore in summer (Fig. 8). Over the entire water col-
uinn, the water over the inner half of the shelf is denser in summer
than in winter. The lowest salinities and densities occur in the
Columbia River plume, which lies northward along the Washington coast
in winter and southwestward along the Oregon coast in summer (3).
The highest temperatures, up to nearly 18°C, also occur in the Colum-
bia River plume. Off central Oregon, the surface temperature over
the continental shelf varies from about 10°C in winter to about 14°C
in early summer, decreasing in summer (because of upwelling) to about
10°C, increasing in early fall to a maximum of about 15°C, before
decreasing to the winter value. Near the bottom, the temperature
decreases from its winter value of about 10°C to a minimum of about
6.5°C0in summer. Surface salinity decreases in spring from about
32.5 /00 in winter, and increases to about 33 /00 in summer. At

the bottom, the salinity increases from about 32.8 0/00 in winter to
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about 33.8 0100 in summer. At the surface, sigma-t varies from about
25.0 in winter and summer, to about 23.0 in spring and fall (25). In
summer off Oregon, the depth of the surface mixed layer seldom exceeds
10 m (16); even off Washington, it seldom exceeds 25 m (21). In
winter, the surface mixed layer often exceeds 50 m, except very near
shore where strong stratification is maintained by runoff.

The temperature-salinity characteristics of the water also vary
seasonally. In sunnier, because of the southward advection, the water
is more strongly subarctic. There is a temperature minimum at the
top of the halocline and temperatures in the halocline are relatively
cool. Where the southward advection is strongest, the temperature
minimum is most extreme (28). In winter, when there is northward
advection over the shelf, the halocline temperatures are warmer, in-
dicating more of the water is of southern origin. There is also a
seasonal difference in the zooplankton populations (43): species
with southern affinities are dominant in winter and species with
northern affinities are dominant in summer.

The stratification over the shelf varies significantly in re-
sponse to wind fluctuations with periods of several days. In summer,
the largest density changes occur in the upper 20 m and in a coastal
zone about 10 to 15 km wide (15, 30). The density distribution
further offshore and at greater depths is nearly constant. During
these events, the surface temperature may change by as much as 5°C
(22) as recently upwelled water replaces Columbia River plume water.
In winter, there are significant density changes down to 100 m or
more.

The time series of temperature from many of the current meters
(45, 46) indicate that there is a significant semi-diurnal variation
in the stratification, particularly at stations further from shore.
Repeated STD casts (17) show that the vertical displacement of iso-
pycnals is usually about 10 m over the mid-shelf.

Curtin and Mooers (9) observed internal waves with a period of
about an hour in August 1972. These were manifested at the surface
as a series of slicks which propagated toward shore. Below the sur-
face, the depth of an acoustic scattering layer oscillated up and
down with an amplitude of 10 m. Hayes and Halpern (19) showed that
the internal wave energy increased during an upwelling event. The
internal waves may break over the shelf, and may be important in the
mixing of the various types of water present.

Since there are several kinds of water along the Northwest coast,
it can be expected that there will sometimes be strong lateral gradi-
ents of density, salinity, temperature, and other water properties.
Strong horizontal gradients are commonly called fronts.TT Two main
density fronts are present in summer: one is at the boundary of the
Columbia River plume, and one occurs where the permanent pycnocline
reaches the surface during upwelling. During the upwelling season,
these fronts are often nearly coincident and form a particularly
strong front. This major front is associated with the enhanced south-
ward surface flow during the upwelling season (38). Temperature
fronts are often associated with changes in color (42).
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Figure 9. The distribution of 3 m of salinity and of a light-

scattering parameter, (45), off the Oregon coast, June 20 to

July 3, 1968. The scattering parameter can be treated as a linear
function of the suspended material (40).

TURBIDITY

The turbidity of the coastal waters is caused by organic and in-

organic suspended particles. The inorganic particles enter the sys-
tem through river runoff and through wave action in the surf zone or

along the bottom.
Away from river outflow and the surf zone, the turbidity of the

surface layers depends only on amount of chlorophyll present (52).
In areas where rivers are a major source of organic materials, the
extinction coefficient is largest at the river mouth and it decreases
with distance from the mouth. Pak, Beardsley, and Park (40) demon-

strated (Fig. 9) the turbidity of Columbia River plume water.
The depth of the euphotic zone, at which the intensity of light

is at least 1 percent of its surface value, is between 30 and 60 m
throughout the year at one location, 25 miles off Newport, Oregon

(8). Nearer shore the euphotic zone is shallower, but it usually

exceeds 10 m (Small, personal communication). In summer, the surface

mixed layer is very shallow with a strong seasonal pycnoclirie be-

ginning at a depth of 10 to 20 m. The strong stratification would
tend to keep the phytoplankton within the euphotic zone where they

can fully utilize the light. In winter, the mixed layer depth often
exceeds the euphotic depth, except very near shore where the strati-
fication is strong.
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Analysis of vertical sections of optical parameters (18, 33)
show that particles are concentrated in the surface layer, a bottom
nepheloid layer, and a layer at intermediate depth. Between these
layers the water is quite clear. Much of the suspended material in
the bottom layer probably originates in the surf zone, but some of
it is stirred up from the bottom by waves or currents (18, 56). The
material in the intermediate layer may originate mainly in the surf
zone; its depth coincides with the pycnocline (18).

TIDES

The tides along the Northwest coast are mainly semi-diurnal
(i.e., sea level falls and rises about twice a day). There is also
a significant diurnal component, so that one of these highs is great-
er than the other. Together, the first semi-diurnal (M2) and the
first diurnal (K1) tidal constituents account for about 70 percent
of the tidal range. The amplitudes of the principal tidal components
at Newport are given in Table I.

Table I. Principal tidal harmonic components at Newport, Orejon.

Name Symbol Period cm

Principal lunar semi-diurnal M2 12.42 88.1

Luni-solar diurnal K1 23.93 43.1

Principal lunar diurnal 01 25.82 26.4

Principal solar semi-diurnal 12.00 23.1

Larger lunar eliptic N2 11.97 18.1

Both the tidal range and the tidal extremes vary with position
along the Northwest coast (Fig. 10). The tidal range is greater to
the north, and tidal extremes occur later. The main semi-diurnal
component (M2) progresses more rapidly northward than the main diurn-
al component (K1); the speeds are about 214 and 140 M/sec, respec-
tively (39).

Observed sea level differs from the predicted levels (1) because
it also varies with atmospheric pressure, changes in water density,
currents, and wind stress. The "inverted barometer" response is a
decrease in sea level of 1 cm for every 1 mb increase in atmospheric
pressure; hence, it has an amplitude of 10 to 20 cm, depending on
season. The seasonal variation of sea level associated with season-
al changes in the current and density distribution has an amplitude
of about 15 cm (50). The sea level changes associated with several-
day fluctuations in the current have amplitudes of 15 to 20 cm
(Fig. 2). Storm surges, which usually last less than a day, may be
as high as 1.4 m (23). In a typical year, the extremes of sea level
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Figure 10. Variation of tidal range and phase along the Northwest
coast. Gt and Mn are two measures of the tidal range: Gt is the
mean difference between highest and lowest sea level occurring each
day; Mn is the difference between the mean high water and mean low
water levels. HWI and LWI are measures of the tidal phase: they

are the time intervals between lunar passage of the Greenwich meri-
dian and the local high water (awl) or local low water (LWI).

are 1.8 m above and 2.2 m below the mean sea level.

WA VES

Wind waves and swell are monitored at Newport, Oregon, by means
of a seismometer which measures microseisms produced by the waves
(4, 11). The output was calibrated by a series of visual observa-
tions of wave height and period. The system is set to obtain a 10-
minute record every 6 hours. For each record, the height and periods
of the highest third of the waves are averaged to yield the signif 1-
cant wave height and period. The monitoring has been almost contin-
uous since 1972, and the wave climate has been documented. The waves

are much higher in winter than in summer. In July and August, the
significant wave height is not expected to exceed 8 feet (2.5 m); in
November, December, or January, the significant wave height is likely
to exceed 16 ft (5 m) on one day of each month (7). Komar, Quinn,

Creech, Rea, and Lizarraga-Areiniega (34) have used the significant
wave heights to compute breaker heights at Newport. Fig. 11 shows
the minimum, maximum, and mean breaker heights for ten-day periods
from July 1972 to July 1973. Note that the maximum and minimum val-
ues do not apply to individual waves. They refer to the extreme
values of the significant wave heights from the 10-minute records.
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Figure 11. Ten-day mean, maximum, and minimum breaker heights and
periods computed from the significant wave heights as measured by
the seismometer at Newport, Oregon. Significant wave height is the
mean height of the highest one-third of the waves (34).

SUMIvL4RY AND CONCLUSIONS

Some important questions about the physical characteristics
must be answered before attempting to increase the marine plant bio-
mass of the Pacific Northwest. Maximum current speeds may be pro-
hibitive to major aquaculture projects except in sheltered areas,
in the lee of capes or banks, where the currents are weaker. Tur-
bidity is high in areas where there is river outflow. There is in-
sufficient information regarding light levels at many locations and
at different seasons which are favorable for increased productivity.
The wave climate at Newport is now quite well known but more research
is needed off southern Oregon.
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Chemical Characteristics of Pacific

Northwestern Coastal \VitersNutrients, Salinities,
Seasonal Fluctuations'

ELLIOT L. ATLAS, LOUIS I. GORDON,
AND RICHARD D. TOMLINSON

The Pacific Northwest coastal waters comprise an extreme-
iy dynamic oceanographic system. The physical and chemical proper-
ties fluctuate seasonally, weekly, and even daily as a result of cur-
rents, winds, and biological, biochemical, and chemical processes.
Several years of observations off the Oregon Coast will be used here
to describe the average chemical characteristics of these waters and
to examine the seasonal fluctuations and some short time-scale phe-
nomena which occur. Surface and near-coastal waters will be empha-
sized.

The chemical characteristics of the coastal waters are strongly
affected by the interplay of three important oceanographic regimes:
the Northeast Pacific Ocean, coastal upwelling, and the Columbia
River plume. Each of these regimes is chemically unique, especially
in its nutrient characteristics (Table I). From the standpoint of
this chapter, the Northeast Pacific Ocean provides a relatively
steady background of low-nutrient water compared to the more dramatic
changes in horizontal and vertical distributions associated with
coastal upwelling and the Columbia River.

Coastal upwelling is a strongly seasonal phenomenon that brings
cold, nutrient-rich waters to the surface along the coast. In addi-
tion to the seasonal upwelling cycle, there are short individual up-
welling events which occur on an intermittent basis. The high pro-

'This research was funded in part by the Office of Naval Research
under Contract N00014-67-A-0369-0007, Project NRO83-1O2 and by the
National Science Foundation Grant NSF-GA-12ll3. Numerous contracts
and grants from ONR and NSF have funded both our work and that of
Drs. Burt, Patullo, Park, Smith, and Huyer. We are grateful for this
support.

57



58 E. L. ATLAS, L. I. GORDON, R. D. TOMLINSON

Table I. Annual average nutrient levels in Pacific Northwest coastal

waters1-

NO3 + NO2 PU4 SiO4

(jiM) (pM) (pM)

Northeast Pacific
Surface Water2 5 0.7 10

Columbia River Water3 10 0.5 150

Upwelling Water4 35 2.4 45

1The symbols NO3, NO2, PO4, and SiO4 signify total reactive
nitrate, nitrite, phosphate, and silicate, respectively, as measured
by the analytical methods employed. The concentration units (pM) are
micromolar, taken to be identical to microgram atoms per liter of
nitrate-nitrogen, nitrite-nitrogen, etc.

2From (12)

3From (14)

4From (1)

ductivity of upwelling areas is well-known (15) and is due mainly to
the supply of nutrients to the photic zone.

The Columbia River also adds nutrients to the surface waters of
the Northeast Pacific, but over a much more extensive area than just
the upwelling zones. The Columbia River discharge can be traced for
several hundred miles from the river mouth (3). Seasonal variations
in winds, currents, and river flow strongly modify the direction and
areal extent of the river effluent. Winter flow is northward close
inshore while summer flow is on the average southwestward.

Thus, superimposed on the "background" Northeast Pacific water
are the seasonal fluctuations and intermittent pulses of water from
coastal upwelling and the Columbia River. The result is a complex
ocean area; its chemical nature and changes are the subject of this
paper.

Most of the data discussed here were taken off the Oregon coast
during a series of hydrographic or special cruises conducted by
Oregon State University from 1959 to 1972 (4, 5, 6, 17, 18, 19, 20,

21, 22, 23, 24). Some of these cruises have been described by Atlas
(1), Ball (2), Cissell (7), Gordon (10), Hager (11), Hager and Bourke
(12), Kantz (13), and Tomlinson et al. (17).

AVERAGE CHEMICAL CHARACTERISTICS AND THEIR SEASONAL VARIATIONS

Chemical data from a single hydrographic station 25 miles off
0 iO r!the Oregon coast (NH-25, 44 39 N, 1 3' W) can be used to illustrate
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seasonal variations and mean chemical characteristics of coastal
waters. Individual monthly averages, rather than individual measure-
ments, were used to compute the long-term means. This averaging pro-
cedure gives equal weight to each year's data. Extremes in the indiv-

idual measurements and the standard deviation of the monthly averages
for surface water (0 m) are given in Table II.

The averages show a fairly coherent picture of seasonal fluctu-
ations (Fig. 1 a-g) and provide an indication of the vertical distri-
bution of chemical properties in the water column. Typically, salin-
ity and nutrient concentrations increase with depth off the Oregon
coast, and temperature and oxygen decrease with depth. The vertical
gradients in all properties are maximal in the upper 50 m during the

spring and summer. The upper 50 in are quite well mixed during the

winter.
The impact of the Columbia River on the seasonal cycle is evi-

dent pr5marily in the salinity distribution (Fig. 1 b). Low salinity

surface water flows southward during the summer and may be detected
near shore. Upwelling has a significant influence on all chemical
and physical properties, especially during the spring and summer
months.

The increased light and the availability of nutrients during
the early spring months stimulates plant growth. The increasing
biological activity quickly reduces nitrate concentrations to near
zero and gradually removes phosphate from the water (Fig. 1 d,e).
Nutrient supplies to most of the water column are then increased
during the summer by upwelling waters. Temperature and salinity
are most affected near the surface; they show only minor varitions
at depth. Nutrient and oxygen concentrations, however, are signifi-
cantly altered down to 100 to 200 m (Fig. 1 c-f).

On the average, nitrate tends to be removed before phosphate,
which suggests that nitrogen may be the important limiting nutrient
in these coastal waters. This is also indicated by the nutrient
enrichment experiments of Glooshenko and Curl (9) and Frey (8).
Another way to examine nutrient limitation is the N:P ratio in the
water (Fig. 1 g). "Average phytoplankton" assimilate N and P in the

ratio of 15-16:1. Lower ratios indicate nitrogen limitation. Virtu-

ally the entire water column shows nitrogen limitation during the
year. We calculated N:P based only upon nitrate + nitrite nitrogen
rather than all available nitrogen forms. There are few published
ammonia data available for these waters. Ammonia levels are usually
very low (-1 pM) and would have little effect on the N:P ratio.

The extreme values for each month over the six- to thirteen-
year sampling period (Table II) present an interesting perspective
on the variability of the chemical constituents. For example, both

the maximum and minimum surface oxygen concentrations for the entire
sampling period were observed during July. In general, the largest
variations in chemical properties occur during the summer months.
There is much less year-to-year variation during the winter. During

the winter, storms mix the upper waters well and there is diminished
biological activity. Virtually the same levels of nutrients, temper-
ature, and salinity can be expected every year. During the summer,



Table II. Maxima, minima, and standard deviation of surface water properties 25 miles off Oregon
(44°39'N, 124°39'W)1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Overall

max 10.82 10.88 10.34 10.42 13.00 16.60 16.21 15.83 16.44 15.27 12.99 11.86 16.60
T

mm 9.60 9.01 8.28 9.22 10.00 8.73 11.70 10.80 12.68 12.36 10.72 10.18 8.28
(° C)

s.d. 0.49 0.62 0.72 0.50 1.14 1.56 1.82 2.17 1.34 0.99 0.64 0.56 -

max 32.79 32.69 32.63 32.58 32.03 32.81 32.54 32.51 32.41 32.60 32.78 32.57 32.79
S

mm 32.27 31.11 31.16 30.94 30.43 22.63 30.17 31.47 31.34 31.46 31.98 32.30 22.63
(O/ o)

s.d 0.16 0.52 0.50 0.58 0.55 2.64 0.79 0.33 0.40 0.38 0.21 0.21 -

max 6.53 6.74 7.62 7.08 7.24 7.11 7.54 6.75 6.84 6.79 6.43 6.26 7.54
0
2 mm 6.17 6.35 6.51 6.73 6.36 6.06 5.87 6.18 5.89 6.14 6.04 6.11 5.87

(mi/i)
s.d. 0.13 0.14 0.40 0.13 0.30 0.35 0.54 0.34 0.35 0.24 0.13 0.06 -

max 0.90 1.15 0.86 0.73 0.52 0.62 1.00 0.51 0.94 0.73 0.67 0.79 1.15
P0

mm 0.54 0.76 0.25 0.22 0.18 0.11 0.23 0.37 0.18 0.12 0.48 0.53 0.11
(pM)

s.d. 0.15 0.21 0.31 0.23 0.17 0.14 0.32 0.06 0.36 0.25 0.08 0.18 -

0

0

0

0



Table II - cont'd.

_________________Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Overall

NO3
max 6.0 4.4 6.8 1.1 0.7 4.9 6.8 1.8 1.7 0.2 0.9 4.4

+ NO2 mm 2.9 6.0 0.1 0 0.3 0.1 0.5 0.1 0 0 1.9 0

(pM) s.d. 1.60 0.9 3.4 0.5 0.3 0.7 3.2 0.9 0.8 0 0.5 3.1

max 12 7 13 6 18 16 14 ND2 9 4 3 4

S1O4
mm 6 6 13 3 5 3 1

2
ND 1 1 1 4

(pM)

s.d. 2.5 0.7 - 1.5 6 5 6
2

ND 0.7 2 1 -

For explanation of symbols and units see footnote 1 to Table 1.

No data

6.8

0

18

1
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Figure 1. Seasonal changes in the characteristics of sea water in
the various depths at station NH-25, 46 km off the Oregon coast.
Closed circles, 0 m; open circles, 10 m closed triangles, 20 m
open triangles, 50 m closed squares, 100 m open squares, 200 m.
See text for data sources.
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however, upwelling, intense biological activity, and the Columbia
River plume can produce significant variations in a relatively short
time during any month. Oxygen-depleted upwelled water can become
supersaturated water in a matter of days as a result of an intense
phytoplankton bloom. (A more detailed example of the short-term
variations is given later.) Thus, even though a coherent and logical
seasonal sequence may be evident in the monthly average data, the
likelihood of finding the T'average" levels at any particular station
change during the year. During the summer, or upwelling months, when
the chemical and physical properties are most variable, an "average"
distribution is only a transient, unlikely condition.

SEASONAL EFFECTS ON AREAL DISTRIBUTIONS

The distribution of nutrients at the surface is affected by
river input, upwelling, and biological activity. This was shown
above for a single station and it is generally true for all coastal
waters between northern California and the Strait of Juan de Fuca,

Washington. Representative surface nutrient concentrations are
shown in Figs. 2-5 (16).

The winter contours (Fig.2) show strong nitrogen input from the
Columbia River and Strait of Juan de Fuca. Much of the river dis-

charge stays near the coast and moves northward. The remainder of

the coastal waters show NO3 + NO2 5 and PO4 1 lIM.

With spring the nutrient supply from the Columbia River and the
Strait of Juan de Fuca decreases, and biological production removes
nutrients from large areas of the coastal waters. Significant areas

are totally depleted in nitrates, though low levels of phosphate
remain (0.2-0.5 pM).

A sharp gradient appears during the summer (Fig. 4) which sepa-
rates high-nutrient upwelled water (>2 pM P, >8 pM N) from nutrient-
depleted offshore waters (0.2 pM P, 0 pM NO3). During this period,
the Columbia River does not show much nutrient contrast with the
Northeast Pacific regional surface waters. The flow of the Columbia
River effluent during the summer is generally south. A clear repre-
sentation of the river plume can be seen in Fig. 6 (6).

The fall conditions (Fig. 5) indicate continued upwelling in a
small area north of Cape Blanco (-. l24°W, 41°N) and a somewhat higher
flow of nutrients from the Strait of Juan de Fuca and the Columbia
River.

The changes in nutrient levels are most significant very near
shore (within 40 km). In any season, there is relatively little
latitudinal variation in nutrients; the largest gradients occur
perpendicular to the coast. Local upwelling areas, such as off
Cape Blanco, may produce small regions of anomalous chemical charac-
teristics.

We very briefly discuss in succeeding sections some additional
time and space development features of Oregon coastal water nutrient
chemistry, as well as point out the possible roles of yet other
nutrient materials.
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EFFECTS OF AN UPWELLING EVENT ON CHEMICAL DISTRIBUTIONS

During the spring and summer months, the near-shore chemistry
and biology are influenced by upwelling which occurs in response to
the northerly winds dominant at that time of year. However, the

winds and the upwelling are not constant. Rather, the "upwelling
season" occurs as a series of pulses or events having a time scale
of days to weeks (Huyer and Smith, this volume).

A cruise during June 1970 spanned such an event (1); we will
briefly describe it here and illustrate its effect on nutrient dis-
tributions. The wind pattern during the cruise showed consistent
north winds (Fig. 7). There was a gradual increase in the intensity
of the winds until the end of the cruise when the winds suddenly
reversed and diminished in speed. A single hydrographic line (NH)
was occupied three times during the cruise, and the resultant salin-

ity and nitrate data chronicle the progress of this upwelling event

(Figs. 8, 9).
A lens of low salinity water observed about 15 km offshore at

the beginning of the cruise reemphasizes the effect of the Columbia
River. Nitrate was totally absent at the surface. Several days of

northerly winds then drastically changed the vertical distributions.
Waters in the upper 25 m and very near shore were the most altered.
Nitrate concentrations in previously depleted surface water 10 km
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Figure 7. Daily averages of the northerly component of wind velocity
measured at the south jetty, Newport, Oregon, during June 1970, and
the times of occupation of hydro graphic lines during cruise Y7006A
(1). (V is positive for a north wind.) The symbols along the bar
at the top of the figure represent: DB, Depoe Bay line; NH, Newport
hydrographic line; HH, Heceta Head line; GE, Gwynn Knolls line; 1,
Yachats line; A, Alsea line; BC, Beaver Creek line; and OR, Otter
Rock line.

offshore increased to 25-30 pM.
The hydrographic and chemical structures of the deeper water

had changed during the final sampling period. A mass of more saline,
nutrient-rich water had intruded over the slope area. Surface nutri-
ent concentrations inshore (0-10 km) had begun to decrease indicating
some biological uptake. The time from the first to the last sampling
of the line was only 11 days.

The surface distributions of temperature, sigma-t, oxygen, sili-
cates, and phosphate showed large variations corresponding to those
discussed for salinity and nitrate (Fig. 10) during the course of
this upwelling event. In the distance-time field shown in Fig. 10,
a contour sloping upward to the right indicates offshore movement of
the given level of that variable. Thus, for example, the simpler
patterns shown by temperature and density indicate the progressive
movement offshore of cold, high density water. The less conservative
nutrients and oxygen reflect the additional and simultaneous effect
of phytoplankton production. Hence, their contours are more station-
ary (or horizontal as drawn in Fig. 10) with time. The largest
changes and the highest nutrient concentrations were recorded within
2 km of the coastline.

PATCHINESS IN CHEMICAL DISTRIBUTIONS

The variability associated with upwelling and the distribution
of biological populations in turn produce patchiness in nutrient
chemical distributions. These facts, together with practical rates
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Figure 8. Vertical distributions of salinity during three occupa-
tions of the Newport, Oregon, hydrographic line during June 1970.

of oceanographic data acquisition, make synoptic data extremely

difficult to obtain. The horizontal distributions presented earlier,
while accurate with respect to large-scale features, are too broad
to define some of the small-scale features which may be significant
when estimating potential biomass production off the coast. Surface

nutrient data taken during a period of several days in July 1972
show some of the small-scale features of the nutrient distributions
(Figs. 11, 12). These data show characteristic scale lengths for
variations in phosphate concentrations of factors 2, 3, and 4 over
horizontal distances of 2 to 30 km. Such longshore variability on
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this spatial scale is quite common along the central Oregon coast.
Cycles with periods of 12 to 24 hours are observable in the

fluctuations in chemical properties in coastal waters. Tidal and

(possibly) biological processes cause these. The effects of such
tidal fluctuations are apparent in data collected at two coastal
drift stations (Fig. 13) sampled during a 30-hour period in May
1972 during cruise Y7205 (16). A conservative variable (salinity)
and a nonconservative variable (phosphate) showed similar fluctuations
(Fig. 14), the variability at the inshore station being significantly
higher than at the offshore station. The close correlation of the
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Figure 10. Temporal changes of several variables at the surface
along the Newport, Oregon, hydrographic line during June 1970.

conservative salinity and the nutrient, phosphate, indicates that
at this time and location the physical processes (semi-diurnal tides)
dominated the variability in the region. Typical ranges of these
variables over the 30-hour period were: offshore, AS = 0.10,60,
APO4 = 0.1 iiM; inshore, AS = 0.1°,o, APO4 = 0.4 iiM.

ESTIMATES OF NUTRIENT SUPPLIES TO THE COASTAL EUPHOTIC ZONE

A crucial factor in biomass production is the supply and avail-
ability of nutrients. Can the nutrient supply satisfy growth require-
ments of a large biomass? This is difficult to answer accurately
because in addition to supply rates it requires a detailed knowledge
of rates of plant uptake, nutrient regeneration, etc. Nevertheless,
we have attempted two simple, first-order estimates of nutrient sup-
plies to Oregon coastal waters.

The first of the calculations considers longshore nutrient flow
through a box 1 m2 x 50 m deep, using nitrate because it is probably
the limiting nutrient for ultimate biomass growth (shown for the case
of phytoplankton in 8, 9). From the data in Fig. le, the yearly av-
erage nitrate concentration can be estimated to be 0.26 moles N in
the upper 50 m3 at NH-25. Upwelling months averaged separately give
the same value. Further, assuming that the average longshore current
is vertically uniform to 50 m and flows at 20 cm/sec (Huyer and Smith,



0

F

E

D

C

CIJEMIS TRY OF NORTh WESTERN COASTAL WATERS 73

0 9 8 7 6 5 4 3 2 I

I I I I I I I I

050

/00

- osoj(

1 /50

/

I4R'4fl' 2' 'R'

H

55.

55'

50'

55'

50'

55'

Figure 11. Small-scale patchiness in surface phosphate concentra-
tions in waters off the Oregon coast, July 23, 1972. (17)

8 7 6 5 4 3 2 I

I
I I j

sLkYz

/ / 200
_050

'o
/50

/ 50-

/00'

HECETA
HEAD

I
I I 1

42' 56' 50' 24' 8' 12' 06' I24

55.

55,

50'

55'

50'

IS'

40'

10'

5'

0'

>5'

Figure 12. Small-scale patchiness in surface phosphate concentra-
tions in waters off the Oregon coast, July 19-22, 1972. (17)



74 E. L. ATLAS, L. I. GORDON, R. D. TOMLINSON

y- / ii
45

NEWPORT

/

, I

cP-II

( cJ

U.20

Figure 13. Locations of two, thirty-hour drift stations occupied
in May 1972 off the Oregon coast. (17)



ChEMISTRY OF XORTJIWESTERV COASTAL WATERS 75

LTTi_±..

TIME OF DAY (PDT)

33.0

TIME OF DAY (PDT)

:

2400 200 2400

0

S

a-

0

I-

a-

U
0

Figure 14. Time changes in vertical distributions of salinity and
phosphate for drift stations CP1-1O (upper) and CP11.-19 (lower)
during cruise 17205-C off the Oregon coast in May 1972.

this volume), then 63 kg of N flow through the hypothetical 50 rn3 box
per day. (The onshore-offshore component of flow is much less.) If

kelp are typically 1% N and can totally utilize the available nitrate,
it follows that daily kelp production would be on the order of 6300
kg per m2 of ocean surface at NH-25. Closer inshore the potential
kelp growth would be larger because of the higher nitrate content of
the water column. Practically speaking, however, this limit could not
be reached because of a number of factors. Only the most upstream box
in the longshore sense could support this growth, the ones downstream
being depleted in N by the growth in their upstream neighbor boxes.
Other factors are discussed elsewhere in this volume.

This calculation can be compared to an earlier estimate of the
maximum onshore nutrient transport during the upwelling event de-
scribed above. From calculated mass transport, Atlas (1) estimated
that 2200 moles/day of N were transported onshore along one meter of
coastline. This corresponds to an onshore transport of 31 kg N/day/rn,
approximately half the longshore transport calculated above. However,
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this onshore transport represents "new" nutrients added to the surface
waters by upwelling during an event. A daily average influx taken

over the upwelling season would be less by a factor of four or
more. Such upwelling events as used for this calculation take place
during perhaps a quarter of the upwelling season.

The figure 63 kg N/m2/day also represents an average, steady-
state longshore flow and is probably a more accurate estimate of the
nutrient flow through the coastal waters during the growth of natural
populations. Thus, the major flux of nutrients through the coastal
water presently is associated with the longshore flow, although for
mariculture the more significant amounts to consider would be the
"new" nutrients added via upwelling. It should be emphasized that
these are rough, first-order calculations and that significant vari-
ations could be expected for any particular set of local conditions.

MICRONUTRIENTS

Some trace metals are essential for phytoplankton growth. One
key element affecting productivity in Pacific Northwest coastal
waters is iron. Glooshenko and Curl (9) demonstrated that in nutrient-
depleted surface waters additions of Fe caused a greater increase in
photosynthesis than did additions of N or P. They concluded that iron
is the limiting nutrient. Interestingly, addition of N, P, and Fe to
newly upwelled waters did not increase photosynthesis. This observa-
tion suggested the possibility of yet other limiting nutrients. Some

recent work by Frey (8) indicates that both vitamins and trace metals
may be decisive in limiting growth rate of phytoplankton biomass.
There is insufficient data on the total levels and chemical speciation
of trace metals in the ocean, as well as in laboratory nutrition ex-
periments (North, Chapter 12), to determine precisely which trace met-
als might be limiting productivity.

SUMMARY AND CONCLUSIONS

There are important influences on the distribution and seasonal
variation of nutrient concentrations in Oregon coastal waters. These
are the regional Northeast Pacific water, Columbia River discharge,
coastal upwelling, and uptake of nutrients by plants. Seasonal levels
and variations of nutrients have been tabulated and various influences
are clearly reflected by them. For instance, the Columbia River and
upwelling introduce characteristic fingerprints onto the regional North
east Pacific waters; e.g., the river introduces fresh, high silicate,
moderate nitrogen, and comparable phosphate water into the Northeast
Pacific, while the coastal upwelling introduces high salinity, nitro-
gen, phosphate, and silicate water. However, in Oregon waters both
these processes are generally important only during the spring, summer,
and early fall. From relatively low N:P ratios during summer, we infer
that nitrogen may at times be a limiting nutrient, while previous phy-
toplankton work indicates that this may not always be the case.

An 11-day upwelling event showed how a mass of nutrient-rich
upwelling water moves onshore. The patchiness in nutrient distribu-
tions reflected all the influences summarized above and had charac-
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teristic horizontal scale lengths of a few km for two- to fourfold
variations in phosphate concentrations. Two 30-hour experiments
demonstrated that another process, semidiurnal tidal motion, was
also important in onshore-offshore nutrient transport.

Although very crude and indicative of maximal fluxes only, two
calculations of nutrient transport indicate two points. First, the
present longshore advective flow of nitrogen typically might be 63
kg/rn/day through an east-west section. Second, the onshore trans-
port during an upwelling event only half as great might be more
significant to a large biomass growing on the shelf, because it rep-
resents "new" nitrogen being introduced to the euphotic zone.
Finally, evidence is cited that while nitrogen, iron, and maybe phos-
phorous might be limiting for growth of the largest possible biomass,
trace nutrients, metals, and vitamins might limit growth rates.
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Persistent Blooms of Surf Diatoms

along the North west
Coast1

JOYCE LEWIN

The marine waters of the Pacific Northwest Coast harbor a
great variety of unicellular algal species: those that always exist
as single cells as well as those that always have their cells joined
to form filaments or colonies. Diatoms are the most important
representatives of both phytoplankton and benthic microalgal coruniuni-
ties, followed by dinoflagellates and other small flagellate species.
In a recent study of the diatom flora of the Strait of Georgia/Juan
de Fuca Strait systems, 219 different diatom taxa were identified,
and the community structure was observed to change radically with
different seasons (9).

During late autumn and winter, phytoplankton cell numbers
remain low due to light limitation. With increasing light in spring,
blooms of various diatom species take place, so that cell numbers of
diatoms are high in coastal waters during spring and early summer.
The spring bloom in Puget Sound is a sequence of blooms of various
diatom species; blooms of dinoflagellates generally occur in the
latter part of the summer. Where the water has become stratified
due to warming at the surface (oceanic surface water and water in
enclosed bodies such as bays or fjords), nitrate may become depleted
as a result of these phytoplankton blooms.

research was supported through funds provided by Grant
(OCE) 76-20155 from the National Science Foundation; by ERDA Contract
E76S062225TA26#5 from the Energy Research and Development Administra-
tion (reference RLO 2225-T26-47); and by the Washington Sea Grant
Program, which is maintained by the National Oceanographic and Atmos-
pheric Administration of the U.S. Department of Commerce. Contribu-
tion No. 956 from the Department of Oceanography, University of
Washington, Seattle, Washington 98195.
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DIATOM BLOOMS ALONG SANDY BEACHES

Rocky areas on the coastline of Washington and Oregon form a
favorable habitat for a rich seaweed flora (Phinney, this volume);
however, sections with long stretches of wide gently sloping beaches,
fine sand, and pounding surf are devoid of seaweed. Instead, a dif-
ferent sort of algal growth occurs in the form of surf diatoms. These
diatom blooms are most abundant and most obvious along the beaches
between Tillamook Head in Oregon and Point Grenville in Washington
(about 80 miles of sandy beach in toto, interrupted by the Columbia
River mouth and entrances to Willapa Bay and Gray's Harbor, Fig. 1).
They are also present along many other beach areas to the south and
north of this section of the coast. The algal growth is so dense
that the breaking waves are brown and thick deposits of diatoms may
be left on the beach when the tide recedes (Figs. 2, 3).

These diatom blooms were studied in the 1920s and '30s, when it
was thought that a clue to the origin of petroleum might be found in
a study of such massive amounts of algal cells; early investigators
referred to the blooms as tepidemicsI (2, 13).

The blooms of surf diatoms have two unique features: (1) there

are only two species of significance comprising the blooms, and (2)

they are persistent in that they are almost always present and most
abundant during autumn, winter, and early spring.

SPECIES COMPRISING THE BLOOMS

The two species comprising the blooms along the Washington and
Oregon coasts are Chaetoceros armatum T. West (a centric diatom
species) and Asterionella socialis Lewin and Norris (a pennate diatom
species). Both species exist as colonial forms (Fig. 4); the cells
of C. armatum are joined tightly together in chains or filaments
enclosed in a clay coat, while the cells of A. socialis are held
together by mucilage pads forming a scruffy looking colony.

CELL CONCENTRATIONS

Populations of the two species in surf samples have been moni-
tored at Copalis Beach for the past 6 years (Fig. 5a, b).

Cell numbers of C. armatum are always fewer in nighttime samples
than in daytime samples (6, 8) and, therefore, are plotted separately
in the figure (5a). This is because the cell chains rise to the
surface in the early morning and float as large patches of a stabil-
ized foam (Fig. 2), in the daytime. Wave action then transports the
floating material toward the beach; hence, there are higher cell
concentrations in daytime samples. In late afternoon, the floating
patches disappear and cell chains disperse, resulting in lower cell
counts in nighttime samples.

As seen from data in Fig. 5, best growth and maximum development
of each of the species takes place during autumn, winter, and spring

of most years. In these respects, C. armatum and A. socialis
differ from other phytoplankton species and from seaweed species
along this coast; the latter forms either disappear or grow very
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Figure 2. The breakers at Copalis Beach, Washington. An extensive
stable foam of diatom cells (Chactoceros arrnatum) floats on the
surface of the water.

Figure 3. Diatom deposits (Chastoceros ar'inatum) stranded on Copalis,
Beach, Washington, by the receding tide.
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Figure 4. Photomicrograph of surf diatom species Chaetoceros ar'matuin
and Asterionella socialis. (x 375)

slowly during winter months. The ability to do well under adverse
physical conditions is due to special physiological adaptations of
the two surf species (7).

Cell concentrations of both species are less dense during
summer months, and in some years A. socialis has disappeared com-
pletely in mid- or late summer (Fig. 5b). Even though cell numbers

would indicate that C. armatum was not as severely affected as was

A. socialis, evidence from physiological and morphological studies
indicates that cells of Chaetoceros are under a definite physio-
logical stress in summer; for example, nitrate reductase activity
is depressed (3), the C:N ratio of the cells is considerably higher
(4), and the generation time is longer (8).

ENVIRONIWENTAL FACTORS ASSOCIATED WITH THE BLOOMS

Other chapters in this volume deal with the geology of the North-
west Coast and the physical and chemical oceanography of coastal
waters. Much of the material is directly relevant to biological
and ecological studies along coastal beaches. Chemical changes taking
place beyond the breakers and in the river estuaries will have an
effect on biological reactions in the surf. Winds (direction, magni-
tude, duration), upwelling, and river discharge (affected by rainfall
and snow melt) interact to influence the surf-zone ecosystem. The
shallowness of the water (gentle slope of the coast, particularly in
Washington cf. Fig. 1), results in a high degree of inhomogeneity in
the environment. Patches of water of varying properties may form
and remain along the beach for considerable periods of time.
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Salinity and Temperature

During 6 years of monitoring the surf environment, salinity
concentrations in surf samples ranged between 16.8 0/00 and 35.7 /00,
while temperatures ranged between 3.5°C and 21.2°C. During most of
the year, salinity concentrations lie between 20 0/00 and 30
higher salinity water above 30 /00 only reaches the surf region in
summer during periods of upwelling.

Nutrients

Concentrations of phosphate show seasonal variations but do not
appear to become limiting during summer (6). Silicate is always in
abundant supply (6); the primary source of silicate is rivers which
drain from an area of volcanic deposition. During most of the year
(autumn, winter, spring), silicate concentration in the surf is in-
versely correlated with salinity (i.e., lower salinity water contains
the highest levels of silicate); on the other hand, during periods of
upwelling in the summer months, deeper oceanic water of high salinity
also contains high concentrations of silicate.

Nitrate becomes depleted in surf samples by late April of each
year (Fig. 6a-f) due to spring phytoplankton blooms in the upper
water layers of inshore water lying beyond the breaker zone (cf. 1,
10, 11). In April and May of 1974, a bloom of T7ialassiosira pacifica,
a centric diatom species, was found covering many square kilometers.
This species was responsible for depletion of nitrate in the upper
water layers beyond the breakers (Fig. 7); the two surf diatom species
were either absent or present in very low numbers in water samples
from beyond the breaker zone (Lewin, unpubl.).

Reintroduction of nitrate into the surf over the summer depends
on the extent of upwelling (which in turn depends on the magnitude
and duration of northerly winds during summer) and on the extent of
river drainage (low salinity water lying along the coast may mask
upwelling). Any nitrate that reaches the surf during summertime is
in association with higher salinity water (30 0/00 and greater)
(Fig. 8). The low nitrate levels during a 6-month period in 1971
(Fig. 6a) were due to extraordinarily weak upwelling; higher levels
of nitrate in the summer of 1973 (Fig. 6c) resulted from strong up-
welling, combined with record low rates of freshwater discharge from
coastal rivers.

Since nitrate is often in short supply in the surf, the avail-
ability of other forms of nitrogen is important. Ammonium levels are
high in surf samples (Fig. 9) and, during the critical summer period,
usually exceed nitrate concentrations.

INTERDEPENDENCE OF RAZOR CLAMS AND SURF DIATOMS

Beaches with the greatest abundance of surf diatoms are the most
highly productive razor clam beaches on the Pacific coast (5, 12).
The success of the razor clams can be attributed to the abundant and
almost continuously available algal food supply; gut contents of
razor clams from these beaches contain digested material of the two
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Figure 6. Concentrations of A103-ZV (pg at/liter) in surf samples at
Copalis Beach, Washington, from mid-April to mid-October each year
from 1971 to 1976. Each point represents an average concentration
from many duplicate samples collected during a 24-hour scvnpling
period.

surf diatom species almost exclusively.
In turn, the razor clams recycle nutrients used by the diatoms

(Fig. 10). In particular, the major source of regenerated nitrogen
(ainmonium) in the surf environment comes from metabolic processes

of razor clams. The clam population is large; between 6 and 15
million large clams are removed from coastal beaches of Washington
each year by sports fishermen. Since these are taken from the part
of the beach accessible on low tides, it is thought that a much larger
population resides out-of-reach of diggers. The metabolic activities
of the razor clam population will have a definite influence on the
surf environment, and excretion of aminonium is one of these influ-

ences.
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Profiles of nitrogen concentrations at Copalis Beach, Wash
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beyond the breaker zone at Copalis Beach, Washington, on April 27, 1974.
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point represents an average from many samples collected over a 24-hour
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90 JOYCE LEWIN

'a

z

I
z

0'

°JMMJSNJMMJSN JM J S N JM S N MM J'S N MMJ S NI
1971 1972 1973 1974 1975 1976

Figure 9. Concentrations of comnonium (7V14) in surf samples at Copalis
Beach, Washington. Each point represents an average from many samples
collected over a 24-hour period.
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SUMMARY AND CONCLUSIONS

Much of the information that has resulted from this study about
the physical and chemical environment along the beach will be applic-

able to other parts of the Northwest coast; persons concerned with the
feasibility of seaweed farming operations will be interested in these
data. In particular, the presence of nitrogen-depleted water along
the shore during summer will be a factor to be considered.

The surf diatoms constitute a high algal biomass with a rapid
growth rate, and this source of plant material might be used as a
living food supply for culture of bivalve molluscs in aquaculture
projects along the coast. Or, perhaps a controlled farming operation

of razor clams might be contemplated utilizing the surf diatoms
as the food supply. A model now being developed of the population
dynamics of the surf diatom species will be useful in making future
predictions as to the feasibility of such undertakings.

If the predictions made by Edward Hall (this volume) should
come to pass, these surf species might be considered for algal biomass
to be utilized as sources of petrochemicals and liquid hydrocarbon
fuels.
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The Macrophytic Marine Algae of Oregon

hARRY K. PHJNNEY

The species composition of the marine algal flora of Oregon
appears to conform to the patterns discussed by Setchell (9, 10),
Scagel (7, 8), Druhi (3, 4), and others. Briefly stated, the temper-
ate segment of the flora of the eastern margin of the North Pacific
basin ranges from Point Conception, California, about 34° 25' on the
south, to Sitka, Alaska, 57° 10' on the north. The rocky headlands
of the Oregon Coast lie mostly between the 42nd and the 46th parallel
and are almost in the center of this range of temperate marine species.
The list of species known in Oregon contains 67 species of the Chioro-
phyta, 87 species of the Phaeophyta, and 207 species of the Rhodo-
phyta making a total of 361 species of macrophytic marine algae. There

are, in addition, 13 species of the Chlorophyta, 14 species of the
Phaeophyta, and 66 species of the Rhodophyta known in Washington and
in California, but which have not been found in Oregon. Thus, an
additional 93 species (20%) might be added to the list.

The species list was studied to determine the probability that
a significant portion of these 93 species with apparently discontinu-
ous distributions have simply been overlooked by collectors in Oregon.
According to Abbott and Hollenberg (1), of the 13 species of Chloro-
phyta in this group, one is subtidal, two are minute, and four are
found only in sheltered locations. Of the species in the Phaeophyta,
six are subtidal, two are small, and one is limited to sheltered
areas. Assessment of the species of the Rhodophyta in this category
shows: 21 are subtidal, 12 are small, three are rare; and two are
found only in sheltered areas. Thus, there would seem to be some
probability that 54 of these 93 species eventually may be found in
Oregon. Subjective estimation suggests that the probability of lo-
cating most of these species is poor. That the minute species have
been overlooked is quite probable. However, subtidal collections
from Oregon comprise species common in the lowest intertidal areas
without revealing forms uniquely subtidal.
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A logical disposition of the remaining 39 species is not simple.
Descriptions of their habits give no indication why they are not
found in Oregon. This suggests strongly that many of these entities
have discontinuous distributions and may never be found. This pre-

sumption invites speculation concerning discontinuities. The most
obvious characteristic common to the collecting areas along the
Oregon Coast is the degree of exposure. Although technically
described as protected rocky outer coast (P.R.O.C.), the offshore
reef provides minimal protection and along the entire coast the only
truly protected areas lie in estuaries. There are no lagoons or rocky
shored bays that are not part of estuaries. Although the estuarine
intertidal environment is secure from the great physical violence
of surf action, the estuaries of Oregon are small in relation to the
volume of fresh water passing through them during the months of peak
run-off. This flow of fresh water causes extremely low salinities
throughout the estuaries at low tide. Salinities of less than 10 0/00
occur at the sea water intake of the Oregon State Marine Science
Center at Newport on Yaquina Bay at low tide during freshets. Even
in Coos Bay, the second largest estuary in Oregon and the largest
bay, similar salinities have been recorded (5) near the entrance at
Charleston.

The high turbidities that characterize Oregon's inshore coastal
waters must also be considered. During heavy run-off, the estuaries
receive fluviatile sediments that are apparently mostly deposited
within the estuary. However, extremely high loads of sediments are
characteristic of moving inshore waters here at all seasons of the
year. The flow of sediments onto and off the shore has given rise
to the poetic description of the beaches as "rivers of sand."

Although the building of the extensive sandy beaches between
the rocky headlands may be the most obvious result of the onshore
transport of sand, the pattern of onshore deposition includes rocky
shores even to the rocky headlands. Locations of major collecting
sites are given in Fig. 1. There are several rocky beaches along
the central Oregon Coast where the onshore transport of sand has
resulted in the upper intertidal to supratidal levels becoming ex-
tensive sand beaches. This situation exists at the northern end of
the reef at Boiler Bay, at the Marine Gardens reef just north of
the Devil's Punch Bowl near Otter Rock, at Seal Rock, at the reef
at Cape Perpetua south of Cook's Chasm, and at Strawberry Hill at
the southern end of Neptune State Park. The rocks at Depoe Bay,
Yaquina Head, Yachats, and at Cove Creek on Cape Perpetua show only
relatively minor onshore movement and that seldom extends above mean
low tide level.

The volume of sand deposited over a reef during the summer beach
building episode is frequently impressive. During the summers 1974
to 1976, the deposit on the boulder field at the southern end of the
Marine Gardens reef laid down between mid-July and mid-September
averaged 8 to 10 ft in depth in a band from the ±1.0 ft line to the
12 ft line (above mean low water). At this same time in 1974 and
1975 the boulders at the bottom of the Devil's Punch Bowl were buried
approximately 12 ft deep. The deposit of sand at Marine Gardens and
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Seal Rock averaged 8 ft or less by October 1976, but this deposit
was still in place in mid-December, when only one fall storm of any
magnitude had been experienced.

Although the amount of sand being transported into other rocky
areas of the central Oregon Coast is seldom as spectacular as the pre-
vious examples, there is evidence that even in less conspicuous
cases there may be serious impact. At Simpson Reef on Cape Arago,
an extensive boulder reef with many tide pools below mean low water,
the transport and deposition of a coarse shell sand had filled all
of the smaller and most of the larger pools in the outer third of
the reef by the end of July 1976. Reports from students at the
Institute of Marine Biology at Charleston indicate this has been an
annual event for at least six years.

In the past 30 years, the pattern of deposition has deviated.
There is no threat of permanent burial of any of the rocky reefs.
In the near future the pattern of deposition will change again and
other areas will receive the deposits. The present areas will be
scoured quite clean in a season or two.

The effect of transport and deposition lies in the relatively
short-term stability of the affected rocky intertidal areas. It

also appears that the inshore subtidal areas are subject to massive
molar effects generated by the tremendous "bedload" of sediments
transported across them. One is incited to speculate upon the pos-
sible connection between the changing patterns of transport and
deposition of sand and the sometimes fluctuating size and location
of beds of Nereocystis leutkeana (bull whip kelp) and the fact that
the only established bed of Macrocyst-is integrifolia (California
giant kelp) in Oregon is on Simpson Reef, Cape Arago.

A phenomenon obviously associated with sand transport is the
characteristically high turbidity of the inshore waters. With the
establishment of the "winter" pattern of upper air circulation and
the concurrent monsoon, the coast of Oregon is subject to a steady
succession of storm fronts accompanied by strong winds (to 110 mph
at coastal stations) from the southwestern quadrant. The waves from
these frequent local storms, which mostly move onto the coast of
Oregon from the Gulf of Alaska, are interspersed by waves generated
by severe disturbances (typhoons, etc.) initiated in the western
Pacific basin by winds of even greater magnitude. During this
season, the sand deposited in the intertidal area during summer is
scoured out and transported into deeper subtidal areas. The turbid-

ity of the inshore water at this time is so great that divers have
reported that they literally cannot see their hands before their
faces immediately beneath the surface.

Even during the relatively storm-free season from mid-March
through mid-September, divers report that only 2 of 3 diving days
afford suitable visibility (i.e., 3 ft) as they approach the bottom
in the shallow waters (40 to 70 ft) of a reef 2 to 2½ miles offshore.
It must be recalled that this is when the sand is being transported
across the lower subtidal and deposited on the upper subtidal and
intertidal areas. However, not all poor visibility in summer is the
result of suspended sediment. During persistent upwelling, dense
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phytoplankton blooms also contribute to the problem.
Intertidal areas subjected to the effects of massive sand trans-

port and deposition of sand exhibit a macrophytic flora much reduced
in numbers of species, and those present are frequently depauperate
or show damage from molar action (Table I).

Table I. Species of algae characteristic of areas subject to trans-
port and deposition of sand on the Oregon Coast.

CHLOROPHYTA

Cladophora co lumbiana
Cladophora flexuosa
Cladophora hutchinsiae
Codium setche liii
Enteromorpha sp.
Urospora penici 1 liformis

PHAEOPHYTA

Alaria marginata
Egregia menziesii
Econinaria dentigera
Econinaria sine lairii
Petalonia fascia
Ralfsia pacifica
Ra lfsia fungifor?nis
Sphace lana didichotoma
Sphace lana racemosa

RHODOPHYTA

Ahnfe ltia gigartino ides
Ahnfeltia plicata
Bangia fusco-purpurea
Botryog losswn far lowianum
Cryptosiphonia woodii
Dilsea californica
Gelidium pusillum
Gigartina papillata
Graci lana sjoes tedtii
Grate loupia dory phora
Gymnogongrus lineanis
Ha losaccion g landiforrne
Plocajnium ore gonum
Porphyra lanceo lata
Pnionitis fi liformis
Prionitis lanceo lata
Prionitis linearis
Schizymenia pacifica
Stenogrconme interrupta

The number of algal species in Oregon that may hold some promise
for harvest from native populations or that might be suitable subjects
for large-scale cultivation is limited. Among the Chlorophyta, only
species of Ulva and Enteromorpha appear to produce organic materials
at a rate high enough to warrant consideration. The possibility that
biologically active compounds of potential value are produced at some
stage or stages of the life cycle of such plants needs further investi-
gation. However, members of the Phaeophyta have been widely utilized,
particularly in temperate and colder waters. Because of their bulk,
Macrocystis integrifolia, Nereocystis luetkeana, Alaria marginata,
Egregia menziesii, Lcvninaria saccharina, Sargassuin rnuticum, and
possibly Bedophyllun sessile deserve consideration.

The natural population of Macrocystis on the Oregon Coast is too
limited to be of interest. The only feasible source would be culti-
vated plants. Although the native population of Nereocystis forms

numerous beds along the Oregon Coast, these tend to be small, vary
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in size and position, and frequently a bed will disappear for a few
years and eventually, gradually be reestablished. Most of these beds
are close inshore and commercial harvest has never been attractive.

Both Alaria marginata and Egregia menzie.sii are essentially
ubiquitous in rocky areas and have been harvested locally as a source
of fertilizer. A. marginata was formerly a source of potassium salts
in the kelp industry (6), but there has never been extensive commercial
harvest of either species in Oregon. Both species have a reasonably
high alginic acid content (up to 20% by dry weight) and warrant con-
sideration for cultivation.

Hedophyllum is a marginal prospect in view of the relatively
slight bulk of the plants. The rate of growth does not seem sufficient
to recommend it as a candidate for cultivation. However, Hedophyllun?
produces large amounts of hydrocolloid and other materials of potential
commercial value, and Levring, Hoppe, and Schmid (6) indicate that the
development of cultivated Hedophyllum species has been studied.

Two forms have been omitted from the preceding discussion
because they appear to be of particular promise. Lcvninaria saccharina
can grow to a length of 2 meters in 8 to 10 weeks. However, once the
plant has attained its maximum size for a given location, thallus
growth slows to a point approximately equalling the rate of tissue
loss by erosion from the blade tip. Some conditions might be arranged
in cultivation to prevent or at least minimize this tissue loss.

The second algal species that appears to have some promise of
success in cultivation is Sargan sum muticum. The success of this
introduced species in competition with the native laminarians and
its rapid spread signal this as an extremely aggressive plant. The
spread of S. muticuin from Coos Bay in 1947 to Humboldt County, Cali-
fornia, by 1965 (2) and then to San Diego County by 1971, its
ability to grow both intertidally and subtidally, and its occurrence
both in estuaries and on the outer coast support the characterization
of this species as aggressive.

In 1948 S. muticum was known only in estuaries. In the summer
of 1973, Dr. Peter Rothlisberg found an attached plant of S. muticum
at Seal Rock. The following spring it was learned that a population
had been well-established on Simpson Reef at North Cove, Cape Arago,
Coos County, Oregon, for at least three years. At the present time
this is the only known, permanently established population on the
outer coast in Oregon. At this site S. muticum occurs in the upper,
mid-intertidal surrounded by Phyllospadix scouleri.

Native populations of the bulkier rhodophytes certainly are
spread more thinly than the laminarians. Successful exploitation
would most certainly depend upon cultured plants. Even so, there
are a few local species that might be candidates for investigation
(Table II).

Because of the lack of information on the occurrence of biologi-
cally active materials in marine plants, it is probable that the
species suggested for further study omits some of value. Consider-
ation for cultivation in Oregon should be given to any and all
species whose distributions lie north of Point Conception, California.

In order to record the species which are known for Oregon, a
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Table II. Native species of algae in the Rhodophyta of potential
interest for cultivation off the Oregon Coast.

Species

*Ahnfe itia gigartinoides
Ahnfeltia plicata
*g lidium purpurascens
Gigartina exasp erata
Gigartina papillata

*Graciluria sjoestedtii
*Gyl7lflogongrus linearis

Iridaea cordata
Iridaecz flaccida

*Neoagardhie 1 la bai leyi
*Rhodomela larix

Compound Produced

agaroid
agaroid
agar and agarose

carrageenan, vitamin C
agaroid
carrageenan
iridophycan
iridophycan
iota-carrageenan
bromine (enriched to 3%)

*potentjal candidates for cultivation
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checklist prepared in collaboration with John B. Kramer is included
in Table III. This checklist was conceived to include only the
multicellular and colonial marine algae large enough to be conspic-
uous to the unaided eye in the field. The unicellular algae, motile
algae, the diatoms, and the blue-green algae have been omitted.

The list has been constructed to provide the maximum informa-
tion in a brief form. The names of entities are listed alphabeti-
cally. The great majority of entities named have had their occur-
rence in Oregon recorded repeatedly. In a few cases a brief note
indicates that a species has not been reported since an early record.
The names of entities whose presently known distribution includes
records in both Washington and California but for which there are
no records in Oregon are preceded by an asterisk.

Names used in commonly available checklists and manuals that
have been reduced to synonymy are listed enclosed in brackets both
in proper alphabetical order arid also listed with the presently
accepted epithet. A question mark preceding a name indicates a
doubtful record. Names of species now believed to be stages in
heteromorphic life cycles as indicated by recent cultural studies
are enclosed in quotation marks.
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Table III. An abbreviated checklist of the marine macroalgae of Oregon.1

CHLOROPBYTA

BLIDINGL4

B. minima var. minima (Nbgeli ex KUtzing)
Kylin [Enteromorpha minima]

B. minima var. subsalsa (Kjellman) Scagel
[Enteromorpha micr000cca f. subsalsaj
[Enteromorpha minima var. subsalsa]

B. minima var. vexata (Setch. & Card.)
J. Norris [Ulva vexata]
[Enteromorpha vexata I

BOLBOCOLEON

5B. piliferum Pringsheim

BRYOPSIS

B. corticulans Setchell
B. hypnoides Lamouroux

CHAETOMORPHA

C. aerea (Dillwyn) KOtzing
Included in Chaetomorpha linum,

A. & H. (1)

C. californica Collins
C. linum (Mililer) KOtzing

Includes C. aerea, A. & H. (1)

C. tortuosa (Diliwyn) KOtzing
[Rhisoclonium tortuosum], synonym of
R. riparium, A. & H. (1)

CBLORANGIUM

[C. rnarinum Cienkowski]
Prasinocladus marinus

CIILOROCBYTRIIJH

"C. incluswn" Kjellman
Supposed sporophyte of Spongomorpha
sp.

C. porphgrae Setch. & Card.

CLADOPHORA

*C. albida (Hudson) KUtzing

C. columbiana Collins

[C. hemispherical
[C. triohotoma]

*C. flexuosa (Criffiths) Harvey
Included in C. sericea, A. & H. (1)

C. gracilis (Criffiths) Kiitzing
C. glaucescens (Griffiths) Harvey

Included in C. sericea, A. & H. (1)

C. graminea Collins
[C. hemisphaerica Cardner apud Collins]

C. columbiana
C. hutchinsiae (Dillwyn) KUtzing
C. rnembranacea nov. var.
C. microcladioides Collins
C. pulverulenta (Mertens) nov. comb.
C. sericea (Hudson) KOtzing

Includes C. flexuosa & C. glaucescens,
A. & H. (1)

*C. stirnpsonii Harvey
[C. trichotoma (C. Agardh) Kutzing]

C. columbiana

CODIOLUM

C. gregarium A. Brown
Probably the sporophyte of Urospora sp.

C. petrocelidis Kuckuck
Probably the sporophyte of Spongo-
morpha coalita

CODIUM

C. fragile (Suringar) Hariot
C. setchellii Cardner

COLLINSIELLA

C. tuberculata Setch. & Card.
Probably a stage of Enteromorpha sp.
and/or Monostroma sp.

DERBES TA

D. marina (Lyngbye) Solier
Diploid stage of Nalicystis ovalis

EBDOPHY TON

N. ramosum Csrdner

ENTEROMORPtL4

N. ahlneriana Bliding
[N. angusta (Setch. & Card.) Doty]

Ulva angusta
N. clathrata (Roth) Greville var.clathrata
E. alathrata var. orinita (Roth) Hauck

[N. crinita]
E. compressa (L.) Creville
F. flexuosa (Roth) J. Agardh

[N. prolifera var. flexuosa]
[N. grevillei Thuret]

Monos troma gre vi 1 lei

*The names of entities whose presently known distribution includes records in both
Washington and California but for which there are no records in Oregon.

-Thls checklist has been compiled from herbarium specimens and the literature by
Harry K. Phinney and John B. Kramer.
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SOLAR 505554 (continued)

5. staaics var.cJ ndrv a 0. Agardh
5. oso5zls (L.) Link var.Lnt s5alis

*5 naiis f. ci-avczta J. Agardh
t. intestlnalis var. mar ma J. Agardh
5. 'iara (L.) 0. Agardh

[Ul'a linsa]
E. mar jinata 0. Agardh

[E. rnicr000cca f. subsaisa Kjellman]
Blidlnjla minma var. subsaiaa

[5. mm ma Ndgeli]
Blidinjia mnima var. minima

[5. minima var. subsaisa (Kjellman) Doty]
Biidinjia mm-dna var. subsalsa

k5 prolifera (Muller) j. Agardh var.
or lifera

[K. prolifera var. flexosa (Wolfen) Doty]
5. flexuosa

45 urta (Mertens) Reinbold
5. tubal sa Kdtzing

Included in K. flexuosa A. & H. (1)
[K. vexana (Setch. & Card.) Doty]

Blidinpia min'na var. vex2ta

ENTOCLADIA

E. codicola Setch. & Card.
A. viridis Reinke

GA YELLS

[G. constricta Setch. & Card.
Prasi la meridionalis

[lva xpspermum]
{laaria xpspsrrrnen]

11. zostericola Tilden

PERCL/RSArIA

P. dawsonl Hollenberg & Abbott
P. nercursa (C. Agardh) Rosenvinge

PRASLL)JLADUS

P. ascus Proskauer
P. lubricus Kuckuck

Included in P. marinas, A. & H. (1)
P. marinas (Cienkowski) Waern

[Chiorangium mnarinum]
Includes P. lutricus, A. & H. (1)

PRASIOLA

P. meridionalis Setch. & Card.
[Gajella constri ta]
[Rosenvingiella constricta]

PSEU000ICTYON

P. geniculatum Cardner

PSEUDUL VELLA

5P. applanata Setch. & Card.
P. corsociata Setch. & Card.

RBIZ OCT,05IUM

GOMONTIA R. implexum (Dillwyn) KDtzing
R. ripariwn (Roth) Harvey

"0. polgrhiza" (Lagerheim) Bernet & Includes [R. tortuosumj,A. & H. (1)
Flahualt [5. tortuoswn (Dillwyn) Kritzing]

Probably a stage of Monastroma, diva Chaetomorpha tortuosa
or other genera Included in R. riparium, A. & H. (1)

HALICISTIS ROSEN VINGIELLA

[H. oval-is (Lyngbye) Areschoug] [R. constricta (Setch. & Card.) Silva]
The haploid stage of Rerbesia marina Prasiola meridional-is

HORMIDIUM SPONGOMORPH.4

B. rivulare Kiitzing S. arcta (Dillwyn) Kutzing
A freshwater species reported by Doty, S. coalita (Ruprecht) Collins
1947, in Winchester Bay S. mertensii (Ruprecht) Setch. & Card.

S. saxatilis (Ruprecht) Collins
LOLA S. spinescens Kdtzing

L. lubrica (Setch. & Card.) A. & C. Hamel TRENTEPOBLIA

MONOSTROMA

M. fuscum (Postels & Ruprecht) Wittrock
f. fuscum

'M. grevillei (Thuret) Wittrock
[Enteromorpha grevilli]

M. oxyspermwn (Kiitzing) Doty

T. sp. (a fog belt aerophilous alga)

ULOTHRIX

U. flacca (Dillwyn) Thuret in Le Dolls
[U. inrplexa Kdtzing]

U. pseudoflacca
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ULOTHRIX (continued)

HARRY K. PHINNEY

U. iaetevirens (Kutzing) Collins
U. pseudo fiacca Wille

[U. impiexa] in Smith, 1944

ULVA

U. angusta Setch. & Gard.
[Enteromorpha anqusta

U. californica Wille
U. expansa (Setchell) Setch. & Card.
U. fenestrata Postels & Ruprecht
U. iactuca L.

[U. iinza L.]

Enteromorpha iinza
U. lobata (Kdtzing) Setch. & Card.
[U. oxyspermum KUtzing]

Monostrorirz oxysperrnurn
U. xigida C. Agardh
U. stenophyila Setch. & Card.
U. taeniata (Setchell) Setch. & Card.
[U. vexata Setch. & Card.]

Biidingia mininr var. vexata

UL VARL4

[U. oxysperreum KUtzing]
Monos troma oxyspermum

ULVELLA

*U setcheiiii Dangeard

UROSPOR4

U. doiiifera (Setch. & Card.) Doty
U. grandis Kylin

[U. mirabilis Areschoug var. mirabiiio]
U. peniciiiiforrnis

U. peniciiliforrnis (Roth) Areschoug
[U. inirabiiis var. reirabilis]

U. worrnskjoidii (Mertens) Rosenvinge

PEA EOPBYTA

AGARUM

*A firnbriatwn Harvey

ALA RIA

A. rnarginata Postels & Ruprecht
A. none Schrader

ANALIPUS

A. japonicus (Harvey) Wynne
[Heterochordaria abie tine]

COILODESME

C. builigera Strömfelt

C. californica (Ruprecht) Kjellman

COLPOMENL4

C. buliosa (Saunders) Yamada
[Scytosiphon builosus]

C. peregr-Lna (Sauvageau) Hamel
{Coipornenia sinuosa]sensu Smith, 1944

C. tubercuiata Saunders, P92752

COMPSQNEMA

C. intricaturn Setch. & Card., J. F. Chad-
wick 789

[C. secunduni Setch. & Card.]
Hecatonerna strebionernatoides

C. sesnile Setch. & Card.

COSTARIA

C. costata (Turner) Saunders
C. mertensii J. Agardh

CYLINDROCARPUS

C. rugosus Okamura
[Petreospongium rugosum]

CYSTOSEIRA

C. gerninata C. Agardh
Reports are probably based on early
occurrences of Sargassum muticwn.

C. osmundacea (Turner) C. Agardh

DESMARESTIA

[D. herbacea Lamouroux]
0. ligulata var. iiguiata

D. interrnedia Postels & Ruprecht
*D kurilensis Yamads
D. iatifrons KUtzing
D. ligulata (Lightfoot) Lamouroux var.
ligu iota

[D. herbacea]
[D. munda]

[D. munda Setch. & Gard.]
D. iiguiata var. ligulata

*D viridis (MUller) Lamouroux

DICTIONEUROPSIS

D. reticulata (Saunders) Smith

DICTYONEURUM

D. caiifornicu1n Ruprecht

DICTYOSIPHOZV

D. chordaria Areschoug in Saunders

DICTYOTA

*D. binghamiae J. Agardh
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DICTYOTA (continued)

D. fiabellata (Collins) Setch. & Card.

ECTOCARPUS

A. acutus Setch. & Card. var. acutus
F. acutus var. hapogloiae Doty
F. confervoides (Roth) Le Jolis f.

con fervoides
F. confervoides var. poucaeus (Areschoug)

Kj ellman
Included in F. parvus, A. & H. (1)

F. corticulatus Saunders
[E. corticulans] in Smith, 1944

[F. colindric'as Saunders]
Fe ldrnonnio colindrica

S. cccnorphus Silva
Included in E. porous, A. & H. (1)

[F. pranulosus (J. E. Smith) C. Agardh[
Gif'fordia 'Jranu losa

F. rnucronotus Saunders
Included in Fedmannia irroiularis,
A. & H. (1)

[S. ociger Harvey]
Ciffordia oviJer
Included in Ciffordia jrcnuioso,
A. & H. (1)

rarvus (Saunders) Hoilenberg
Includes F. con feroids var.
pugmaeus & E. dirnorphos, A. & H. (1)

F. pjprnoeus Areschoug orud Kjellman
E. siiiouiosus (Dillwyn) Lyngbye
F. sirrulans Setch. & Card.

Includes E. terminalis, which
occurs in Oregon, A. & H. (1)

F. terminalis Kutzing
Included in o. sirnacns, A. & H. (1)

F. tornentosus (Hudson) Lyngbye
F. vczriobilis (Saunders) C. M. Smith

EGRECIA

A. menziesii (Turner) Arescboug sap.
rensiesti

EISENIA

E. arborea Areschoug

ELF CHISTA

F. fucicola (Velley) Areschoug

EUDESME

F. virescens J. Agardh

FELDMANNIA

F. cylindrica (Saunders) Hollenberg &
Abbott

[Ectocarpus cylindricus]
4F. irregmlaris (Klitzing) Hamel

Includes Ectocorpus nucronatus,
found in Oregon, A. & H. (1)

FOCUS

103

F. distichus asp. edentatuc(DeLa Pylaie
Powell

[F. furcatus]
[F. ordner]

F. distichus asp. edentotus f. cbbrevia-
tus (Cardner) Hollenberg & Abbott

F. furcatus f. abbreviatus
F. evanescens C. Agardh f. evanescens
F. evanesoens f. oregonensis Card.
F. evanescens f. robustus Setch. & Card.

[F. J'urcotus C. Agardh]
F. distiohus asp. edentatus

[F. furcatus f. abbreviatus Card.]
F. distichus asp. edentatus f.
abbrevio tus

[F. jardneri Silva]
F. dostochus asp. edentotus

(7LHFORDIA

C. Cranulosa (J. E. Smith) Hamel
[Ectocarpus granulosus]
Includes C. oviger, A. & H., (1)

C. oranulosoidos Setch. & Card.
Included in C. sondriono,A.&H.,(l)

C. ovicer (Harvey) Hollenberg & Abbott
[Ac t000rpus ociger]
Included in C. aranuloso,A.&H.,(l)

*G sandriana (Zanardini) Hamel
Includes C. granulosoides, found in

Oregon, A. & H. (1)

HAPLOGLOIA

H. andersonii (Farlow) Levering

HECA TOP/AMA

[H. variabile Setch. & Card.]
H. strebZonernatoides

H. prioariur (Setch. & Card.) Loiseaux
[Lrionerna foecundurn f. simpicissi-
mum]

[Myrionema primarium]
H. streblonematoides (Setch. & Card.)

Loiseaux
[Compsonema secundur]
[H. voriabiZe[

HEDOPH ILL UM

H. sessile (C. Agardh) Setchell in
Collins, Holden & Setchell

H. subsessile (Areschoug) Setchell in
Collins, Holden & Setchell

HETEROCHORDARIA

[B. abietina (Ruprecht) Setch. & Card.]
Analipus japonicus
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ILEA IVEREOCYSTIS

[I. fascia (MUller) Fries] IV. luetkeana (Mertens) Postels & Ruprecht
Petalonia fascia

PACHYDICTYOIV
LAMLVARIA

P. coriaceum (Holmes) Okamura
[L. andersonii Eaton ex. Farlow]

L. dentigera
L. cuneifolia J. Agardh f. cuneifolia
L. dentigera Kjellman

EL. andersonii]
fL. cetcheilsi]

L. ephernera Setchell
4L. farlowii Setchell
L. saccharjna Lamouroux f. saccharina
L. saccharina f. rnernbranacea J. Agardh

[L. setchellii Silva]
L. dentigera

L. sinclairii (Harvey) Farlow, Anderson
& Eaton

LEATHESIA

L. difforrnis (L.) Areschoug
L. nana Setch. & Card.

LESSONTOPSIS

L. littoralis (Farlow & Setchell) Reinke

MACROCYSTTS

PEL VETIA

*P fastigiata (J. Agardh) De Toni
All reports of this entity north of
central California are based on col-
lections of Pelvetiopsis made prior
to Cardner's recognition of the genus.

PEL VETIOPSIS

P. limitata (Setchell) Cardner f.
liniitata

PETALOIVL4

[P. debilis (C. Agardh) Derbès & Solier
debilis]
P. fascia

P. fascia (MUller) Kuntze
[Ilea fascia]
[P. debilis f. debilis]
The various forms listed by Setchell
& Cardner may represent a single
variable species.

M. integrifolia Bory PETRODERMA
? M. pyrifera (L.) C. Agardh

H. B. S. Womersly states that re- 'P. rnaculiforme (Wollny) Kuckuck
ports resulted from a misunderstand-
ing of specific characters. PETROSPONGIUM

MELANOSIPHON [P. regosum (Okamura) Setch. & Card.]
Cglindrocarpus rugosus

M. intestinalis (Saunders) Wynne
[Mye lophycus intestinaus] PBAEOSTROPHIQN

M. intestinalis f. tenuis Setch. & Card.
[Myelophycus intestinalis f. tenuis] P. irregulare Setch. & Card.

MYELOPBYCUS PILA YELLA

[M. intestinalis Saunders] P. gardneri Collins
Melanosiphon intestinalis P. littoralis (L.) Kjellman

[M. intestinalis f. tenuis Setch.& Card.) P. tenella Setch. & Card.
Melanosiphon intestinalis f. tenuis P. unilateralis Setch. & Card.

MYRIONEMA

M. corunnae var. sterile Setch. & Card.
[M. foecundum f. simplicissimwv Setch. &
Card.]

Hecatonenia prirnarium
*M. globoswn f. affine Setch. & Card.
M. phyllophilum Setch. & Card.

[M. prilnarium Setch. & Card.]
Hecatonerna prirnariuni

*M. strangu lane Creville

PLEUROPHYCUS

P. gardneri Setchell & Saunders in
Saunders

POSTELSIA

P. palmaeforniis Ruprecht

PTERYGOPHORA

P. californica Ruprecht
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PUNCL4RIA SYRINGODERMA

P. hesperia Setch. & Card. A5 abpssicoia (Setch. & Card.) Levring

PItA TELLA
RHODOPHYTA

see Pilajella
A CROCHAETIL/M

RALFSIA

P. funpiformis (Cunnerus) Setch. & Card
P. pacifica Hollenberg

SARGA SE TIM

S. muticum (Yendo) Fensholt

SCYTOSIPHON

[S. attenuatus (Foslie) Doty]
S. dotyl

[S. bullosus Saunders]
Colpomenia hullosa

[S. cornplanatus (Rosenvinge) Doty]
S. doti

S. dotyi Wynne
[S. attenuatus]
[S. complanatus]

S. lomentaria J. Agardh

SORANTHEbA

S. ulvoidea Postels & Ruprecht f.
u 1voidea

SPHACELARIA

S. didichotoma Saunders
S. furcigera KUtzthg

Includes S. subfusca in A. & H.,
(1)

S. racernosa Creville
[S. subfusca Setch. & Card.)

Included in S. furcigera in A. & H.,
(1)

SPONGONEM4

AS. tornentosujn (Hudson) Kutzing

STICTYOSTPHON

S. tortilis (Ruprecht) Reinke

STREBLONEMA

S. aecidioides De Toni

[S. aecidioides f. pacificwnJ
[S. aecidioides f. pacificwn Setch. &
Card.]

S. aecidioides
S. evagatum Setch. & Card., PP3262
5s. pacificum Saunders
S. niyrionematoides Setch. & Gard.
S. vorax Setch. & Gard.

A. amphiroae (Drew) Papenfuss
AA. arcuatum (Drew) Tseng
AA. barbadense (Vickers) B$rgesen

[A. rnacounii]
AA daviesii (Diliwyn) NSgeli
A. desrnarestiae Kylin
[A. rsacounii (Collins) Hamel]

A. barbadense
5A.microscopicwn (Kutzing) Nsgeli
A. pacificum Kylin

5A. pectinatum (Kylin) Hamel
AA. porphyrae (Drew) Smith

rhizoideum (Drew)

A. subimmersum (Setch. & Card.)
vapum (Drew) Jao

A. variable (Drew) Smith

ARCHES

[A. gardneri Kylin]
Ha lHn7enia coccinea

A GARDHIELLA

[A. coulteri (Harvey) Setchell]
Neoagardhie 1 la bai leg?.

[A. tenera (J. Agardh) Schmitz]
Neoagardhie 1 la hal 1e I

AGLAOTHAMNION

A. endovagum (Setch. & Card.) Abbott

AHNFELTIA

[A. concinna J. Agardh]
A. gigartinoides
Specimens identified as A.
an Hawaiian species, are probably
A. gigartinoides.

A. gigartinoides J. Agardh
[A. concinnez]

A. plicata (Hudson) Fries

AMPLISIPHONIA

A. pacifica Hollenberg

ANISOCLADELLA

A. pacifica Kylin

ANTITHAMNION

[A. baglesiae Gardner]
Hollenbergia subulata
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A. defectu.m Kylin
[A. pygniaewnl

[A. densiusculum Gardner]
Bollenbergia subulata

[A. glanduliferum Kylin]
Antithamnionella glandulifera

A. kylinii Gardner
[A. nigricans Gardner]

Ho 1 lenbergia nigricans
[A. occidentale Kylin]

Scage ha occidentcz he
[A. pacificurn (Harvey) Kylin]

Antitha.mnionehla pacifica var.

pacifica
[A. pygmaeum Gardner]

A. defectum
[A. subulatwn (Harvey) J. Agardh]

Bohlenbergia subulata
A. tenuissirnum Gardner
[A. uncinatwn Gardner]

Antithainnionehla pacifica var.

uncinata

ANTITHAMNIONELLA

A. glanduhifera (Kylin) Wollaston
[Antithamnion glanduliferum]

A. pacifica var. pacifica (Harvey)

Wollaston
[Antitha.mnion pacificum]

A. pacifica var. uncinata (Gardner)

Wollaston
[Antitho.mnion unoinatum]

ASTEROCOLAX

.4. gardneri (Setch.) Feldmann & Feldmann
[Polycoryne gardneri]

BANGIA

B. fusco-purpurea (Diliwyn) Lyngbye
[B. vermioularis]

[B. vermicularis Harvey]
B. fusco-purpurea

BAYLESIA

[B. pluinosa Setchell]
Schirnrne lmannia p lumosa

BESA

*B. stipitata Hollenberg & Abbott

BONNEMAISONTA

[B. cahifornica Buffham]
B. nootkana (Esper) Silva

4B. nootkana (Esper) Silva
[B. cahifornica]
[Pikea nootkana (Esper) Silva]
Not Pikea nootkana (Esper) Doty

BOSSEA

see Bossiehla

BOSSIELLA

B. cahiforn-ica (Decaisne) Silva ssp.
Ca lifornica

B. californica asp. schmittii (Manza)

J ohansen

[Cahliarthron schmittii]
B. chiloensjs (Decaisne) Johansen

[B. corynibifera]
[B. cor1jmbifera (Manza) Silva]

B. chiloensis
[B. dichotoma (Manza) Silva]

B. orbigniana asp. dichotoma
[B. frondescens (Postels & Ruprecht)
Dawson]

Coral lirza frondescens
[B. frondifera Manza]

B. piwnosa
B. orbigniana (Manza) Silva ssp.

orb igniana
B. orbigniana asp. dichotoma (Manza)

J ohansen

[B. dichotoma]
B. piwnosa (Manza) Silva

[B. frondifera]

BOTRYOCLADIA

B. pseudodichotoma (Farlow) Kylin,OSU 241

BOTRYOGLOSSUM

B. farlowianwn (J. Agardh) De Toni var.
far lowianzsn

B. farlowiana var. anomaluni Hollenberg&
Abbott

B. ruprechtiana (J. Agardh) De Toni

[Cryptopleura ruprechtiana]

BRANCHIOGLOSSUM

5B. woodii (J. Agardh) Kylin

CALLIARTHRON

C. cheilosporiodes Manza
[C. pinnulatum Manza]

Serraticardia macmi 1 lanii
[C. regenerans Manza]

C. tuberculosum
[C. Schjnittii Manza]

Bossiehla cahifornica ssp. schmitti
[C. setchehhiae Manza]

C. tuberculosum
C. tuberculosum (Postels & Ruprecht)
Dawson

[C. regenerans]
[C. setchehhiae]
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CA LLITHAMNION

C. au*ais Kylin

['. calif rn-r' n Smith, 1944]
*C. bseriaium Kylin
[C. calf rnicum Gardner]

C. acutwa
[C. laxwn Setch. & Card. in Gardner]

U. pkeanun
[C. lcolisea Farlow]

Ft5 lotharrnianpsis le lisea
°. pikeanum Harvey

[C. laxum]
[C. pikeanurs var. laxum]
H. piksanun var. paf? wc]

H. piknuri vat. I Cur' (Setch. & Card.)
Doty]

p k"anwn var. pa .5f5 .r' (Harvey) Setch
& Card. n Gardner]

pikcanurn

* '. JwJif iris Kylin
jI F.L's 'H

alisic Dawson]
unpf rrn'is

UPLU IIJYLIS

umrulsta Setchell
C. eJaaa Kylin

*
. firria (Kylin) Norris

flshc7lulata Harvey
H. rrarginifra.ta]

L". lrn pholiz Setchell
One collection reported by Doty, 1947r'arfrac Setchell & Swezy acwi

Setchell]

flaicllulata
megalocarpa Setchell & Swezy apsd

Setchell]
oHlaca

C. osfZz J. Agardh, HR. Hayden; 7,
8a, 10

Jinnaa Setchell & Swezy apod Setchell
*C. 10 mpsoni Setchell

oiolacea J. Agardh
mcgalowrpa]

CERAMIUM

C. californ' w'i J. Agardh
C. c,dicola J. Agardh
C. satonianum (Farlow) De Toni
C. gardneri Kylin
C. pacificum (Collins) Kylin
C. washingtonensis Kylin

*C. zacae Setch. & Card.

CROREOCOLAX

C. polysiphoniae Reinsch

LATHPUL'IORPHT '41

parcum (Setchell & Foslie) Adey
[LIP har'nior parcuni]
[Poippor lihoa par wc]

1)41180 1)LIS

U r'sea Batters
A filamentous stage of P rphgra

008STANTIIVEA

C. sniplax Setchell

3RACLICA

sl'ilens a Decaisne apad Harvey]
C. officinals var. cOilonsfo

['1 densa (Collins) Doty]
U van' uvercns LS

U frondescens Postels & Ruprecht
[Joculaeor dH 'atulsa]
[B sslelia fr ndesaens]

U graclis var. de"sa Collins]
U Dana LLocriL'c a

C. officinalis var. chilensis (Harvey)
Kdtzing

[C. chilens5s]
U "anccuvcrienss Yendo

[U ders]
[P'. qra'i'ia var. Jensa]

RUO0 IA

*C. pr fanaa Dawson
sp. , FF3220

-pa RI PSIS

* U acstuarii Hollenberg

°RYPT0NEMIA

borealis Kylin
obovata J. Agardh
ovalif ha Kylin

CR YPT PLEURA
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]°. brevis Gardner]
C. Viha'ca

crista Kylin
C. 2 buhifara (J. Agardh) Kylin, 0SU1493

[C. ruprechtiana (J. Agardh) Kylin]
Batry ylassun2 ruprechtiayza

C. viohacea (J. Agardh) Kylin

]°. brevis]

CRYPT Dj'PRONIU

0 voodii J. Agardh
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CUMAGLOIA [Leptocladia conferta]
[Pikea nootkcma (Esper) Doty]

C. andersonii (Farlow) Setch. & Card. in NOT Pikea nootkana (Esper) Silva

Gardner F. mollis (Harvey & Bailey) Farlow &
Set che 11

CUMATBAMNION

sympodophyllum Wynne & Daniels

DASYOPSIS

ED. plumosa (Harvey & Bailey) Schmitz]
Rhodoptilum plumosurn

DELESSERIA

D. decipiens J. Agardh

DERMATOLITHON

[D. ascripticia (Foslie) Setchell & Mason]
Tenarea ascripticia

[D. dispar (Foslie) Foslie]
Tenarea dis par

DERMOCORYNUS

*D. occidentalis Hollenberg

DTLSEA

D. californica (S. Agardh) 0. Kuntze

ENDOCLADL4

E. muricata (Postels & Ruprecht) S. Agardh

ERYTHROCLADIA

E. irregularis Rosenvinge

E. subintegra Rosenvinge

ERYTHROGLOSSUM

E. californicurn J. Agardh
Not reported since Doty, 1947

ERYTRROPHYLLUM

E. delesserioides J. Agardh
E. splenden.s Dory

Not reported from Oregon since Doty,
1947

ERYTHROTRICHIA

E. carnea (Dillwyn) S. Agardh
F. pulvinata Gardner
F. welwitschii (Ruprecht) Batters

FARLOWIA

compressa J. Agardh
F. conferta (Setchell) Abbott

FA UCHEA

*F fryeana Setchell
F. laciniata S. Agardh

FA UCHEOCOLAX

*F attenuata Setchell

FOSLIELLA

[F. ascripticia (Foslie) Smith]
Tenarea ascripttcia

[F. dispar (Foslie) Smith]
Tenarea dis par

FRYEELLA

F. gardoeri (Setchell) Kylin

GASTROCLONIUM

G. coulteri (Harvey) Kylin

GELIDIUM

[G. calogiossoides Howe]

Pterocladia caloglossoides
ED. cartilagineumvar. robustwn Gardner]

G. robustws
C. coulteri Harvey

*7 crinale (Turner) Lamouroux
[C. puichrum Gardner]

C. purpurascens
C. purpurascens Gardner

[C. pulchrwn]
C. pusillu.m (Stackhouse) be Jolis
*; robusturn (Gardner) Hollenberg & Abbott

[C. cartilagineum var. robus turn]
C. sinicola Gardner

see Pterocladia media

GICARTINA

G. agardhii Setch. & Card.
Identification of numerous specimens
from Oregon given this name has not
been confirmed. The tetrasporangial
stage has been reported as Petrocelis
franciscana.

[C. bingharniae J. Agardh]
C. corymbifera

[C. californica J. Agardh]

C. exasperata
C. canaliculata Harvey
C. corymbifera (KUtzing) S. Agardh

[C. bingharniae]
G. cristata (Setchell) Setch. & Card.
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CICARTINA (continued)

Included in C. napillata A. & H. (1)

C. exasperata Harvey & Bailey
[C. califomnica]

*C harvepana (KUtzing) Setch. & Gard.
[C. masnZlosa (Goodenouth & Woodward)
A. Agardh[

C. papiiata
C. papi7laa (C. Agardh) C. Agardh

[C. mroi7iosa]
Includes C. cristata, A. & II. (1)

*7 tepida Hollenberg
C. volans (C. Agardh) J. Agardh in C.
Agardh

GLOTOPELTIS

C. furcata (Postels & Rupreche) A. Agardh

CLOIOPHLOEA

[C. confusa Setchell]
Pseudoaloioph boa confusa

CLOICSIPHONIA

[C. californica (Farlow) A. Agardh]
C. capillaris

G. capillaris (Hudson) Berkeley
[C. califomnica]

C. verticilbaris Farlow

GONIMOPHYLLUM

*C. skotbsbergbi Setchell

GONIOTRICHOPSIS

*C. sublittoralis Smith

GONIOTRICHUM

*C. atsidii (Zsnardini) Howe
[C. elgans]

*G cor'nu-cervi (Reinsch) Hauck
[C. elegans (Chauvin) Zanardini]

C. aisidii

GRA CILARIA

C. sjoestedtii Kylin
[Graci lariopsis sjoestedtii I

C. verrucosa (Hudson) Papenfuss

GRACILARIOPHILA

G. oryzoides Setchell & Wilson apud Wilson

GRACILARIOPSIS

[C. sjoestedtii (Kylin) Dawson]
Cracibaria sjoestedtii

RA TELOUPL4

[C. califomnica Kylin]
C. dorophora

C. doryphora (Montagne) Howe
[C. califormica]
[C. maxima]

[C. maxima (Gardner) Kylin]
C. dorpphora
Reported by Duty on three specimens

C. setchellil Kylin

CRIFFITHSIA

C. pacifica Kylin

CYMNCCCNCRLIS

C. beptophybbus A. Agardh
C. Zinearis (Turner) C. Agardh
C. pbatyphyllus Gardner

HALOSACCICN

H. giandijPrme (Gmelin) Ruprecht

HA LYMFTNIA

*H califomnica Smith & Hollenberg
H. coccinea (Harvey) Abbott

[Aeodes gardne1
H. schizymeniobdes Hollenberg & Abbott

HERPOSIPIIONIA

H. grandas Kylin
Reported by Sanborn & Doty but not
listed by Doty, 1947

H. piwm4la (J. Agardh) Hollenberg var.
plumula

[H. rigida[
H. piumula var. parva (Hollenberg)
Hollenberg

[H. parva]
[H. pygmaea[

[H. parva Hollenberg]
H. p7umula var. parva

[H. pygmaea Hollenberg apud Smith]
H. piwnula var. parva

[H. rigida Gardner]
H. plumula var. plurm4ia

*H. verticiliata (Harvey) Kylin

HETEROSIPHONIA

*H. japonica Yendo

RILDENBRANDL4

*H. dawsonii (André) Hollenberg

H. occidentalis Setchell in Gardner
H. prototypus Nardo

[H. rosea]
[H. rosea KDtzin&]

H. prototypus
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12'OLLENBERGIA

*H. nigricts (Gardner) Wollas ton

[Antithamnion nigricams
H. subulata (Harvey) Wollaston

[Antitha'nnion bay lesiae I

[Antithannion densiusculum]
[Antithainnion subulatwn]

HOLMESIA

H. californica (iJawson) Dawson

HYDROLITHON

H. decipiens (Foalie) Adey
[Lithophyl lwn decipiens

HYMENENA

H. cuneifolia Doty

H. flabelligera (S. Agardh) Kylin

H. kylinii Gardner
H. multiloba (S. Agardh) Kylin

H. setchellii Gardner
H. smithii Kylin

IRIDAEA

I. oordata (Turner) Bory var. cordata
I. cordata var. splendens (Setch. &Gard.)

Abbott
[I. coriaceal
[I. splendens]
[Iridophycus fulgens I

[Tridophycus ore gona]
[Iridophycus parvulwn]

[I. coriacea (Setch. & Gard.) Scagel]
I. cordata var. splendens

I. oornucopiae Postela & Ruprecht
Probably includea specimens previously
identified in Oregon as Rhodoglossum
parown

I. flaccida (Setch. & Gard.) Hollenberg
& Abbott

I. heteroccirpa Poatels & Ruprecht

1. lineare (Setch. & Gard.) Kylin
I. punicea Postels & Ruprecht

[r. whidbeyana]
I. sanguinea (Setch. & Gard.) Hollenberg

& Abbott

[I. splendens (Setch. & Gard.) Papenfuss]

I. cordata var. splendens
[I. whidbeyana (Setch. & Gard.) Scagel]

I. punicea

IRIDOPHYCUS

see Iridaea
[I. fulgens Setch. & Gard.]

Iridaea cordata var. splendens
[I. oregona Doty]

Iridasa cordata var. splendens
[I. parvulun (Kjellman) Setch. & Gard.

Iridaea cordata var. splendens

JANCZEWSKIA

J. gardneri Setchell & Guernsey apud
Setchell

JOCULA 5CR

[J. delicatulus Doty]

Coral lina frondescens

KALLYMENL4

*K. oblongifructa (Setchell) Setcheil

KYLINIA

*K arcuata (Drew) Kylin

? K. gynandra (Rosenvinge) Kylin, PP3132

LAURENCL4

L. spectabilis Postels & Ruprecht var.

spectabi lie

LEPTOCLADIA

[L. conferta Setchell]
Farlowia con ferta

LEPTOFA UCHEA

L. pacifica Dawson

LITBOPHYLLUM

[L. decipiens (Foslie) Foslie]
Hydro lithori decipiens

? C. grwnosum (Foslie) Foslie
L. lichenare Mason

[C. neofarlowii Setchell & Mason]
Pseudo Ti thophy 1 Turn neofarlowii

LITHOTHAMNION

C. californicurn Foslie

EL. conchaturn Setchell & Foslie apud
Foslie]

Mesophyliwn conchaturn
[C. lamellatuin Setchell & Fosliej

*
Mesophyllurn larnellaturn

C. rnicrospor'urn (Foslie) Foalie

L. pacificurn (Foslie) Foslie

EL. parcum Setchell & Foslie]
Clathrornorphuni parcurn

*L. phyrnatodeurn Foslie

[L. reclinaturn Foalie]

Neopo lyporo lithon reclinaturn

LITHOTHRXX

L. aspergilluni Gray
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LOME'NTARIA IIEOPTIL0I'A

r hakodaiensis Yendo N. a fornico (Harvey) Kylin
[Pub ta cabo7orn030[

LOPNOSIPBONL4 N. densa (C. Agardh) Kylin
[Ptibota densai

[N. viiiu'n (J. Agardh) Setch & Card.] N. Jvjpnoides (Harvey) Kylin
Polsiphonia scopuloruc var. V5lbU177 [Ptbbota h0pnoides]

MELOBPSIA FITNIIBUR 0111

M. toarginata Setchell & Foslie is Foslie N. andersoniano (J. Agardh) Kylin

N. medjocris (Foslie) Setchell & Mason [N. borealis]
[N. borealis (Kylin) Kylin]

MEMBRANELLA N. andersoniana

?*M. nitens Hollenberg & Abbott NIT0PHYLLOM
One uncertain report north of Cali-
fornia, on the Olympic peninsula N. cincinnatum Abbott

MEMBRAN0PTERA 000NTHALL4

N. diooroha Gardner 0. boccos (Esper) Falkenberg
N. a ra'nosa Gardner 0. lailii (Harvey) J. Agardh
N. piatpbyiba (Setch. & Card.) Kylin 0. orngcna Doty

N. aeeksiae Setch. & Gard. apud Gardner 0. washinptonbcnsis Kylin

MESOPHYLLOM 0P1'NTIELLA

N. conobasum (Setchell & Foslie) Adey 0. c ifornbca (Farlov) Kylin
[Lith)t1oacon conchaturn[
[Poi0poroibtbcn concbatuni[ 2OPH0R11

M. barnellaluc (Setchell & Foslie) Adey
[Lithota'unbon banielbaturn[ O. latifoiba Abbott

MICR0CLAE'IA i'ETROCELLC

M. orebbs Ruprecht P. franoiscana Setch. & Gard. :d Gardner
N. oouberi Harvey Possibly a sporangial stage in the

life history of Ciparlana aqardhib
MYRI0CRAMME

PET000LOS'SUM
rcpens Hollenberg

N. spectalills (Eaton) Kylin F. D ijOoSa Hollenberg

NFMiI [1011 PEYSS0NEL.L1A

N. helminihcidcc (Volley) Batters P. mcridi'icz!bs Hollenberg & Abbott
[N. lubrbcum] P. pacifica Kylin

[N. Zubricuj' Duby[

N. belaintboides PHY000NFO

1111011 CARPHIELLI 1. i.::. 'a, R. Norris & Wynne
P . setabobbib Skottsberg

N. babbe0i (Kutzing) Wynne & Taylor Not reported since Doty 1947
[Agardhiclia coulteni
[Apardhbeila tenera] PIKEA

NEOPOLYPOROLI100N P. oalifonnbaa Harvey
[P. nootkana (Esper) Doty[

*N reclinatua (Foslie) Adey & Johansen Farbocia conferla
[Lithotbamnion reclinaturn] NOT P. nootkana (Esper) Silva
[Polpporoiithon reclinatum[ [P. nootkama (Esper) Silva]

Bonneraisonia soc tkana
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PIXEA (continued)

HARRY K. PHINNEY

[P. pinnata Setchell in Collins, Holden &
Se tche 11]

P. robusta
P. robusta Abbott

[P. pinnata]

PLATYSIPHONIA

*p
cieveia-ndij (Fat-low) Papenfuss

'P. decumbens Wynne

PLATITHAMNION

P. heteromorphum (J. Agardh) J. Agardh
Reported north of San Francisco only
by Doty, 1947

P. pectinatum Kylin
P. reversum (Setch. & Card.) Kylin
P. viliosurn Kylin

PLEONOSPORIUM

*p squarroswn Kylin
*p squarruiosurn (Harvey) Abbott
*p vancouverianuni J. Agardh

PLOCAMIOCOLAX

P. puivinata Setchell

PLOCAMIUM

P. cacti lapineum (L.) Dixon
[P. coccineuni var. pocificum]
[P. pacificurn]

[P. c000ineumvar. pacificum (Kylin) Dawson]
P. cartniagineum

P. oregonurn Doty
[P. pacificum Kylin]

P. cartiagineum
P. tenue Kylin

Not reported since Doty, 1947
P. violaceum Farlow

PLUI"L4RIA

see Pti iota

POLECOR YES

[P. gardneri Setchell]
Asterocolax gardneri

POLYNEURA

P. latissima (Harvey) Kylin

POLYPOROLITHON

[P. conchatum (Setchell & Foslie) Mason]
Mesophy iiw7l conchatuni

[P. parcwn (Setchell & Foslie) Mason]

Ciathromorphuni parcum
[P. reciinatum (Foslie) Mason]

lVeopoigporoii thon reclinatum

POLYSIPHONIA

[P. caiifornica Harvey]
P. paniculata

[P. coiiinsii Hollenberg]
P. hendryi var. gardneri

*p hencirgi var. cleiiquescens (Hollenberg)
Ho 1 lenbe r g

P. hendrpi var. gardoeri (Kylin) Hollenberg
[P. coliinsii]

P. hendrgi Gardner var. hendrzji
P. rnoiiis Hooker & Harvey

[P. sngderiae var. snydeniiae]
P. pacifica Hollenberg var. pacifica
*p pacifica var. determinata HollenberK
*p pacifica var. distans Hollenberg
P. pacifica var. delicatula Hollenberg,
PP2 647

*p
pacifica var. disticha Hollenberg

*P. pacifica var. graciiis Hollenberg
P. paniculata Montagne

[P. californica]
[P. senticulosa]

P. scopuiorwn var. vilium (J. Agardh)
Hollenberg

[Lophosiphonia vilium]
[P. senticulosa Harvey]

P. panicuiata
[P. sngderiae Kylin var. snyderiae]

P. moilis

PORPHYRA

P. ianceoiata (Setchell & Hus) G.M. Smith
P. rniniata (C. Agardh) C. Agardh

[P. miniata var. cuneiforrnis]
[P. miniata var. cuneifommis Setchell &
Hus apud Hus]

P. miniata
[P. naiadum Anderson]

Srnithora naiaduni
P. nereocystis Anderson in Blankenship &
Keeler

P. occidentalis Setchell & Hus apud Hus
[P. variegata]

P. perforata C. Agardh
P. schizophyiia Hollenberg apud Smith &
Hollenberg

*p sniithii Hollenberg & Abbott
P. thuretii Setchell & Dawson apud Dawson
[P. vaniiegata (Kjellman) Hus]

P. occidentaiis "carposporangial
stage"

PORPHYRELLA

P. gardneri Smith & Hollenberg
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PRIONITIS

[P. andersonii Eaton in Farlow]
P. lyallii

P. filiformis Kylin
P. lanceolata Harvey
P. linearis Kylin
P. ljaZlii Harvey

[P. andersonii]

PSEUDOGLOIOPHLOEA

P. confusa (Setchell) Levering in
Svedelius, OSU 1373

[Gloiophioea confusa]

PSEUDOLITHOPHYE,LUM

*p neofarlowii (Setchell & Mason) Adey
[Lithophyilum neofarlowii]

PTEROCRONDRIA

P. woodii (Harvey) Hollenberg var. woodii

PTEROCLADIA

P. calogiossoides (Howe) Dawson
[Gelidiwn calogiossoides]

P. media Dawson
Some specimens reported as Geiidiwn
sinicola may belong here.

PTEROSIPHONIA

P. bipinnata (Postels & Ruprecht)
Falkenberg

[P. bipinnata var. robusta]
[P. robusta]

[P. bipinnata var. robusta (Gardner) Doty]
P. bipinnata

P. dendroidea (Montagne) Falkenberg
[P. graciiisl

[P. graciiis Kylin]
P. dendroidea

[P. robusta Gardner]
P. bipinnata

PTILOTA

P. aspienioides (Turner) Doty
[P. caiifornioa Ruprecht ex Harvey]

Neoptilota californica
[P. densa C. Agardh]

Neoptilota densa
P. fiiicina (Farlow) J. Agardh

[P. tenuis]
[P. hypnoides Harvey]

Neopti iota hypnoides
P. pectinata (Gunner) Kjellman

Reported by Sanborn & Doty but not
Doty, 1947

[P. tenuis Kylin]
P. filicina

PTILOTRAMNIONOPSIS

*p
Zejolisea (Farlow) Dixon
[Cailithamnion lejolisea]

PUGETL4

P. fragilissima Kylin

RHODOCHORTON

R. purpurewn (Lightfoot) Rosenvinge
ER. rothii]

ER. rothii (Turton) NBgeli]
R. purpurewn

RHODODERML$

[R. georgii (Batters) Collins]
Rhodophys era georgii

RHODOGLOSSIJM

P. affine (Harvey) Kylin
*R. oaiifornicum (Harvey) Kylin
FR. parvwn Smith & Hollenberg]

R. roseum
R. roseum (Kylin) Smith

[R. paruwn]

RHODOMELA

R. larix (Turner) C. Agardh

RHODOPHYSEMA

*R eiegans var. polystromatica (Batters)
Dixon

R. georgii Batters
[Rhododermis georgii]
No known specimen supports this
record of N.L. Gardner, 'on eel-
grass... .Shore Acres."

*R. minus Hollenberg & Abbott

SHOD OPTILUM

*R piumosum (Harvey & Bailey) Kylin
[Dasyopsis piwnosa]

RHODYMENIA

R. caiifornica Kylin var. californica
R. pacifica Kylin
R. paimata f. moiiis Setch. & Card.
R. pertusa (Postels & Ruprecht) 3. Agardh

R. rhizoides Dawson

RHODYMENIOCOLAX

R. botryoides Setchell
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SARCODIOTHECA ADDENDUM

furcota (Setch. & Card.) Kylin A recent paper by James W. Markham and
Julie L. Celestino (Syesis 9:253-266,

SCA GEL IA 1976) reports the following additions to
this list, all from Clatsop County,

S. occidentole (Kylin) Wollsston Oregon:

[Antithamnion occidentale]

SCHIMMELMANNL4

S. plumosa (Setchell) Abbott, PP 2067
[Baylesio plwnosaj

SCEIZYMENIA

Brpopsis plumosa (Hudson) C. Agardh

[Enteromorpha crinita (Roth) J. Agardh]
E. clathrata var. crinita (Roth)

Hauck

8. torta (Mertens) Reinbold

S. epiphytica (Setchell & Lawson) Smith Laniinaria groenlandica Rosenvinge
& Hollenberg

S. pocifica (Kylin) Kylin Pilayella littoralis f. rupincola
(Areschoug) Kjellman

SERRA TICARDIA

Soranthera ulvoidea f. difformis Setch.*9 nacmillanii (Yendo) Silva
& Card.[Cal liarthron pinnulatum)

.4chrochaetiurn plumoswn (Drew) Smith
SMITHORA

A. porphyras (Drew) Smith
S. noiadum (Anderson) Hollenberg

[Porphyro naiadwn] Iridaea sanguinea (Setch. & Card.) Hollen-
berg & Abbott

STENOGRAMME

S. interrupta (C. Agardh) Montagne

TENAREA

T. ascripticia (Foslie) Adey
[Dermatolithon oscripticia I

[Foliella ascripticia]
T. dispar (Foslie) Adey

[Dermato lithon dispar]
[Fosliella dispar]

Xallymenia reniforniis (Turner) J. Agardh

Kylinia arcuata (Drew) Kylin

Lithothamnion phyrnatodeum Foslie

Neopti iota aspienicides (Esper) Kylin

Polyneuropsis stolonifero Wynne, McBride
& West

Polysiphonia hendryi var. luxurians
TIFFANIELLA

(Hollenberg) Hollenberg

*T. snyderiae (Farlow) Abbott Polysiphonia pacifica var. distans
Hollenberg

ZANARDINULA

Polysiphonia urceolata (Dillwyn) Greville
see Prionitis

Prionitis coxneo (Okamura) Dawson

Rhodomela lycopodioides (L.) C. Agardh

Rhodophysemia elegans f. polystromatica
(Batters) Dixon



MACROPHYTIC MARINE ALGAE OF OREGON 115

REFERENCES

1. Abbott, I. A., and G. J. Hollenberg. 1976. Marine Algae of
California. Stanford University Press, California. 827
pp., 701 figs.

2. Dawson, E. Y. 1965. Marine Algae in the Vicinity of Humboldt
State College, Arcada, California. Humboldt State College
Book Store. 76 pp.

3. Druehi, L. D. 1968. Taxonomy and distribution of northeast
Pacific species of Lczminaria. Can. J. Bot. 46:539-547.

4. Druehi, L. D. 1970. The pattern of Laminariales distribution
in the northeast Pacific. Phycologia 9(3/4):237-247.

5. Gilbert, W. 1972. Surface Temperature and Salinity Observa-
tions at Pacific Northwest Shore Stations During 1972.

Unnumbered Document, School of Oceanography, Oregon State
University, Corvallis. Offset 18 pp.

6. Levring, T., H. A. Hoppe, and 0. 3. Schmid. 1969. Marine
Algae. Cram, DeGruyter, and Co., Hamburg, Germany. 421
pp., 13 Tables, 118 Figs.

7. Scagel, R. F. 1957. An Annotated List of the Marine Algae
of British Columbia and Northern Washington. Nat. Mus.
Can. Bull. No. 152. 289 pp.

8. Scagel, R. F. 1963. Distribution of attached marine algae in
relation to oceanographic conditions in the northeast
Pacific. In: Dunbar, M. J. (ed.) Marine Distributions.
University of Toronto Press. Royal Society of Canada
Spec. Pub. No. 5:37-50.

9. Setchell, W. A. 1893. On the classification and geographical
distribution of the Laminariaceae. Trans. Conn. Acad.
9 : 333-375.

10. Setchell, W. A. 1935. Geographic elements of the marine flora
of the north Pacific Ocean. Amer. Nat. 69:560-577.



-7-
Growth of Pacific Northwest Marine Algae

in Semi-Closed Culture'
I. ROBERT WAALAND

Traditional methods of cultivating benthic seaweeds use
artificial substrates in open marine waters. Such methods have been
used successfully for growing Porphyra (24), Eucheuma (7, 34) and
Laninaria and other kelps (6, 16, 37). The application of arti-
ficial substrate culture methods to seaweeds native to the Pacific
Northwest has been the subject of recent research (45, 48), and
refinements of such a culture method are discussed elsewhere in this
volume by Mumford. Artificial substrate cultivation methods usually
involve considerable labor, and seaweeds sited in open waters are
subject to the vicissitudes of the environment. This chapter will
discuss alternative enclosed or semi-closed culture methods that
have been under investigation.

The first completely "closed" cultures of algae involved small
species that were conveniently suited to laboratory study. Culti-
vation of microscopic algae on a large scale in closed systems has
received much attention (5, 35, 36, 41, 43). Investigators have
attempted cultivation of macroscopic marine algae in closed culture
(20) or in enclosures situated in open waters (3, 19). The major
difficulties encountered in large closed cultures are supplying an
adequate growth medium to support a large biomass and preventing
growth of unwanted species. In floating enclosures situated in
natural waters, damage from storms, waves, grazing, vandalism, and

'This research was primarily supported by the Washington Sea
Grant Program and Marine Colloids, Inc. I thank E.W. Duffield for
his sustained and conscientious assistance with the experiments
reported here and wish to acknowledge the indispensable support
and cooperation of the Municipality of Metropolitan Seattle (METRO),
the Seattle Parks Department, the Department of Natural Resources,
Olympia, and the National Marine Fisheries Service Aquaculture
Research Station, Manchester, Washington.
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fouling by other algae and by animals are significant problems. Some

seaweed culture studies have been conducted in greenhouses equipped
for marine algal culture and in outdoor aquaria or lighted aquaria
(29). Seaweeds grown in such situations frequently become overgrown
by diatoms, other epiphytes, or competing algae. Such experiences
have convinced many phycologists that fouling and competition would
be a serious problem in large-scale cultures unless unialgal cultures
were used and seawater was sterilized or filtered. Some researchers
have exploited the growth of marine microalgae that dominated semi-
closed cultures (13). So it was encouraging when detached plants
of Chondrus cris pus were grown for nearly a year in a marine green-

house (27). Some attention to epiphyte and grazer control was neces-
sary, but these experiments were so successful that they stimulated
further research on semi-closed culture of C. cris pus and other ben-
thic marine algae. Research showed the importance of sufficient
water motion, nutrients, and other factors to seaweed growth. It

also revealed the value of strain selection and vegetative propa-
gation for large-scale cultivation of marine algae (38, 39, 40).
These successful results with C. crispus, an important source of
carrageenan, stimulated the research on semi-closed culture of
Pacific Northwest seaweeds which is described in this report.

The basic requirements of an algal aquaculture enterprise have
been listed by Neish (28). Of the many requirements, research on
Pacific Northwest species has been concerned with (1) the culture
environment required for seaweed growth and (2) growth rates and
other biological characteristics of selected species. Many have
been tested (see Table I), but the major emphasis has been on two
carrageenan producers, Iridaecz cordata and Cigartina exasperata.
Since the culture environment that works for these species works
for many others, its features will be discussed before a discussion
of cultivation experiments testing the species-dependent properties
of I. cordata and C. exasperata.

CULTIVATION FACILITIES

Growth experiments have been conducted at two sites in Puget

Sound. The first experiments (1973 to 1975) were done at the
Manchester Aquaculture Research Station of the National Marine
Fisheries Service on Clam Bay, Kitsap County, Washington. Later
experiments (1976) were conducted at the West Point Seaweed Research
Station, Seattle, King County, Washington, just west of the sewage
treatment facility of the Municipality of Metropolitan Seattle (METRO).

Several tank designs have been used: l400liter polyester resin
coated or plastic lined plywood tanks with l.2m surfae area, 3500-
liter painted or plastic lined plywood tanks with 2.8m surface area,

and 73-liter plastic tanks with 0.26m2 surface area. Water depth in

the large tanks was l.lm and in the small tanks 0.3m; for some experi-

ments water depth in the large tanks was reduced to 0.45m. One of

the large tanks was fitted with a transparent plexiglass side (Fig. 1).

The plants and the sea water in the tanks were continuously moved by

aeration supplied through a perforated plastic pipe at the middle or
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Table I. Species and growth rates observed in semi-closed cultures
at Manchester Aquaculture Research Station,ClanBay, Washington, and
West Point, Seattle, Washington. *

Growth Rate
Species

% fw/dav

Iridaea cordata (Turner) Bory
Iridasa heterocarpa Postels & Ruprecht
Iridaea cornucopiae Postels & Ruprecht
Gigartina exasperata Harvey & Bailey

Gigartina papillata (C. Agardh) J. Agardh
Neoagardhiella baileyi (Kützing) Wynne & Taylor
Plocamium cartilagineum (Linnaeus) Dixon
Schizymenicz pacifica (Kylin) Kylin
Callophyllis flabellulata Harvey
Farlowia mollis (Harvey & Bailey) Farlow & Setchell
Prionitis lanceolata (Harvey) Harvey
Palmaria palmata f. mollis (Setchell & Gardner) Guiry
Porphyra perforata .T. Agardh

9.5

8.1
8.7
8.3

6.0

4.0
1.7

3.6

6.7
1.0

5.9

8.8

*Growth rates are the maximum rates observed during summer
growing conditions over at least one- or two-week intervals. In

some instances the rates have been observed over longer time inter-
vals. In large tanks for periods of several months, average growth
rates are usually about half the rates shown above; in such cases
the growth is usually reported as salt-free dry matter produced per
unit of time per lighted surface area.

one side of the tank bottom. The design of these tanks is such that
it can be scaled up to larger ponds or raceways of similar design.

Natural seawater was pumped from a depth of 3-Sm below mean low
low water (MLLW) into a headbox for pressure regulation, then into
the culture tanks. During these experiments (1974 to 1976) the
salinity ranged from 28 to 32 0/00. No filtration or other treatment

of the seawater was attempted.
The seawater at both cultivation sites ranged from 7°C (late

winter) to 14°C (mid- to late summer); daily variations in the tanks
was usually ±1°C. Since laboratory experiments with I. cordata (44)
and C. exasperata (45; Merrill and Waaland, in preparation) indi-
cated a temperature increment of 3-5°C above ambient might stimu-
late growth significantly, such a trial was run using a 2.8m2 tank;

however, plants grown at elevated temperatures grew no faster than
the control plants maintained at ambient temperature.

Because nutrient availability could be growth limiting, an
investigation of certain major nutrients in the tank cultures was

performed. Measurements were made of available carbon, nitrogen,
and phosphorus in the inflowing seawater and in the water leaving
the culture tanks. The measurements were made with the algal
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Figure 1. Culture tank (2.8m2) surface area used for seaweed culti-
vation studies,Puget Sound, Washington. This particular tank is
fitted with a plexiglass side so that the circulation of the sea-
weeds can be observed. The tank is supplied with running seawater;
aeration near the bottom center of the tank causes the water and
plants to circulate. Plants and water move up near the air pipe,
then toward the end walls of the tank where they move down and
finally return toward the air pipe.

density at or near the maximum biomass listed in Table II. Carbon
was determined by the pH and total-alkalinity method. Nitrate,
nitrite, ammonia, and phosphorus were analyzed by standard colon-
metric methods (42). Some of these latter measurements were per-
formed in the Autoanalyzer Laboratory, Oceanography Department,
University of Washington. Carbon determinations showed that typical
seawater contained about 2mM/liter total carbon dioxide; of this
total, most (99%) is in the form of bicarbonate. No significant
changes in its concentration were detectable. Most of the remainder
(1%) is present as dissolved CO2 of which about 25% was taken up
by the plants. Laboratory experiments (Hansen, personal communi-
cation) have shown that CO2 is limiting photosynthesis in I. cordata
at such concentrations, but no attempt has been made to raise the
carbon dioxide content of the seawater in large tank cultures. With
Chondrus crispus, CO7 supplementation over a 75-day experiment in-
creased the average daily growth rate (assuming exponential growth
occurred) from 1.23%/day to 1.64%/day and resulted in 35% greater
yield compared to the control (38). Such CO2 additions have not
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Table II. Seasonal biomass per surface area from 1976 to 19??,

tests at West Point, Seattle, Washington.

Month % Summer Optimum Gigartina exaperata Iridaea cordata

Biomass Grams fwlm Grams fwlm2

Jan 12 576 480

Feb 25 1200 1000

Mar 50 2400 2000

Apr 70 3360 2800

May 95 4560 3800

Jun 100 4800 4000

Jul 100 4800 4000

Aug 80 3840 3200

Sep 70 3360 2800

Oct 35 1680 1400

Nov 16 768 640

Dec 10 480 400

*This table shows the schedule used for seasonal biomass adjust-

ment per lighted surface area. The summer optimum biomass density
resulting in the maximum production per surface area was determined

experimentally. The schedule above was developed by adjusting the
biomass in proportion to the total average solar radiation for each
month (see Fig. 4). While this schedule could be refined further,
its utility is demonstrated by the results shown in Fig. 5.

been used with mass cultures of I. cordata or G. exasperate.
Nitrogen and phosphorus measurements on seawater supplying the

tanks are summarized in Table III; such values are typical for Puget
Sound seawater. Measurements on the water leaving tanks in which
I. cordata or G. exasperate were growing showed that significant
amounts of certain nutrients were taken up by the plants (Table III).

When seawater was supplied at less than two tank volumes per day,
nitrogen deficiency symptoms developed in these species; the
symptoms were loss of red and blue phycobiliprotein pigments and a
color shift to yellow-green. If prolonged for several days, such

nutrient shortages stop growth. Resumption of adequate seawater
flow (more than two tank volumes per day) or addition of supple-
mentary nitrogen corrects deficiency symptoms and permits growth

to resume. Supplementary nutrients, above those supplied by the
seawater, did not increase growth; addition of excess nitrogen

resulted in richly pigmented plants.
Since nitrate nitrogen was typically 957 of the total nitrogen

available in the seawater, nitrate uptake experiments were conducted
with Gigartina exasperata; these experiments were conducted during
seasons of active growth and of slower growth. During rapid growth

nearly all the nitrate is removed from the seawater (Fig. 2); during
less rapid growth and when seaweed biomass was lower as in the fall



Table III. Nitrate and phospiate in inf7owing and outf lowing Puget Sound seawater, long-term
measurements using Iridaea cordata.

Date
Seaweed
gfw/m2

density
gfw/m3

Nitrate
inf lowing

seawater

(pM/i)

outf lowing

seawater

Phosphate
inf lowing

seawater

(pM/i)

outflowing
seawater

4-1 1640 1426 25.0 21.8 2.18 2.06

4-16 1390 1208 15.5 13.6 1.94 1.78

4-23 2140 1860 21.4 7.2 1.86 1.45

5-7 2940 2556 15.5 2.8 1.53 --

5-14 3490 3034 15.1 2.1 1.53 1.05

5-24 1930 1686 18.2 5.2 1.79 1.31

5-28 2520 2191 14.2 2.8 1.50 1.06

7-12 3110 2704 14.6 2.5 1.75

8-28 924 803 152 13.8 1.97 1.85

9-19 -- 14.2 -- 1.95 --

10-23 -- 18.5 -- 2.74

11-20 -- 23.9 -- 2.40 --

*All samples were taken near midday. These data are from the Manchester, Clam Bay, Kitsap County,

Washington, site. Only nitrate values are shown here since nitrate accounted for 85 to 98% of the
inorganic nitrogen. The greatest nitrate uptake occurred with high plant density and periods of
rapid growth. The inflow samples were made in duplicate; the outflow values are based on single
samples. These data show the generally high levels of nutrients present in Puget Sound waters. The

flow rate was four tank volumes/day.

0
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Figure 2. Nitrate uptake by Gigartina exasperata strain M-11 at a
density of 7200 gfw/m2 (6550 gfw/m3). Nitrate was measured (a)
solid circles, in the incoming water and (b) open circles, in the
water leaving a tank supplied with running seawater at four tank
volumes per day. In the third experiment (c) solid triangles,
nitrate was added at the start of the day so that the concentration
was approximately double that of the ambient levels, the running
seawater was turned off in this tank after the addition of nitrate.
Sanrples for nitrate analysis were taken at the indicated intervals
during daylight hours. This experiment was conducted July 21, 1976,
at West Point, Seattle, Washington. It shows that G. exasperata
removes substantial amounts of nitrate from sea water in a short
time.

or winter, less nitrate was removed by the plants (Table IV).
Puget Sound waters have an excellent supply of nutrients. In

other marine waters, such as the North Atlantic, normal nutrient
concentrations are much lower and supplementary fertilizer does
result in increased growth (8, 38).

In preliminary experiments conducted in the spring of 1973,
cultivation was attempted using cylindrical tanks with no agitation
of water or plants. Little or no growth was observed and the plants
deteriorated within a few weeks. In late winter of 1974, aerated,
slant-bottomed culture tanks were used; the aeration kept plants and
water in constant motion. Following inoculation with I. cordata,
G. exasperata, and later other species, continuous sustained growth
was observed for several years. It appears that water motion is
critical for achieving sustained algal growth in tank culture (26).
Water motion can be provided by aeration or paddles (38, 40) and
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Table IV. Nitrate removed from seawater flowing through tanks in
which Gigartina exasperata strain M-11 were growing in summer and
winter. *

Season

Summer

7-13 &

7-14- 76

n = 14

Winter

11-4 &

11-5-7 6

n= 2

Plant density Nitrate (pM/Z)

gfw/m2 gfw/m3 inf lowing outf lowing

seawater seawater

5750

1750

5000

1520

18.2 ± 1.6

24.0 ± 0

2.9 ± 0.6

17.8 ± 2.5

*Measurements (averages ± standard error) were made on samples
of water taken from tanks supplied with running seawater at a rate
of 4 tank volumes/day at West Point, Seattle, Washington. In the

summer duplicate samples were taken at 4-hr intervals for 24 hrs
beginning at 0800 July 13, 1976, a day of bright sun with broken
clouds; the difference between inf lowing and outf lowing nitrate
concentration was nearly constant throughout the 24-hr period. The

winter samples were taken at 1315 November 4, (cloudy, bright) and
0915 November 5, 1976 (gloomy, fog). Since the plant density must
be lower in the winter to maintain positive growth, the amount of
nutrient removed per tank surface area is less in winter than in
summer.

probably simulates the water currents in natural waters. While

slant-bottomed tanks were considered necessary for sustained circu-
lation, experimentation revealed that circulation was adequate in
flat-bottomed tanks since the moving water sweeps the plants around.
Turbulent water motion near the plant surface is believed essential
to replenish nutrients (25, 30).

Two attempts were made to grow, in semi-closed culture,
I. cordata which had colonized an artificial substrate in natural
waters; one apparatus which was tried at various angles and positions
in the tanks is shown in Fig. 3. Typically, the plants in tanks grew

for one or two weeks, then degenerated; control frames in natural
waters continued to show good growth for a longer period. No satis-

factory explanation for this lack of growth of substrate-affixed
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Figure 3. One type of frame used at Manchester test site, Clam Bay,
Washington, 1975 to hold nylon line that had been colonized by
Iridaea cordata at Minnesota Reef on San Juan Island in 1973. Such
frames were mounted at various angles and depths in the tanks. In
natural waters, a stiff spar buoy was used to keep the frame in a
horizontal position and at a constant depth.

plants in tank culture has been developed. A growth test of
I. cordata which has colonized nylon line fastened to a circulating
substrate slightly denser than seawater is being conducted to see
if growth can be sustained.

Light is a major requirement for seaweed growth. In temperate
latitudes, the average daily solar radiation undergoes a sevenfold
seasonal fluctuation (Fig. 4). Except for shading to reduce intens-
ity and small-scale experiments for special purposes, artificial
lighting is not practical on a large scale. Supplemental lighting
might be used for extension of day-length or some special purpose
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Figure 4. This graph shows the average daily solar radiation for
each month of the year measured at Seattle-Tacoma International
Airport, Washington, by the National Weather Service. Data were

averaged for 1974 to 1976. The midsummer daily solar radiation is
seven times that of the midwinter daily solar radiation in the
Puget Sound region.

with relatively small volume cultures. Transparent-sided culture
enclosures such as that in Fig. 1. might be used to provide relative-
ly small volume (several m3) cultures with additional light to main-
tain stocks of inoculum in a minimum volume of water over winter.
Preliminary experiments with supplemental lighting in winter to extend
day-length have not resulted in significantly increased growth of
I. cordata or C. exasperata. The average amount of liZht reaching
each plant can be regulated by adjusting the biomass per lighted
surface area and by regulating the depth or biomass per culture
volume; this is discussed in greater detail later.

In these cultivation experiments, the major competitor algae
have been diatoms especially in the spring and "weedy" algae such as
Giffordia, Ulva, Monostroma, and Enteromopha especially in summer
and fall. Since these competitors probably all have intrinsically
higher growth rates than the desired species, some measures must be
taken to prevent them from overgrowing the crop species. The major
strategies employed in combating these competitors have been (1)
depriving them of light by maintaining the cultivated species at a
sufficiently high density per surface area that it absorbs most of
the incident light and (2) maintaining the desired species at
sufficiently high density per volume that it deprives the weedy
species of nutrients in the tank.

With the smooth bladed Iridaea cordata, epiphytes only become
a problem during slow growth or in the holdfast region which is the
oldest, slowest-growing (or nongrowing) part of the plant. Epiphytes
colonize the papillate surface of G. exasperata more readily than
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they do I. cordata, but if the 0. exasperata is actively growing,
this problem is minimized. Fouling is a more serious problem with
most of the more branched species that have been tested, except
Neoagardhiella bailey-i and Callophyllis flabellulata. If fouling
becomes a severe problem, there are several possible solutions.
(1) If the aeration is stopped on a sunny day, the desired species,
being denser than the fouling species, will sink, while the rapid
photosynthesis of the fouling species produces oxygen bubbles and
the fouling algae rise and can be skimmed off. (2) If the fouling
algae are epiphytes, the most heavily fouled specimens or parts of
specimens can be harvested and the density per surface area and
volume adjusted in favor of the desired species. (3) If these
treatments fail, a mild chlorine treatment can be used since the
fouling algae are usually more susceptible to chlorine; calcium
hypochlorite is added at 11.4 gm per kilogram fresh weight of
carrageenophyte and allowed to flush out by normal seawater turnover.

RESULTS OF CULTIVATION EXPERIMENTS

Growth was measured by fresh weight determinations of the tank
contents at approximately weekly intervals. For comparative purposes,
relative growth rates were computed by assuming the long-term growth
rate to be exponential (9). For growth comparisons of the carrageenan
producers, I. cordata and G. exasperata, fresh weight measurements
were converted to salt-free dry matter remaining after samples were
dried, washed in fresh water, then re-dried before weighing. This

gives an approximation of carrageenan production rate. For I. cordata,
salt-f ree dry matter is 0.15 fresh weight; for C. exasperata it is
0.10 fresh weight.

The species tested for growth in semi-closed culture are listed
in Table I. The emphasis in this research was on carrageenan pro-
ducers, but other species were grown to test the broader applicability
of this method and to search for species especially well suited to
semi-closed culture. Table I also lists the maximum growth rates
observed for different species. Most of the maximum rates listed
were observed for one- or two-week periods; in many cases these rates
have been sustained over many weeks. Long-term growth rate averages
for many of the species tested are approximately half the rates
listed in Table I. A few species, especially those from the inter-
tidal such as Iridaecz cornucopiae and Gigartina papillata., did not
grow well in tank culture. Some species such as Plocconium cartilczg-
mourn and Farlowia mollis grew satisfactorily for many weeks, then
became heavily fouled. In addition to I. cordata and C. exasperata,
which grew rapidly in semi-closed culture, a few other species grew
well in tank culture: Palmaria palmata (-Rhodyrnenia pairnata),

Neoagardhiella baileyi (= Ayardhiella tenera), and Callophyllis flabel-
lulata, all of which had rapid, consistent growth which continued
even during the winter months. C. flabellulata has no known use.
Both P. pairnata, as dulse (12), and N. baileyi, sometimes used as
ogo, are edible marketed seaweeds which might be grown on a small
scale. Since most of the detailed growth data have been obtained
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with I. cordata and G. exasperata, these species are discussed in
more detail below.

Because Iridaea cordata is widely distributed on the Pacific
Coast and has a high content of excellent carrageenan, it has been
the subject of numerous recent studies. There have been studies
on its growth (44, 45, 47, 48), development (31), reproduction (21,
48), cytology (11), physiology, biochemistry (23, 46), ecology (4,
10, 14, 15, 17, 18), biogeography (21, 22), and taxonomy (1, 2, 21).
Because it has somewhat less carrageenan than I. cordata, Gigartina
exasperata has received less attention, but has been studied as an
alternative source. There are recent studies on G. exasperata's
growth (45, 48), development (31), reproduction, physiology (Merrill
and Waaland, in preparation), biochemistry (46), biogeography (21,
22), and taxonomy (21). The majority of the following section deals
with experiments with I. cordata and G. exasperata.

In the Puget Sound region, I. cordata typically occurs on rocky
reefs and other solid substrates in the intertidal and subtidal with
moderate to strong tidal currents. Gigartina exasperata occurs in
similar habitats, but usually those with weaker tidal currents and
greater depths. I. cordata in the sheltered, inland waters of the
Northwest has a pronounced annual cycle: new blades are initiated
from the encrusting holdfast in fall and winter, grow rapidly in
spring and summer, mature and reproduce in late summer, and degener-
ate and disintegrate during the fall. The holdfast remains, over-
winters, and produces new blades for the next growing season. This

strong seasonal pattern observed in Northern Washington is not so
pronounced in other areas (14) but has an important influence on the
cultivation of this species in the Northwest. G. exasperata differs
in that its large blades are present throughout the year. In tank
culture, I. cordata loses its polarity as evidenced by the curvature
of its young blades resulting in several blades radiating outward
from the holdfast. In plants raised from spores and maintained in
air-agitated culture, blades may be initiated from all sides of the
approximately spherical holdfast. Because G. exasperata produces
new blades from surface and edge proliferations which become detached
from their parent blade when they reach a length of 10-15 cm, the
loss of polarity is less obvious. There often is no central holdfast
to mark the original focus of the radiating blades. In addition,
G. exasperata blades tear more easily and become detached from their
parent blade at an early stage and their original grouping is no
longer evident. In culture tanks I. cordata frequently matures and
produces spores 1 to 2 months earlier than plants in the natural
population from which it was originally collected; no such observa-
tions of G. exasperata have been attempted.

Seasonal Solar Radiation and Optimum Biomass per Unit of Area

Examination of solar radiation data for the Puget Sound region
reveals that there is more than seven times as much solar radiation
per day in midsummer than in midwinter (Fig. 4); furthermore, the
spring and summer growing season (from equinox to equinox) has 3.1
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times more solar radiation than does the fall and winter period.
Data from the National Weather Service measured at the Seattle-
Tacoma International Airport and averaged for 1974 to 1976 show an
irradiance of 86,028 Langleys from March 21 to September 21 and
27,516 Langleys from September 21 to March 21. These data, plus
the observation that I. cordata died back to negligible iomass per
unit area and G. exasperata died back to about 500 gfw/m and ceased
growing, led to the conclusion that the plant bioniass per unit area
should be adjusted in proportion to the total solar radiation at
different seasons. The adjustment was figured by determining the
biomass with greatest productivity per unit area during midsummer,
then using lower densities at other times to keep plants growing in
semi-closed culture. This procedure was tested during the fall and
winter of 1976-77 using the biomass per area schedule shown in
Table II. Initial results have been especially encouraging with
G. exasperata; the results have been less conclusive with
I. corckzta, although further experiments appear justified. A
further refinement of this density adjustment schedule may produce
even higher overall 'growth. An advantage of this procedure is that
it allows a prolonged harvest during the fall when failure to
harvest would result in no growth or even a weight loss (Fig. 5).
The top line shows there was a gradual decline in the weight of the
plants in the unharvested control tank which when harvested on day
35 yielded 196 gdw/m2. The lower line on the graph shows how
periodic harvesting affected overall growth. By periodic density
reduction (harvesting), it was possible to keep the plants growing
actively. The major harvests on day 7 and day 35 and the minor
harvests in between resulted in a net harvest of 280 gdw/m2 from
this tank, 42% greater than from the unharvested control tank. Thus,
periodic density reduction results in (1) keeping plants growing
actively and (2) increasing total yield. The major accomplishment
of this technique is that it becomes possible to keep substantial
quantities of a particular selected clone of seaweeds through the
winter.

Seasonal adjustment of plant density was based on the idea that
lack of light in winter was limiting growth. Because with high
biomass per area, respiration exceeded photosynthesis and resulted
in a net loss to the plant, a method for short-term measurement of
daily photosynthesis and respiration was sought. It was hoped that
such measurements could be used to develop improved optimum-biomass-
per-area schedules for different seasons. For these measurements,
small seaweed samples are placed in light and dark bottles filled
with enriched sea water (TIESU p. 43 in 41) which has been bubbled
with nitrogen gas to approximately 50% oxygen saturation; the
bottles are ballasted so that they circulate with the plants in the
tank and thus are exposed to the same conditions. Some bottles are
removed after a 4- to 6- hour light period and another set remains
in the tanks for 24 hours. The change in oxygen saturation is
measured using an oxygen electrode probe and gives a measure of
apparent photosynthesis. Table V shows the results of such measure-
ments which indicate that net photosynthesis occurred if the plant
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Figure 5. Results of an experiment at West Point, Seattle, Washing-
ton, in which the density of Gigartina exasperata strain M-11 was
adjusted weekly (lower line) to the values listed in Table II for
October and November. The experiment began on October 13, 1976.
The density was adjusted to the October value early in the experi-
ment, the November level near the end. The upper line of the graph
represents the control tank, which was not harvested until mid-
November,' the lower line shows the weight in the experimental tank
which was harvested weekly.

density was sufficiently low during the winter. These measurements
also showed that the respiratory losses occurring during long winter
nights used up a major portion of the daytime photosynthetic gains.

When plant density is lowered to the winter minimum listed in
Table II, plants of the desired species may not use all, of the avail-

able light and nutrients. This may stimulate the growth of competi-

tor species. To shift the competitive balance in favor of the crop
species, the water depth can be lowered to reduce the volume of
water and nutrients available per unit of plant biomass.

Methods and Problems of Propagation

A major requirement for a sustained seaweed-aquaculture oper-
ation is the availability of a sufficient inoculum each spring at
the start of the major growing season in temperate latitudes. This

problem has been solved in the case of Gigartina exasperata. In this
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species, one strain, designated M-ll, has been maintained through
two winters. Two major factors make this possible: (1) this species
can be propagated vegetatively by means of cuttings from thalli or
outgrowths from thalli and (2) by adjusting the plant density, growth
can be sustained during the winter when solar radiation is at a mini-
mum. The strain has never been observed to reproduce by means of
spores or gametes so no energy is expended on synthesis of such
reproductive bodies. This strain of 0. exasperata was selected by
tagging individual plants from natural populations and growing them
in a culture tank under identical conditions. After 4-6 weekly
growth rate determinations it was possible to select fast growing
strains and to propagate them separately. Under the best conditions

theM-li strain increases it fresh weight at a rate of 4.25% per
day while wild type 0. exasperata averages 3.11% per day (49).
Vegetative propagation combined with strain selection can produce
very favorable results and is an excellent propagation method.

Iridasa cordata has proved more difficult for long-term propa-
gation in semi-closed culture. Complete new plants do not develop
from blade cuttings. If cuttings are made, they continue to grow,
mature, sporulate, and senesce as does an intact blade. It is

possible to raise plants from spores as described previously (48),
maintain the sporelings in air agitated cultures, then transfer them
to semi-closed culture tanks for subsequent growth. This method
requires care to retain the juvenile plants in the culture tank,
and it requires controlled-environment culture facilities, making it
more complex than the vegetative propagation method so successful
with C. exasperata.

Growing plants on circulating artificial substrates which pro-
vide a means of retaining the perennial holdfasts as a source of new
blades is now being tested on a small scale. After the large blades
have been harvested from such substrates, the holdfasts on their
substrates can be returned to a culture tank where they will sprout
new blades.

Another possibility which was successfully tested in 1976 is
to use field-sited artificial substrate cultures as a source of
inoculum at the start of each growing season. Such a method could
provide an inoculum of known characteristics determined from prior
harvests or from colonization of the nets by known strains of sea-
weeds. In the winter such artificial substrates might be placed in
shallower waters to promote faster growth by allowing better access
to light. Another version of the net-tank hybrid cultivation method
would be to harvest plants from artificial substrates, then give
them a "Neish effect" treatment in tank culture; in this treatment
growth with a limited nitrogen supply promotes carbohydrate synthesis.
In carrageenophytes this results in a 30-40% increase in carrageenan
content in a few weeks (39, 40).

A significant question in evaluating any species for aquaculture
concerns its long-term (annual) product yield. From the short-term
and long-term growth rates (Tables I and V) observed for I. cordata
and G. exasperata, the former appears to be the better choice since
it has a higher growth rate than G. exasperata, a higher carrageenan



Table V. Photosynt2etic rate monitoring experiments: Gigartina exasperata strain M11.*

Apparent Photosynthesis PAR Dark Respiration
Date . 2(i 02/gdw/min) (Einsteins/m ) (p O2lgdwlmin)

1-31-77

Midday (6-hr) 36.9 ± 1.2 3.3

Day & Night (24-hr) 10.0 ± 0.6 4.2 -5.0 ± 1.5

3-9-77

Midday (6-hr) 8.24 ± 3.1 9.7

Day & Night (24-hr) 14.6 ± 4.7 16.3 -6.0 ± 0.2

*The values are means ± standard error. The experiments commenced in midmorning of the day

indicated. The temperature was 7.5°C on 1-3l and 7.0°C on 3-9. On 1-31 the plant density was

785 gfw/m2 and on 3-9 it was 1625 gfw/m2. Photosynthetically active radiation (PAR) was recorded

using a Lambda 192S quantum sensor. These data show that this technique can be used to determine
if net photosynthesis (on a 24-hr basis) is occurring in plants exposed to the conditions of a tank
culture adjusted to an appropriate plant density per lighted surface area.

0



Table VI. Production of Iridaea cordata, Gigartina exasperate, and some major terrestrial crop
plants.

Annual Growth Rate4 Mean2Daily Growth Rate1-
Species

gsfdw/m2/yr ton/ha/yr kcal/m2/yr gsfdw/m /day kcal/m2/day

Iridaea cordata
Natural populations
Pacific Northwest2
California3

Semi-closed Culture
1974
1976

Giqartina oxasperata
Semi-closed Culture

1974 - Wild Type
1976 - M-ll Strain

Wheat
Netherlands

Corn
United States

Rice

Japan

Sugar Cane
Hawaii

308 3.08 900 1.7 5.0
1133 11.33 3971. 6.3 22.1

1948 19.48 9116 10.8 50.6
2154 21.54 10800 11.9 60.0

935 9.35 4052 5.2 22.5
1614 16.14 6988 9.0 38.8

1335 13.35 4400 7.4 24.4

1281 12.81 4500 7.1 25.0

1524 15.24 5500 8.5 30.6

3297 32.97 12200 18.3 67.8

1
Based on 180-day growing season for all crops except sugar cane for which a 365-day growing season was used

2(4, 10)
(l4)

4Values for terrestrial crops (from Odum, 32); calorific values of seaweeds (from Paine, 33).
5gsfdw/m2/yr = grams salt-free dry weight per year.

0
H

H
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content, and a larger fraction of its fresh weight is dry matter (46).
Nevertheless, at the present time, it is more difficult to obtain a
large inoculum of I. cordata at the start of a growing season than
of C. exasperata which can be propagated vegetatively and overwinters
satisfactorily. A comparison of the annual yields of each species
is given in Table VI. Since I. cordata still outgrows the more
manageable G. exczsperata on an annual basis, an appropriate short-
term strategy would be to begin pilot-scale cultivation of G. exasper-
ata while developing improved propagation methods or vegetatively
propagatable strains of I. cordata. Table VI also compares the
annual yield of these seaweeds with major terrestrial crop plants and
shows that the productivity of marine crop plants compares favorably
with the productivity of the major terrestrial crops.

Sustained semi-closed cultivation of the carrageenophyte Cigar-
tina exasperata appears feasible from a biological standpoint and
would be the best candidate for pilot-scale cultivation especially
if strains with higher growth rates and better yields are developed.
Because of its higher growth rate and carrageenan content, Iridasa
cordata merits further research on propagation and overwintering
methods so that sufficient inoculum can be provided at the start of
the spring and summer growing season. For a smaller scale cultiva-
tion operation where the product can be marketed directly, the edible
species Palmaria palmata (dulse) and Neoagardhiella baileyi (ogo)
are attractive prospects for semi-closed cultivation.
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Growth of Pacific Northwest Marine Algae

on Artificial SubstratesPotential and Practice'
THOMAS F. MUMFORD, JR.

The practice of growing marine macroalgae on artificial
substrates has been practiced for centuries. This technique has
several advantages over growth on naturally occurring substrates:

1. Shallow waters where natural substrate is not suitable
because of sandy or muddy bottoms can be utilized, or a limited
substrate can be augmented.

2. Deep water and open ocean areas can be utilized where the
benthos is below the photic zone.

3. Desired species or strains of species can be grown by arti-
ficially seeding the substrate.

4. More careful management of the algae is possible by moving
the substrate to different locations at different times (i.e.,
removing the substrate from the water for disease and epiphyte con-

trol, and fertilization).
5. It is possible to obtain higher yields of biomass per given

area than can be achieved from natural populations.
6. Harvesting is often simplified by manipulation of the sub-

strate.

Disadvantages include:
1. High cost of the substrate and the support structures.
2. Placement and maintenance is often labor intensive in

present systems, although careful design may reduce this problem.
3. The placement of structures usually precludes other use

of the water surface.

1-This work has been funded by the Washington State Department of
Natural Resources. Beginning January 1, 1977, partial funding has
been from a grant (R/A-12) from the University of Washington Sea
Grant Program of the National Oceanic and Atmospheric Administration
of the U.S. Department of Commerce.
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This paper will briefly review two of the most highly developed
systems for growth of macrophytic algae on artificial substrates for
Undaricz (wakame) and Porphyra (non). A more detailed description
of the growth of the carrageenophyte, Iridaea cordata, on artificial
substrates being studied by the Washington State Department of
Natural Resources follows.

These three systems, Undaria Porphyra, and Iridasa, involve
seeding net or rope substrate with spores. Porphyra and Iridaea spores
germinate and grow to the mature, harvestable thallus. The spores
of Undaria produce microscopic gametophytes, which in turn produce
the large sporophyte in situ. Immature thalli or fragments can be
attached to a substrate where they grow to maturity. Eucheuma spp.
has been succesfully grown by the latter method (7) and is described
in detail by Doty in Chapter 11 of this volume. Macrocystis has been
grown by placing small plants on various substrates where they attach
themselves by growth of the holdfast. This method is discussed by
Neushul, Wilson, and North in Chapters 9, 10, and 12 of this volume.

CURRENT CULTURE SYSTEMS

Undaria

Undaria of the order Laminariales in the division Phaeophyta
is a kelp grown for food in Japan where it is known as "Wakame.t'
Of the three species cultivated, U. pinnatifida, U. undarioides,
and U. peterseniana, only the first is used extensively. Recent
reviews in English discuss its use and cultivation and are the source
of much of the following information (6, 13, 25, 26, 27).

As with most members of the Laminariales, the life history of
Undaria is characterized by a large sporophyte which produces meio-
spores in specialized areas called son. The motile spores swim for
some time, then settle on a solid surface where they germinate to
produce microscopic gametophytes. Motile spermatozoids produced
from the male gametophyte fertilize the non-motile egg in situ on
the female gametophyte. The resulting zygote develops into the
large sporophyte. Understanding the life history of this alga and
others is indispensable to the manipulation of the stages in their
life histories for aquacultural purposes (26, 27).

The harvest of naturally occurring beds of Undaria still provides
about 22% of the total harvest or about 25,000 metric tons/year.
Suitable areas for growth are characterized by high currents, sandy
bottoms with scattered rocks and boulders, and some freshwater
influx, presumably to provide more nutrients. Such areas have been
fully utilized for years, and methods for their enhancement have
been gradually developed, such as weeding out competitors, creating
new areas by setting out additional stones or cement blocks in natural
beds, or blasting clean surfaces on existing rocks. Later, the
technique of sinking sporophylls in suitable areas or tying sporo-
phylls to rocks and sinking them was discovered and production was
increased. This led to the specific cultivation of the gametophyte
phase. Today, synthetic twine 2-3 mm in diameter is seeded in tanks
with melospores which give rise to the gametophytes. In 1973, 60
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million meters of such twine were prepared. Typically the twine is
then wrapped around a larger rope or cut into 5-6 mm lengths which
are then inserted into the strands of the larger rope. These ropes
are then suspended from rafts or floats in long lines or long lines
with vertical sections to produce a hanging curtain. These systems
are anchored in water up to 50 m deep. One hundred fifteen thousand
tons were produced in 1973 with such systems. Production is 5-10 kg
wet weight per meter length, or about 80 tons/hectare (6).

Laminaria and Related Genera

The name "konbu" (kombu) in Japan denotes four species of Lamin-
aria, K.jellmanniella gyrata, Artyrothamnus bifidus, and Cymathere
triplicata. In China, the term 'Haidai" is used for Laminaaia japon-
icus. These kelp have the same life history as Undaria, and many of
the same cultivation techniques are used for their production,
although most of the harvest is from wild populations. In China,
however, great effort has been made in the cultivation of "Haidai,"
and over 100,000 metric tons are produced annually (28). A vigorous
breeding program is underway to create new strains and hybrids with
higher production and iodine content and lower water content. X-ray
irradiation is used to produce mutants, which are then employed in breed-
ing and strain selection in the field. Porous clay pots containing fer-
tilizer are hung from the ropes to increase plant growth. Techniques for
raising the rope-attached plants from the water and immersing them in a
concentrated nutrient solution are being developed (3, 6).

Porphyra

The culture of "non" (Porphyra tenera and closely related species)
is the largest and most sophisticated algal culture system in exist-
ence. In 1973, 10 billion sheets of non were produced, worth about
$330 million. Production involved 50,000 families working a culture
area of 70,000 hectares. Culture techniques are described in a number
of English accounts (6, 13, 18, 20, 22, 25, 27, 29), although almost
all field manuals and literature is in Japanese (20). Current studies
in Japan are concerned with disease control, strain selection, food
chemistry, and net improvement. Harvesting and manufacturing tech-
niques are also being studied with all results applied to production.

The culture of non began in the l600s, when brush and twigs
were stuck in estuarine mud flats. Through experience, the best
locations and times for a good set on the brush was discovered,
although the source of the spores was not known. More elaborate and
efficient structures such as bamboo slats and fiber nets replaced
brush as a substrate. But the success of the sets still depended
upon placing nets in the right place at the right time. In 1949,
Drew (8) discovered a microscopic, shell-inhabiting phase in the
life history of Porphyra, known as Conchocelis. Further research
quickly revealed that spores from the leafy thallus grow into a minute
alga previously known as Conchocelis. The Conchocelis stage is the
previously mysterious source of the spores (conchospores) that attach
to nets and produce the leafy thallus again. Japanese scientists
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within years revolutionized the industry by controlling the production
of conchospores used to set the nets. Conditions for optimal concho-
celis growth and spore formation and release were delimited (18, 24).
Today, nets are artificially seeded in the fall either by immers-
ing the nets in a large tank containing a spore suspension, or by
hanging bags containing conchocelis-bearing shells from the nets to

be seeded. To spread production over a longer period of time in the
winter, some seeded nets, after a short growing period, are stored
at -20°C until needed. Traditionally, nets were suspended from stakes

driven into the bottom. This allows the nets to be out of water for
a portion of the tide cycle, which helps control disease and epiphytes.

Suitable shallow water sites, however, are decreasing because of

pollution and land-fills. In order to meet increasing demands for
non, methods for floating culture were developed and put into pro-
duction around 1964. Nets are strung tight at the surface by
a float system (6, 21). In 1973, this method accounted for about
40% of the total number of nets placed.

The technology of net structures and anchoring systems has been
worked out to produce a system that is cost effective. Mechanical
harvesters have largely replaced hand picking, and the manufacture
of non sheets is also mechanized.

The non industry is a mixture of traditional methods, modern
technology, and science. Yields are now achievable at 35-105 kg wet
weight/l8 m x 1.2 m net or 16.2-48.6 metric ton/hectare. Current pro-

duction exceeds demand, but efforts are being made to increase produc-
tion per unit area to grow a high quality product which will reduce
production costs (13, 27).

IRIDAEA CULTURE IN PUGE'T SOUND

Because of its high carrageenan content, the marine alga Iridaea
cordata (Turner) Bory2 (Rhodophyta, Gigartinales) has been studied
repeatedly to clarify not only its basic biology and ecology, but its
potential as a cultivated species.

I. cordata is distributed from Baja, California, to the Aleutian
Islands, Alaska, on the west coast of North America, and occurs in
the low intertidal and shallow subtidal regions. Its ecology in
natural populations has been studied in California (11, 12), Washing-
ton (9, 14, 15, 16), and British Columbia (5). Details of its life

history in laboratory culture (17), thallus development (23), and
cytology (10) have been examined. Waaland has determined optimal
growth conditions (31, 32) and how it may be grown on artificial
substrates (35) and in semi-enclosed tank culture (34).

I. cordata thalli contain 52-66% carrageenan (dry weight). The

tetrasporophyte contains only lambda-carrageenan and the gametophyte
thalli kappa-carrageenan (19, 33). Because of their commercial value,

2Abbott (1, 2) recognizes two forms: I. cordata var. cordata

and I. cordata var. splendens. Most plants involved with this study

seem to be var. cordata. Kim (17) has proposed a new combination:
Gigartina cordata and Gigartina cordata var. splendens.
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Figure 1. Thallus of Iridaea cordata, showing hoZdfast, bladelets
arising from holdfast, and one large blade at top. Polypropylene
netting, December 21, 1976.
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Figure 2. Life history of Iridaea cordata.
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Ir-idaea populations in nature have been examined for harvesting
potential (5, 9) and were commercially harvested for a short time in
1970-1971 in the San Juan Islands, Washington, by the Lummi Indian
Tribe. These efforts failed because of low density of the beds and
high cost of hand-harvesting by scuba divers. The Washington State
Department of Natural Resources initiated a program at this time
under the direction of Dave Jamison and Ralph Beswick to develop a

commercially feasible aquaculture system for I. cordata. This report
is the first published account of this program.

An I. cordatcz thallus consists of a holdfast, which is a pad
of tissue of varying width and 1-2 mm thick which fastens the plant
to the substrate, and up to 25 bladelets less than 2 cm in length
which arise from the holdfast. In spring, one or two of these
bladelets begins to grow rapidly and by mid-summer reaches a length
of up to 1 m, although most blades are 30-50 cm long (Fig. 1). These
large blades become fertile, release their spores, and then decay and
fragment in the fall, leaving the holdfast and bladelets to over-
winter. Thalli (holdfasts and blades) are one of three types: tetra-
sporophytes, female gametophytes, or male gametophytes. How these
thalli are related in a life history is illustrated in Fig. 2. Non-
motile spermatia are produced on the male thalli and fertilize the tn-
chogyne on the female thallus. After a series of cytological events,
diploid carpospores are produced and released from the female thallus.
Carpospores germinate to give tetrasporophyte thalli, where tetraspores
are produced after meiosis and released. These spores germinate to
give the gametophyte thalli. Holdfasts and immature blades of gameto-
phytes and tetrasporophytes are indistinguishable, except by chemical
analysis of the carrageenans, and occur together in natural popula-
tions, although the tetrasporic phase appears to be dominant (12).
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When large blades are harvested during the summer, regrowth of the
cut blade or growth of a bladelet takes place. Only some parts of
this life history have been demonstrated conclusively (17). The
rest is hypothesized from other, more well-known, red algal life
histories.

What follows is a description of the successful seeding of nets
with tetraspores and carpospores of I. cordata and the yields and
growth rates of the alga on nets in various locations in Puget Sound
and the San Juan Islands, using different netting materials and mesh
size with two different harvesting times.

Materials and Methods

Three types of netting were used in experiments begun on Septem-
ber 10, 1974: white type 66 nylon seine netting made of No. 60 cord
with a 3ut (7.6 cm) stretched mesh, black plastic ttVexar't (Dupont, Inc.)
with a lit (2.54 cm) mesh, and orange 1/411 (0.64 cm) polypropylene
netting with a 611 (15.2 cm) stretched mesh.

The "Vexar" netting was suspensed by a thin stainless steel rod
run through both ends. The nylon and polypropylene nettings were
attached peripherally to a frame made of 1/2" (1.3 cm) diameter white
PVC pipe and fittings. The nets were anchored by cement blocks
(30.5 cm each side, weighing 68 kg) in which pieces of chain were
embedded. The finished structure is shown in Fig. 3.

The structures were placed at Miilnesota Reef, San Juan Islands,
(Fig. 4) on September 10-11, 1974, over natural beds of I. cordata.
Because of the initial success of these nets, more nets were placed
in the fall of 1975 at Sucia, Barnes, and Sinclair Islands (Fig. 4).
These were single 1 m2 PVC pipe frames with 311 nylon netting. Ad-

ditional nets were placed at Minnesota Reef, 1 each of expanded and
collapsed nylon and polypropylene netting in 1 m2 frames. The col-
lapsed netting was used to put 2-3 times the amount of netting on a
single frame for seeding by collapsing the mesh in one direction.
At Reef Point, one frame of expanded and collapsed polypropylene and
one expanded nylon netting were placed using concrete anchors as
above. The above work was done by Mr. Clifford Kemp.

The nets at Barnes Island and Sinclair Island were removed on
March 25-26, 1976, and placed at Minnesota Reef. The net at Sucia
Island could not be located. On April 7-8, 1976, the nets at Minne-
sota Reef were cut into four pieces each and stretched on 0.5 m x
0.5 m plastic pipe frames (0.25 m2 nets). Ten such frames were left
at Minnesota Reef and are shown in situ in Fig. 5. Seventeen frames
were packed in plastic bags and placed on ice for transport to Man-
chester (Fig. 4) where they were suspended under a raft until they
were placed in shallow subtidal waters on April 15. The Manchester
site is located at -2.5' (-0.76 m) below mean low water (NLW) in an
area behind a Nereocystis bed. Iridaea and Gigartina exasperata
occur in the immediate area. At low tide considerable silt is stirred
up by wave action, but it is washed away at other times. On April 29-
30, 1976, two of these nets were transported to Olympia on ice and
placed at Squaxin Reef (Fig. 4). This site is a wide reef located
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Figure 3. Three types of netting used in experiments at Minnesota
Reef, San Juan Islands, Washington. Three-inch stretched nylon
netting (nearest to camera), and 6" mesh polypropylene netting
(middle) are placed on 4' x 4' frames made of 1/2" PVC plastic pipe.
Plastic "Vexar" netting is shown at the back. Anchors are 1-ft.
cubes of concrete. These nets were placed over a natural bed of
Iridaea cordata and the spores from these plants attached and grew
on the nylon and polypropylene netting. (Clifford Kemp shown)

in the middle of a narrow channel with high currents. The reef top
is hardpan and covered with I. cordata and other red algae. These
nets were placed at -2.5' (0.76 m) below MLW.

The weight of the Iridaea on the nets was determined by first
emptying the water from the frames, pulling off the kelp and ulvoid
contaminants, if necessary, and then weighing the frame, net, and
algae with a spring scale. The tare weight of 0.8 kg was used for
the O.25m2 6" mesh nets and 1.1 kg for the O.25m2 nylon nets.

Growth rate is calculated by the formula:

R (g salt-free dry matter day1 m2) = (W2-W1) (0.6)

At

Where: W1= total weight in grams of 0.25m2 nets
and frames at beginning of period.

W2= total weight in grams of 0.25m2 nets
and frames at end of period.

At time period on days.
[Salt-free dry weight is 15% of wet weight of

Iridaea (34)]
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Figure 4. Map of Puget Sound and the San Juan Islands, Washington,
showing locations where nets were placed for the growth of Iridaea
cordata. BA - Barnes I.; SI - Sinclair I.; MI - Minnesota Reef,
San Juan I.; MA - Manchester, SQ - Squaxin Reef.
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Resu its

Nets at Minnesota Reef, September 1974. By April 1975 it had
become evident that "Vexar" plastic netting was not suitable. It

was covered with the kelp Pieurophycus gardneri and the filamentous
green alga Cladophora sp. The "Vexar" net examined in February 1976
was covered with various kelp species (P. gardneri, Laminaria sacchar-
ma, and Aiaria marginata) and was removed at that time. No Iridaea
was visible after two years in place.

A good set of Iridaea was noted on the nylon nets in April 1975
and a moderate set on the polypropylene nets. These nets were moni-
tored throughout the summer of 1975 and harvested on August 7. Each

net was divided into four 1-ft2 quadrats. Two were selected at
random and harvested. The results are shown on Table I.

Table I. Yield of Iridaea cordata from 4-ft2 nets, August 7, 1975,

placed at Minnesota Reef, San Juan Island, Washington, September 1974.

Net Type Yield*
2

g/ft2 g/m

3" nylon (Net 2) 554.2 5970

382.6 4120

6" poly (Net 3) 405.5 4365

485.6 5227

*Ave. yield (mean ± S.E.) 457.0 ± 39.2 g/ft2, 4921 ± 423 g/m2
Data from Clifford Kemp

These nets were observed through October 6, 1975, when the har-
vested areas had grown to almost the same length as those not harvest-

ed. Two harvests per year were seen to be possible and a projected
yield of 6-8 kg dry matter m1- year1 was estimated, although the
second harvest was not made. Work to this point was performed by
Clifford Kemp.

Yields and Growth Rates from Nets, Summer, 1976. The netting
that was collapsed had become badly fouled with silt and no algae
were seen on it in February 1976. The "Vexar" netting was covered

with kelp but had no Iridaea on it.
Growth of I. cordata on the expanded nylon and polypropylene

netting was excellent. Fig. 6 illustrates the polypropylene netting
and Iridaea as it appeared on May 12, 1976. Plants had already

reached a length of 35 cm. The harvest yields from selected nets in

1976 are given the Table II. These include only nets with 100% cover

of Iridaea, thus eliminating any comparisons with those with partial

cover. Highest yield was from the June harvest, somewhat less from
the July harvest, and much less from the October harvest.

The standing drop of Iridaea on two similar nets (3" nylon,
Minnesota Reef) and the regrowth after harvesting is shown in Fig. 7.
Net 2A was harvested in mid-June before a maximum standing crop was
reached and regrowth was rapid during the rest of June. The second
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Figure 5. Anchors, frames (O.25m2) and netting
with Iridaea cordata in place at Minnesota Reef,
San Juan Island, Washington, Ma 12, 1976, -2. 0
ft below MT1LW.

Figure 6. Frames (0.25m2) and 6" polypropylene
netting with Iridaea cor&zta. May 12, 1976,
(Nets 3A, 3B, see Table II) Minnesota Reef,
San Juan Is land, Washington.
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Table II. Yields of Iridaea cordata from O.25m2 nets, placed at

Minnesota Reef, off San Juan Island, and Manchester and Squaxin Reefs,
in Puget Sound, Washington.

Net Net Location Harvest Date Yield

No. Type 12 Jun '76 26 Jul '76 18 Oct '76 (gIO.25m2)

2A 3" nylon Minn.1- 646.3 -- 274.1 920.4

2B " " -- 630.0 261.0 891.0

2C " Man.2 -- 617.1 116.9 734.0

2D " " 350.8 -- 61.6 412.4

7A " Minn. 276.9 166.6 443.5

13A " " -- 174.4 253.6 427.5

iSA " Man. -- 278.1 160.9 439.0

" Squax.3 -- 118.9 -- 118.9

15C " Man. -- 245.2 230.7 475.9

3A 6" poly Minn. 485.5 -- 212.7 698.2

3B " " 617.1 189.7 866.8

3C " Man. -- 270.6 126.2 396.8

3D " " 290.0 -- 207.1 498.0

Total harvest 1773.5 3228.3 2260.6 7322.4

(gb. 25m2)

Ave. yield 443.4 358.7 188.4 563.3

(g/0.25m2+S.E.) ±78.9 ±67.9 +18.6 ±66.1

1-Minnesota Reef, San Juan Island, Washington

2Manchester Reef, Puget Sound, Washington

3Squaxin Reef, Squaxin Passage, Puget Sound, Washington



tn

d
(0

0)

NORTHWEST MARINE ALGAE ON ARTIFICIAL SUBSTRATES 151

A M J J A S 0 N D
1976

Figure 7. Wet weight of Iridaea cordata per O.25m2 netting during

summer, 1976. The 2 similar nets were located at Minnesota Reef,

San Juan Island. Netting material was 3" mesh nylon. (open circles,
Net 2A; open triangles, Net 2B).

biomass peak was reached in mid-August. The second harvest was de-
layed until mid-October when much of the standing crop had been lost
through sloughing of blades. Net 2B was not harvested until late
July when some loss had occurred. Regrowth was not as rapid as on
Net 2A, although the biomass peaked in mid-August, the same time as
that on the net harvested earlier.

If harvesting had been made at the times of peak standing crop,
i.e., in mid-July for Net 2B and in mid-August for the final harvest
for both nets, the theoretical yield of 1278 g dry matter/O.25m2
(7.1 kg x 18%) for net 2A and 1242 g dry matter/O.25m2 for net 2B
(6.9 kg x 18%) would have been possible. This is 39% more than what
was harvested.

Comparison of the yields of the two harvesting strategies (June-
October vs. July-October) indicates that there is no significant
difference between them (Table III).
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Table III. Yields of Iridaea cordata from nets placed at Minnesota
Reef, San Juan Island, Washington, harvested at different dates in 1976.

Harvest Times g Air-Dried Matter/O.25m2 ± S.E.

12 June and 18 Oct. 580.3 ± 142.0 (N4)*
28 July and 18 Oct. 722.2 ± 113.8 (N4)*

*Yields not significantly different, Student's t-test (t-0.78)
'Nets harvested 12 Jun and 18 Oct: 2A, 2D, 3A, 3D; nets harvested
28 Jul and 18 Oct.: 2B, 2C, 3B, 3C.

In Table IV, yields from one harvest in August 1975 are compared
with the combined harvest of the same nets in 1976. The much lower
yield in 1976 may be explained by the cool, rainy August of 1976,
although no solar irradiance or other environmental factors have been
quantitatively compared. There may be a very high yearly variance
in growth rates and standing crops of Iridaea, and its correlation
to physical parameters should be examined.

Table IV. Yields of Iridaea cordata on nets harvested in 1975 and
1976 grown on Minnesota Reef, San Juan Island, Washington.

Year Yield (g/m2 ± S.E.)

19751 4920.5 ± 422.8 (N=4)
19762 3383.5 ± 203.5 (N=4)

1Nets 2 and 3 before cut up; Minnesota Reef, San Juan Island, Washing-
ton, harvested 7 Aug 75.
2Nets 2A, 2B, 3A, 3B; Minnesota Reef, total of two harvests; June-
July and October, 1976.

The 1976 yields of nets seeded in 1974 is not significantly
different from nets seeded in 1975 (fable V).

The yield from different mesh size nets is of great importance
in relating the optimal yield to cost. Three-inch netting gives
twice the linear area of a 6" mesh net but weighs twice as much.
As netting is bought by the pound, not area, 6" mesh gives twice the
area for the same cost as a 3" mesh net. Although not strictly
comparable because of different materials, yields from the 3" mesh
nets were not significantly different from 6" mesh (fable VI). This
would suggest that crowding and stunting of growth on the 3" mesh
net offsets the advantage of increased linear area available.

Three sites were chosen for comparison of growth rates: Minne-
sota Reef, Manchester, and Squaxin Reef (Fig. 4). Nets placed at
Squaxin Reef were damaged when they became unfastened from the anchors
and the Iridaea never covered 100% of the nets. Yields at this site
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Table V. Yields of Iridaea cordata from nets seeded in 1974 and
1975 at Minnesota Reef, San Juan Island, Washington, and harvested
in 1976.

Year Seeded Yield (g/0.25m2 ± S.E.)

19741 677.2 + 76.2 (N=8)
19752 446.4 ± 10.4 (N=4)

Yields not significantly different, Mann-Whitney "U" test (U=24)
1Nets 2A, 2B, 2C, 2D, 3A, 3B, 3C, 3D, see Table II
2Nets 7A, 13A, 15A, 15C, see Table II

Table VI. Yields of Iridaea cordata from 3" mesh nylon nets and 6"
polypropylene nets at Minnesota Reef, San Juan Is land, Washington.

Net Types Yield (g/0.25m2 ± S.E.)

3" nylon1 540.5 ± 86.2 (N=9)
6" polypropylene 599.8 ± 104.7 (N=4)

Yields not significantly different, Student's t-test (t-0.50)
1Nets 2A, 2B, 2C, 2D, 7A, l3A, 15A, l5B, l5C, see Table II
2Nets 3A, 3B, 3C, 3D, see Table II

are not comparable directly, but appear to be about one-half of that
at the other sites. Yields from Minnesota Reef and Manchester are
not significantly different (Table VII).

Table VII. Yields of Iridaea cordata harvested from nets at Minne-
sota Reef, San Juan Is land, and Manchester, Puget Sound, Washington.

Location Yield (g/0.25m2 ± S.E.)

Minnesota Reef -
Manchester2

645.3 ± 78.8 (N=7)
510.3 + 77.8 (N=4)

Yields not significantly different, Student's t-test (t -1.08)

Nets 2A, 2B, 3A, 3B, 15G. 7A, l3A, see Table II
Nets 2C, 2D, 3C, 3D, see Table II

The growth rates of Iridaea for 2- or 4-week periods from April

8 to December 21, 1976, are shown in Table VIII. Variance between

nets was high, particularly during the July 11-26 period when many
of the nets were exposed during an extremely low tide and the plants
were sunburned. The highest growth rate at Minnesota Reef was 38.7 g



Table VIII. Growth rates of Iri.daea cordata on nets at Minnesota Reef (San Juan Island) and
Manchester and Squaxin Reef (Puget Sound, Washington) in the summer of 1976.

Location Growth Rate (mean g salt-free dry matter day-m2 ± S.E.)1

Minnesota 8 Apr- 12 May- 12 Jun- 11 Jul- 26 Jul- 10 Aug- 24 Aug- 1 Oct- 18 Oct-

Reef 12 May 12 Jun 11 Jul 26 Jul 10 Aug 24 Aug 1 Oct 18 Oct 21 Dec

1.83 23.90 19.70 -1.33 22.30 11.90 -3.70 -16.7 -0.27

+5.42 +4.16 +2.76 +10.10 ±3.13 ±374 ±399 ± 3.0 ±0.49
(N=7) (N=7) (N=6) (N=6) (N=7) (N=7) (N=7) (N=7) (N=7)

Manchester 9 Apr- 14 May- 11 Jun- 9 Jul- 28 Jul-

14 May 11 Jun 9 Jul 28 Jul 11 Aug

-0.44 11.30 20.40 -3.20 9.40

+1.67 ±3.23 ±4.20 ±7.01 +4.96
(N=4) (N=4) (N=5) (N=5) (N=5)

Squaxin 8 Apr- 17 May- 10 Jun-

Reef 17 May 10 Jun 13 Jul

-6.0 10.0 10.9
(N=l) (N=1) (N=l)

'Calculated from the differences of the
indicated. Salt-free dry matter calcuL

11 Aug- 30 Sep-

30 Sep 18 Oct

-4.30 -11.40

±377 ± 2.57
(N5) (N=5)

13 Jul-
29 Jul

-13.1
(N=l)

total wet weight of nets, frames, and algae on the dates
ted as 15% of wet weight of algae.

0

0
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Figure 8. Average growth rates for summer 1976 of all nets with
Iridaea cordata at Minnesota Reef, San Juan Island, Manchester, and
Squaxin Reef, Puget Sound, Washington.

salt-free dry matter m- day1 (Net 2A Table II, May 12-June 12)
and at Manchester 43.9 g salt-free dry matter m1- day1 (Net 2C Table
II, June 11-July 9).

The average growth rates of Iridaea in 1976 are shown in Fig. 8.
In 1976, growth on the nets was seasonal, with the maximum rates
occurring from mid-May to mid-August. By the end of August, negative
growth rates as a result of senescence and decay were rapid. The
growth curve was artificially terminated by harvesting in October.

Discussion

The standing crop and yields of Iridaea cordata from various
localities on the west coast of North America is shown in Table IX.
Density on netting is about 10 times that in natural populations in
Washington and British Columbia and about 1.5 times that at Aflo Nuevo
Island, California.

Only about one-half of the nets placed in 1975 were seeded with
enough I. cordata to give 100% cover the following year. There is no
appreciable increase in cover from additional seeding the second and
third years. Fouling by ulvoids and kelp on clear areas prevents
further seeding. Therefore, studies are underway to devise a practi-
cal way for seeding nets artificially in tanks on a large scale.
Efforts so far have been rewarded with plant mortality when nets with
germlings are placed in the field. By ensuring a dense, even set of
plants on the nets, fouling should be avoided. Particular strains
or different species or genera of algae may be used. It should be
possible to seed for one phase of the life history to get a particular



Table IX. Standing crops and yields of Iridaea cordata from the west coast of North America

Date Location Yield (g dry matter/rn2 ± S.E.)1 Reference Note

7 Aug 1975 Minn. Reef

June, Oct 1976 Minn. Reef

June, Oct 1976 Puget Sound2

12 June 1976 Puget Sound

26 July 1976 Puget Sound

2 July 1976 Barnes Island

10 July 1970 Barnes Island

1 Sep 1976 Barnes Island

1972-73 N. Strait of Georgia

1972-73 N. Strait of Georgia

1972-73 Aflo Nuevo I., Calif.

1975 Tanks, Washington

4920.4 ± 422.8 (N4) This paper Standing crop

3383.5 ± 203.5 (N=4) This paper Two harvests

2253.0 ± 264.6 (N=13) This paper Two harvests

1773.5 ± 315.8 (N4) This paper Standing crop

1434.8 ± 271.8 (N=9) This paper Standing crop

196.6 ± 61.0 (N=20) This paper Standing crop

294.3 (9) Standing crop

425.6 ± 50.9 (N=lO) This paper Standing crop

284.4 ± 9.0 (N=?) (5) Peak density

172.8 ± 9.0 (N=?) (5) Ave. density

1320.0 ± 244.8 (N=9-16?) (12)

1947.9 (34)

'The energy content of Iridaea cordata is approximately 2.92 kcal/g dry wt.
2Nets at Minnesota Reef, San Juan Island, Washington, Manchester, and Squaxin Reef, Puget Sound,
Washington.

rj

0
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Figure 9. Blade of Iridaea cordata showing damage from the herbi-
vorous snails, Lacuna variegata, and Lirularia lirulata. Besides
decreasing the photosynthetic area, damage may weaken the blade so
that it is lost entirely. (Barnes Island, Washington)

type of carrageenan.
The harvesting work done in 1976 indicated that two harvests

are possible per growing season, and harvests should be timed so that
the first occurs early in the growing season and the second occurs
when the standing crop peaks in August or September. Further experi-
mentation is needed to determine if several closely spaced harvests
will yield more biomass or extend the growing season. The costs of
a harvesting run must be considered in multiharvesting.

Techniques for fertilizing and the effects of fertilizing on
growth and carrageenan content have not been studied. Ammonium is
the preferred source of nitrogen (11) and a high ammonium level in
the fall has been noted by Hansen (11) to delay blade loss by several
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weeks.

Effects of herbivores have already been noticed. Thalli in

natural beds at Barnes Island were extensively damaged by the snails
Lacuna variegata and Lirularia lirulata (Fig. 9). These snails also
colonized nets placed at Barnes Island in September 1976 and so
effectively grazed the netting that virtually no macroscopic algal
growth was seen from September 1976 to February 1977. The effects
of sea urchinS on algal standing crops is well known but no problems
have been encountered yet.

No major diseases have been noted. Minor infestations of the
endophytic green alga Endophyton regenerans and the encrusting bryo-
zoan Membranipora were present but seemed to have little effect on
growth at their present levels. Many organisms now unnoticed or at
low levels may present major problems when large monocultures are
available. Disease problems have been recently reviewed (4, 30).

The major obstacles to any aquaculture program may be social
and legal rather than biological, engineering, or economic. This

subject is presented in Chapter 21 of this volume by Benner, but a
few observations are given here. The present permit system, while
set up with the laudable goals of protecting the environment, creates
time-delays that make it almost impossible to perform research with-
in a biological time frame. Any aquaculture program must carefully
consider conflicts with commercial, recreational, and esthetic values
placed on marine waters. Investment and interest will come only
after clear legal guidelines are established regarding aquaculture's
place in our society.

SUJ4ARY AND CONCLUSIONS

The use of artificial substrates for the culture of marine algae
has a long history. The edible seaweeds Porphyra Laminaria, and
Undaria are now grown on nets in a large and technologically advanced
industry. More recently, algae used for the supply of phycocolloids
are being grown on nets, Eucheuma in the Philippines and Iridaea and
Macrocystis on the west coast of North America. Techniques being
developed will open to utilization wide areas of the oceans for the
production of marine algae for energy, sources of hydrocarbons, and
chemical, food, and pharmaceutical products.
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The Domestication of the Giant Kelp, Macrocystis,

as a Marine Plant Biomass Producer
MICHAEL NEUSHUL

Mankind depends for food on 15 major crop plants, these
being the cereals, legumes, and the tree, sugar, and root crops.
Almost all of these were first domesticated over 10,000 years ago
by prehistoric agriculturalists. In contrast, the domestication of
marine crop plants is being undertaken by our own generation. There
are now perhaps four domesticated marine plants, definable as such
since the amount harvested from cultivated sources exceeds that
taken from wild populations. These are the red algae Porphyra and
Eucheuina and the brown algae Laminar-ia and Undaria. Macrocystis,
the largest known marine plant, is still a wild plant, although
sizeable amounts of it are harvested and processed for the production
of alginates (21). As indicated elsewhere in this volume, the possi-
bility of using Macrocystis as a biomass producer is being seriously
considered.

With the end of the fossil-fuel era in sight, it is time to
design a new world food and energy system geared to renewable energy
(3, 31). Solar energy input, prior to the fossil-fuel era, was in
balance with agricultural output. Today it is not in balance, since
fossil-fuel subsidies are used to increase agricultural yield to the
extent that in some areas the population exceeds that which can be
supported by solar-based agricultural yields. Thus, it is certainly
worthwhile to explore the potential of marine plants as collectors
of energy and concentrators of nutrients, since these might contri-
bute significantly to a solar-based world food and energy production
system.

Freshwater algae are able to fix and store considerable amounts
of energy. It has been suggested that algal culture in sewage ponds

his work has been supported by the U.S. Department of Commerce
(USDC, NOAA 04-6-158-44110) Sea Grant Program and the National Science

Foundation (NSF OCE-76-24360).
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might yield as much as 30,000 kilowatt hours per acre per year (10,
23). The preliminary phases of an effort to use nacroscopic marine
algae as collectors of energy in the open sea are now under way (12,
13). It has been assumed that it will be economically feasible to
construct large floating structures to which kelp can attach and grow
in the open ocean. Some major constraints to both open-sea and tank
culture of marine algae have been recently discussed by Jackson
(personal communication), who emphasizes that other constraints are, as
yet, not fully recognized. However, since floating macroscopic algae
occur naturally along our coasts and even in the open sea, there
might be room for optimism about such a scheme. Also, there have
been very encouraging recent advances in the domestication of benthic
marine algae that may lead to the establishment of effective plant
mariculture in many places (1, 9, 14, 15, 24). It is the purpose of
this chapter to examine the reasons for such optimism and to consider
specifically the current status of our knowledge of the life history
of Macrocystis, because control of the life history is essential if
this plant is to be domesticated.

FLOATING BROWN ALGAE IN THE OPEN SEA

Brown algae floating in the open sea are mentioned in the writings
of the early navigators of both the Atlantic and Pacific. The largest
accumulation of open-ocean macro-vegetation is in the Sargasso Sea in
the Atlantic. This mass of vegetation extends over some 2 million
square nautical miles, where from 1.9 to 0.6 tons of Sargasswn occur
per square mile, with the plants occurring in windrows and patches (25).

A warm, nutrient-poor area like the Sargasso Sea is an unlikely
place to find large amounts of floating macroscopic algae, since
nutrient limitation and high-temperature damage are the most obvious
problems encountered by algae growing there. It has been suggested
that the blue-green alga, Trichoclesmiwn, growing on Sargassum can fix
nitrogen (4). It is also likely that animals living in the floating
clumps of algae contribute to the recycling of nutrients. Studies
of drift seaweeds in open water, like those in the Sargasso Sea,
would be extremely useful for one attempting to produce artifica11y
a cultivated Sargasso Sea.

Although drift seaweeds occur in the Pacific, there is no accumu-
lation of drift plants like that in the Sargasso Sea. The Pacific
coasts of North and South America support large submarine forests
of kelp, with Macrocystis being a dominant plant. However, only
in the northern hemisphere does one find the bull kelp, Nereocystis,
and the elk kelp, Pelagophycus. Both of these plants produce large
gas-filled floats.

Setchell (29) pointed out that the drifting Pacific Coast kelps
occur in sufficient quantities to have been noted by the Spanish.
On their voyages from the Philippine Islands, they included the sight-
ing of these drift algae in their sailing instructions. The plant
called "Porra" by the Spaniards and a "Sea Leek" by the English,
as pictured in their texts, is recognizable as the Californian elk
kelp, Pelagophycus porra. When galleons from Manila reached a
longitude of about 96° W, the sighting of a floating Pelagophycus
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would signal an immediate turn southward towards Panama without wait-
ing to sight land.

The bull kelp Nereocystis also drifts for long distances and
was recorded 8 or 9 leagues from land along the entire Pacific Coast.
A most remarkable series of records are those associated with the
occasional stranding of drift Nereocystis in Japan. Since this plant
occurs in the Aleutians but not in Japan, its stranding there suggests
that it is capable of drifting for many months and many hundreds of
miles. Floating kelp also become entangled with attached plants in
Californian kelp beds, where they are known to live unattached as
"floaters" for long periods of time.

The natural occurrence of floating drift kelps in both the
Pacific and Atlantic suggests that open-sea cultivation of macroscopic
algae is at least a possibility. Recent advances by the Japanese and
Chinese in seaweed cultivation provide techniques through which both
open-sea and improved coastal cultivation might be accomplished.

CHINESE AND JAPANESE CULTIVATION OF BROWN ALGAE

The Chinese have used the brown alga, Larninaria, as a source of

iodine for 1,500 years. As much as 45,000 dry metric tons were

imported yearly from Japan and Korea, because Lamir2aria did not then

occur naturally on the Chinese coast. As a measure of their recent

successes in cultivation the Chinese now export Laminaria to Japan.

Their cultivation strategy is one that has been developed over the
past two decades (5, 30). Sporelings are produced in the laboratory
and held at low temperatures in tanks during the summer, when sea-
water temperatures are high. When conditions are suitable, they are

placed in the sea. Low nutrient levels in the sea are countered by
periodically dipping plants in nutrient-enriched seawater and return-
ing them to the plantations, or by dispersing fertilizer in the sea
around them. Laminaria in China is grown on rope lines, supported
by floats or rafts, in a manner similar to that used in Japan. The

amounts now harvested are said to be in excess of the amount of Macro-
cystis presently harvested in California (Fig. 1).

The Japanese cultivate Larninczria and also another kelp, Undaricz.
For the former they use a new "forcing" technique (11), where plants
suitable for harvest are obtained in one year rather than two, as was
the case previously. Saito (26) has developed a series of culture
techniques for Undczria and has been able to produce hybrids between
some of the forms. The successes of the Japanese and Chinese are
based on their ability to control the life histories of their plants
and their appreciation of basic functional aspects of marine plants
generally.

FUNCTIONAL ASPECTS OF MARINE VEGETATION

The uninitiated are almost always amazed at the striking differ-
ences between benthic marine algae and land plants. The former have

no flowers, no seeds, no fruits, no roots, no stems per se, and only

leaf-like structures called blades. The major structural element in

a community of marine algae is the water surrounding the plants,
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Figure 1. Macrocystis harvests in California from 1900 to 1970.
California kelp beds are either individually leased by specific
harvesters or open to all. Amounts taken prior to 1920 were large,
preswnably because entire plants were cut rather than only the
floating canopy as is done at present. Harvested amounts continue
to increase and in 1977 are at ca 200,000 tons/year.

rather than the lignin and cellulose within them as with land plants.
Plants submerged in water are constrained with regard to nutrient
uptake. The water also acts as a selective filter to change both
the quantity and quality of the light reaching the plants. In view
of these and other differences between land and marine plants, it
is not surprising that in marine plants one encounters ticombinationsli
of organs. For example, the blade of a kelp is obviously a leaf-like
structure, but because it also takes up nutrients from the surround-
ing water, it has a root-like function. Clearly, to understand how
marine vegetation functions, it is essential to set aside the compart-
mentalized thought patterns of the land-plant botanist. The repro-
ductive processes of marine algae are also very different from those
of land plants, as the absence of flowers, fruits, and seeds suggests.
Instead of one basic life history, as with the flowering land plants,
one encounters an often bewildering array of life histories, involv-
ing the alternation of similar and/or dissimilar phases, all with
their own unique limitations and requirements. Many life histories,
like those of the kelps, involve microscopic as well as macroscopic
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phases. In the life history of MacrocOstis one finds the largest
known marine plant, on one hand, alternating with one of the smallest
unicellular gametophytic phases, on the other. An understanding of
the morphological and reproductive features of marine algae in
functional terms is the key to their domestication.

THE LIFE HISTORY OF MAC'ROCYSTIS

Macrocystis is the only Pacific coast kelp now commercially
harvested. If it is desirable to insure a stable crop from the
natural kelp beds, to expand them, or to grow Macrocystis elsewhere,
it is essential to have detailed knowledge of its life history and
to be able to control it. The macroscopic and microscopic stages
occur in habitats characterized by different water-motion "climates."

The relationship between the life history phases and their "water-
motion-defined" habitats is shown in Fig. 2. The sexual life history
can also be diagrammatically represented in a more traditional way,
as in Fig. 3.

The complete sequence of events from one generation to the next
can occur in as little as 8-12 months. However, both the gametophytes
and sporophytes as individuals can live for years. Estimates of

sporophyte age range from 16 to 30 years, and for gametophytes in
culture one can assume that 3-4 years, if not longer, is possible.
Gametophytes, studied both in dish-culture and in the sea, appear to
require a minimum of 13 days to form gametes. Fertilization itself

occurs in a matter of minutes. Methods for the induction of spore
release, spore collection, and the isolation and long-term culti-
vation of gametophytic "seed stock" are described by Sanbonsuga
and Neushul (27, 28), who have also developed methods for the induction
of gametogenesis. This manipulation of the microscopic phases has
been effectively combined with new greenhouse-rearing techniques
where larger post-embryonic plants can be grown to reproductive matur-
ity. As will become evident, these techniques now make it possible
to start a genetic improvement program for Macrocystis.

W. J. North, in discussing the life history of Mczcrocystis, has
spoken metaphorically of "environmental turnstiles" when describing
factors that contribute to the high mortality of young sporophytes
in the sea. One can also postulate that similar factors operate in
culture dishes in the laboratory, but here conditions can more easily
be altered experimentally so as to identify such "turnstiles." One

might then refer to them as "control pointsT' in the life history,
where two or more alternative developmental pathways are inducible.
The points where the Macrocystis life history can be controlled are
indicated in the legend to Fig. 3. These are points where a "control
trigger" can change subsequent patterns of resource allocation. Such

a trigger might be a change in light intensity (LUning and Neushul,
manuscript), a change in light quality, or a change in photoperiod
shown to be the case in receptacle formation in the brown alga Fucus
by Bird and McLachlan (2). By interpreting the patterns of growth,
development, and reproduction in Macrocystis as resource allocation
"strategies" which either individually or collectively represent
adaptations for survival over a range of environmental conditions,
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Figure 2. The relationship between the microscopic and macroscopic
stages in the life history of Macrocystis and the water motion rates
in the habitats of these stages. After Zveushul (20).
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Figure 3. The life history of Macrocystis, diagrammed in a linear
way from left to right. The haploid spore goes through a dumbbell
stage to form either multicellular male or female gametophytes or
unicellular female plants or few-cellular male plants. After sexual
fusion the diploid zygote develops first into an embryonic sporophyte,
then post-embryonic stages, to ultimately form a large sporophyte,
which when fertile produces sporangia on basal sporophylls. The

life history can be controlled at the spore-to-gametophyte phase,
gametophyte-to-gcvnete phase, and to some extent in the young
sporophyte phase.
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it should be possible to relate a given developmental pathway to a
given trigger, and so to build gradually an appreciation of the
adaptive significance of each phase in the life history and its
developmental potential.

The Hap bid Microscopic Phases

Spores, gametophytes, and gametes of Macrocystis can be collec-
tively referred to as the .haploid microscopic phases of the life
history (Fig. 3). Spores are formed in sporangia that occur on the
surfaces of special blades called sporophylls. The sporangia cover

areas of the blade called son. The formation of the sporangial son
of the floating keips has been recently studied by D. L. Walker (un-
published manuscript), who describes sorus formation as a develop-
ment of meristoderm (Fig. 4) into the two cell types (sporangia and
paraphyses) found in the sorus. Microscopic and ultrastructural
features of the sporangia of Macrocystis have been studied by Chi
(7) and Chi and Neushul (6). These contain specialized attachment
vesicles, an eyespot, two plastids, mitochondria, and vacuoles of
several sorts (Figs. 4, 5, 6). The spores are motile, each bearing
two laterally inserted flagella. Spore release occurs through a
thickened, and presumably weakened, region at the terminal end of
the sporangium. The settling and germination of the spores of Macro-
cystis can occur almost immediately or even after a period of as long
as 12 hours, during which time the spore remains in the free-swimming
condition. When the spores adhere, the flagella are lost. Germina-

tion begins within 3 days. A characteristic "dumbbell" stage is
formed (Fig. 3). After this stage the germinating spore can follow
alternative developmental pathways, like those described for the
Laminaria spore by LUning (personal communication). Either a fila-
mentous gametophyte can be formed, as is the usual case in dish cul-
ture, or if conditions are optimal a single-celled gametophyte can
be formed by the female. The male under similar conditions forms a

few-celled plant. In the female the single-celled gametophyte be-
comes an oogonium and an egg is released. Since many workers have
described the multicellular gametophytes that are commonly formed
in dish culture, it was surprising to find that unicellular gameto-
phytes were formed in tank culture (16). In preliminary experiments
carried out at Santa Barbara, Macrocystis spores on slides, placed
in the sea at a depth of ca 5m, formed unicellular gametophytes, and
sporophytes were produced in 13 days. It is likely that unicellular
gametophytes are the "natural" form of this life-history phase in
the sea. If so, this might answer the long standing question as to
why kelp gametophytes have not been found in nature. If multicellu-
lar gametophytes occur in the sea, they are either ephemeral or
assume forms that cannot be easily distinguished from other filament-
ous or crustose brown algae (32).

There has been a lack of agreement among those who have studied
kelp gametophytes as to what effects various light, temperature,
and nutrient levels have on them. Recent work in this laboratory
(LUning and Neushul, manuscript) has focused on the response of 9
California kelps. Included among these are Macrocystis pyrifera
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Figure 4. Macrocystis spores are formed in sporangial cells derived
from the isodiametric meristoderm cells of the sporophyll. Shown

here are the nucleus (N), plastids (F), initochondria (M), endoplasmic
reticulum (ER), golgi (G), vacuoles (V), and outer (W') and inner

(W'') cell walls. A lojim scale is given. From Chi (7).

Figures 5, 6. The spores of Macrocystis within sporangia (left) and
a diagram of a single spore (right) show the same organelles within
the spores (S) as in the "parental" meristoderm cells along with
specialized flagella, and an eyespot (E); lOwn scales are given.
From Chi (7).
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Figure 7. Cell division and egg production of laininarian ganietophytes,
including those of Macrocystis., under continuous cool-white fluorescent
light over a period of two weeks in laboratory dish culture. Five
light levels in Lux are shown. These correspond to 0. 5, 1.0, 2.0, 4. 0,
and 6.0 nE/cnr2/s1. The cumulative amounts of light over the two-week
period are indicated on the left; the percentage of plants producing
eggs is indicated on the right.

and M. integrifolia. It was found that, with some exceptions, the
gametophytes behaved in similar ways. Vegetative gametophyte growth
is light-saturated at a very low level, about 2nE/cm2/s-. At the
other extreme plants are killed by 4 minutes of direct sunlight.
In contrast with the light requirements for vegetative growth, the
induction of gametophyte fertility requires much higher light levels.
Egg production in Macrocystis exibis an almost linear dependence on
quantum irradiance up to 6nE/cm Is . Blue light, not red or green,
induces fertility. Cametophyte responses to light (at five irradiance
levels) over a two-week period are shown diagrammatically in Fig. 7.

The Diploid Sporophy tic Phases

It scarcely needs to be said that the microscopic-to-macroscopic
transition which occurs after an egg is fertilized is a spectacular
process, since under optimum conditions the plant grows from the
single-celled zygote to ca 20m in length within 8 to 12 months (17).
The development of the zygote and embryonic sporophyte follows a well-
defined pathway, with filamentous, monostromatic, and anatomically
complex phases following in rapid succession. Along with this blade
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Figure 9. A diagram representing the symmetrical growth pattern of
a 15-frond Macrocystis plant and the dimensions (length and area) of
its fronds when harvested. The growth of fronds from specific
positions on the basal branching system (shown below) was measured
over six 5- to 7-day intervals between Aug. 7 and Sept. 23, 1975.
Length increase is given as % of original size. A 20% scale is
given. Area measurements were also made and are shown in the upper
"baloon" diagrams, where area relative to position along the length
of the frond is shown as width of the "baloon" at a given point. A

scale bar representing an area of 1,000cm2 is shown. There is symmetry
in area and, to a lesser degree, in growth responses with time, on
either side of the primary branching system. From Coon and Wheeler (8).

development, one can see the holdfast change from a rhizoidal one,
through a discoid phase, to one characterized by many large root-like
hap tera.

The growth of a natural population of similarly sized Macrocystis
plants in the sea was studied in 1957 when a submarine landslide
exposed rocks at the head of a submarine canyon near La Jolla, Cali-
fornia (Fig. 8). The population was sampled in early July with a total

of 113 plants taken. These ranged from single- to six-bladed stages.
After about 9 months, some of the plants in the population had reached
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Figure 10. The Pacific coast forms of Macrocystis differ in the
configuration of the basal branching system and holdfast. Type A

is the more southerly and type D the most northerly. Types A-C are
presently considered to be M. pyrifera, and type D, M. integrifolia.

60 ft in length, had basal branching systems with as many as five
primary dichotomies, and had as many as 30 fronds.

The growth of an individual Macrocystis plant, measured at 3-
to 5-day intervals, has been studied recently by Coon and Wheeler (8).
They have shown that the symmetry seen in the single-bladed juvenile
is also found in larger plants bearing many fronds. Fronds that are

in comparable positions on opposite sides of the primary division
are comparable in their stage of development. They are also similar

in their growth rates, when these are considered as a percentage
increase in initial size (Fig. 9). The change in a given frond from
fast-, to slow-, to fast-growing, suggests considerable and, as yet,
poorly understood complexity in the internal resource allocation that
occurs as the plant enlarges.

The basal branching systems of the species of Macrocystis have
also been the subject of study from a taxonomic point of view (18).
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Figure 11. Surge-tank culture of Macrocystis acconrplished in a sea-

water supplied greenhouse. The plants being held up on the right
(ca 2m long) have been bred from dish-cultured gametophy tee and grown
in the tank shown. A waterbroom (WB) is moved back and forth over
the tank on a track (T) by a belt running over pulleys (PY). It

sprays water from a head (H) keeping the plants in moving water.

On the west coast of North America, plants occur with very different
holdfast and basal-branching systems. The more southerly plants have
long, extended basal branching systems and flattened holdfasts. As

one progresses north, a more peaked holdfast is formed, and ultimately
loaf-formed ones occur. All of these forms are presently considered

to be M. pyrifera. To the northern end of the range one finds the
strap-like basal branching system and prostrate holdfast of M. inte-
grifolia (Fig. 10).

Presently there is disagreement as to whether these very differ-
ent plants are ecotypes or species. These variations may represent
endpoints of different environmentally triggered developmental path-
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Figure 12. An intergeneric hybrid between Macrocystis and Pelago-
phycus, with two unusual coiled pnewnatocysts (P) above a prinr:Iry
division.

ways or may be genetically defined. Answers to these questions would
seem to be attainable through controlled dish and tank culture of
genetically defined strains and the outplanting of such plants in a
variety of environmental conditions.

xperimenta 1 Manipulation

As indicated above, it is possible to obtain spores and to grow
gametophytes in the laboratory, both in dishes and in large aquaria.
A special green house has been constructed at Santa Barbara, where
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Figure 13. An intergeneric hybrid beeen Macrocystis and Nereocys-
tie with no pnewnatocyets and an unusual tripartite division of the
primary blade.

water motion is provided in large tanks. Here it is possible to grow
Macrocys tie sporophytes to sizes that would be out of the question in
dish culture (Fig. 11). By combining the ability to raise sporophytes
through embryonic and post-embryonic stages to large sizes in these
tanks, with techniques for the manipulation of gametophytes so as to
make controlled crosses in dish culture, it is possible to make vari-
ous crosses and then raise the progeny to verify the cross. This hy-
bridization work (27, 28) has taxonomic and other implications. It

is also of special interest in that where intergeneric hybrids are
produced, one can follow the development of a plant representing a
"combination" of the different resource allocation strategies of the
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Figure 14. Multicellular gametophytes of Macrocystis (arrows) grown
from individual unicellular germlings are held for long-term storage
in vials (seen from below) from which the same specific crosses can
be repeatedly produced.

two parents. To date, only two types of intergeneric hybrid have
been made. These are a cross between Macrocystis and Pelagophycus
(H x P) (Fig. 12) and between Macrocystis and Nereocystis (M x N)
(Fig. 13). It is obvious that in each case these hybrids are very
different from either parental type. There is certainly a basic
symmetry in the hybrids, although in the case of the M x N cross, a
tripartite branching occurs that suggests some disturbance of blade
and branching symmetry. Also in the examples of this hybrid grown
to date (4 specimens), there is considerable deformation and wrinkling
of the blades after the initial divisions, giving the plants a Hedo-
phyllum-like appearance. The M x P cross is more consistent and has
regular symmetry, but here also the hybrid is very different from
either parent, both in being much smaller and in having a distinctive
morphology.

While the implications of intergeneric hybridization are not yet
fully appreciated, the ability to produce these plants suggests that
Macrocys-tis itself, when the known varieties are crossed and the
progeny grown, will prove to be amenable to genetic manipulation. It

is particularly interesting that under appropriate culture conditions
the gametophytes of all the kelps studied to date can be held for long
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periods in culture vials, where vegetative growth occurs, therein
providing a means of stockpiling specific genetic strains as a gene
bank for later use (Fig. 14).

SUIVJM4RY AND CONCLUSIONS

Although there are many basic questions to be answered about the
taxonomy, physiology, and morphology of Macrocysfis, the plant is
certainly amenable to further study using available techniques. It

is likely that progress will be rapid. Any culture scheme that might
be visualized for Macrocystis should be based on a rational selection
of germ plasm. The ability to store single-cell isolates (gametophytes)
will allow the storage of specific strains for long periods followed
by the production of large numbers of genetically identical progeny at
will. This is analogous to holding stores of seeds until needed.

Many problems remain for the would-be marine algal farmer. While
rapid progress is being made with those phases of the life history
that can be grown in laboratory dishes or tanks, it is not yet possible
to "seed" Macrocystis on natural substrates in the sea, although W. J.
North (22) is making considerable progress. We have introduced an
experimental technique involving the use of fouling plates that may
also be useful. On these plates we have been able to measure natural
rates of recruitment and loss of several benthic algae under natural
conditions in the sea (19). The reasons for the magnitude of the loss
rates observed are still not known, but it is likely that experimental
manipulation of fouling-plate populations of Macrocystis and other
plants will allow identification and control the "environmental turn-
stiles" postulated by Dr. North.

In spite of the thany problems still remaining, the very rapid
progress of the last few years would seem to justify an optimistic
outlook for the future of marine plant aquaculture.
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Macrocystis or giant kelp which belongs to the division
Phaeophyta, order Laminariales, is among the largest and most elabor-
ately organized of all algae. It is related to other keips such as

Eaininaria, Nereocysts, Pelagoph'cus, Postlsia, and Eisenicz (7).

Abbott (1) recognizes two species of Macrocystis in California, N.
pyrifercz and N. integrifolia, and suggests that a variation of N.
pyrifera resembling N. czngustifolia of the southern hemisphere,
may be found in southern California,

Macrocystis plants consist of two parts: the fronds and hold-

fast. The fronds are branch-like structures composed of a central
stipe and subalternately arranged blades. The number of blades on
a mature frond varies between 150 and 250, the higher totals occur-
ring on plants in deeper water. Each blade is comprised of a distal
leaf-like lamina and proximal gas-filled float, called a pneumatocyst.
The pneumatocysts buoy the fronds upright in the water, Blades of
mature fronds, at or near the surface, form the primary region of
photosynthesis for adult plants. Photosynthetic products are trans-
located from this primary region down the stipes to portions of the
plant exposed to lower light intensities (26),

The number of fronds relates to season, age, and condition of
individuals and ranges from two on a juvenile plant to over 400 on
larger ones. Fifty to 150 healthy fronds were typical of adult kelp
plants in the San Diego area. Growth rates of individual fronds
reach 61 cm per day (26). Growth rates of Macrocystis fronds in

1Kelp restoration work of the California Department of Fish and
Game was conducted by the Sportfish-Kelp Habitat Project (D-J F27D)
and supported by Dingell-Johnson Federal Aid to Sportfish Restora-
tion funds.
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Monterey Bay have been observed between 2.8 cm and 32.5 cm per day
to average 14 cm per day (18).

The holdfast, a root-like structure, varies in appearance and
is composed of many slender finger-like haptera. Unlike a true root
which serves to absorb nutrients, the holdfast functions primarily
in anchoring the plant to the substrate.

Macrocys-tis reproduces either asexually or sexually by dimor-
phic alternation of generations. The large plant viewed along the
coast is the diploid sporophyte stage which produces free-swimming
spores from specialized sporophyll blades near the base of the adult
plant. These spores finally settle on suitable substrate and grow
into haploid, dioecious gametophytes producing eggs and sperm, which
combine to develop into a new sporophyte generation (26).

Giant kelp grows at depths between 2 and 40.3 m (26) but most
commonly between 6 and 24 m (30) through central and southern
California. Plants are generally anchored to rock substrate in open
coastal areas, but may occur on sandy or muddy bottoms in protected
areas.

Plants form aggregations known as kelp beds or kelp forests.
These kelp forests are complex marine communities providing food and
habitat for a myriad of organisms including many fishes and inverte-
brates of both sport and commercial importance. Quast (30) states,
"In regions with similar rocky substrates of low and moderate relief,
the areas with kelp give estimates of the standing crop of fishes that
is two to three times as great as that of similar habitats barren of
kelp."

The Macrocystis community and its associated subtidal plant
distribution patterns are quite complex and approach the dimensions
and degree of complexity of terrestrial plant communities (9, 19).
Many species of algae, although associated with kelp beds, are not
found in profusion beneath a moderate to dense surface canopy of
Macrocystis where the light intensity may be 1/100 of surface values
(6). The shading effect of a kelp canopy tends to reduce the stand-
ing crop of benthic algae below and appears to encourage the growth
of low-light tolerant algae (6). North (6) states, TTThe standing
crop of benthic algae in an open area may be seven times that exist-
ing below a Macrocystis canopy, but if Macrocystis were included, the
standing crop of plant material was three to four times as great
within the bed as outside."

HISTORY OF KELP BED FLUCTUATIONS IN SOUTHERN CALIFORNIA

Although historical information relating to size and condition
of kelp beds is scarce, available information suggests that, aside
from natural fluctuations, kelp beds along the southern California
coast (Fig. 1) were relatively stable prior to 1940 (Table I).
Regression of kelp forests along portions of the southern California
coastline was first reported in 1945 when beds off Pt. Loma, in San
Diego County, and Palos Verdes Peninsula, in Los Angeles County, be-
gan to deteriorate in areas nearest major sewage outfalls. This
deterioration progressively affected beds at increasing distances
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Figure 1. Map of California showing major Macrocystis restoration

areas.

from the discharges until all that remained of formerly extensive
beds was a few isolated stands of kelp at Pt. Loma, La Jolla, and
Palos Verdes Peninsula. Deterioration of kelp accelerated when an
influx of warm oceanic water persisted off California from 1957
through 1959 (6). Kelp beds along the Pt. Loma coast decreased from
a maximum recorded area of 1541 ha in 1911 to approximately 3 ha in
1961. Beds in the La Jolla area decreased from 673 ha in 1934 to
only a few small patches between 1960 and 1965. Kelp beds along
Palos Verdes Peninsula decreased from 748 ha in 1928 to only two
known adult Macrocystis plants in 1967 (23) (Iable I).

Initial investigations concerning this decline of kelp beds
began at the Institute of Marine Resources (IMR) in 1956 and con-
tinued through 1963 (24). These studies, funded by the California



Table I. Variations in kelp coverage of selected beds in southern California given in hectares.

Palos Verdes
2

Orange County,

Peninsula1- La Jolla Pt. Loma3 Newport Harbor to San Mateo Pt.4

Year Area Year Area Year Area Year Area

1911 627

1928 748

1945 422

1947 271

1953 114

1957 34

1958 13

1967
1968
1969
1970
1971
1972
1973
1974 1.5
1975 9.5
1976 26.1

1977 34.4

1911
1934
1941
1949
1955
1956
1958
1969
1970
1971
1972
1973
1974

490
673
648
150
199
122

80

52

52

78

130
155

155

1857
1911
1934
1941
1942
1949
1955
1956
1958
1959
1960
1961
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973

'From California State Water Quality Control Board (6)
2From California Institute of Technology (3)
3From California Institute of Technology (3)
4From North (20)
5californla Fish and Game Department Estimates

1541
1541
945
684

904

547
306

202

158
62

8

3

26

311
414
518
907

777
829

803

544
570
285

1911 420
1955 637
1958 207
1961 62

1967 98 0
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Department of Fish and Game, California State Water Quality Control
Board, and the National Science Foundation, were collectively known
as the IMR Kelp Program. After 1963 some of the IMR work continued
as the Kelp Habitat Improvement Project at the California Institute
of Technology with grants and cooperation from Kelco Company of
San Diego, Fish and Game Commissions of San Diego, Los Angeles, and
Orange Counties, and other contributors (26).

The IMR program and the Kelp Habitat Improvement Project yielded
considerable information about the kelp bed environment. These
studies suggest that kelp beds undergo natural fluctuations in area
as well as in density of plants. Large variations in area may occur
due to natural conditions, but should return to an average value.
These fluctuations may relate to several factors including the quanti-
ty and quality of light, water temperature, age of plants, grazing
damage, storms, surge, current, and sedimentary drift (6).

Man-caused changes in the marine environment can also be responsi-
ble for loss or deterioration of kelp beds. These changes include
discharge of both domestic and industrial wastes, thermal effluents
from power plants, and siltation resulting from construction and
dredging in the marine environment (6). Miller's studies (18) in
Monterey Bay indicated that repeated, heavy kelp harvests can result
in diminished hapteral growth and subsequent loss of plants through
holdfast deterioration.

These and other yet unknown factors may act independently or col-
lectively to influence the size, distribution, and condition of kelp
beds. North (6) felt that declines in the Pt. Loma and Palos Verdes
Peninsula kelp beds were most directly related to benthic grazing
and increased turbidity resulting from marine outfalls. Although
this study discussed in detail the effects of grazing by sea urchins
and other macro-invertebrates, it did not investigate the possible
effects of micro-consumers on microscopic stages of Macrocjstis.
This component of the kelp environment needs to be thoroughly
investigated.

KELP RESTORATION

Three kelp restoration programs were in progress in southern
California through 1976. They were affiliated with the California
Institute of Technology, Kelco Company, and the California Depart-
ment of Fish and Game. Dr. Wheeler North directed the California
Institute of Technology program which was known as the Kelp Habitat
Improvement Project. This project operated continuously from 1964
through 1976 to reestablish kelp bed communities along the southern
California coastline. The project is currently investigating other
aspects of kelp biology. Kelco, a kelp harvesting concern, has been
conducting kelp restoration operations in San Diego County since 1963
to increase their kelp harvest. Kelco's project is currently under
the direction of Ronald H. McPeak. The California Department of Fish
and Game has been actively engaged in kelp restoration work in Los
Angeles County since 1970. Beginning in 1971 the Department intensi-
fied its kelp restoration activities with the establishment of the
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Sportfish-Kelp Habitat Project. The goal of this project is to en-
hance sportfish populations through kelp restoration on Palos Verdes
Peninsula.

Kelp restoration techniques have evolved considerably since 1963
when the first kelp restoration operations were initiated off Pt. Loma.
Kelp restoration operations may be divided into four major aspects:
1) transplantation, 2) predator control, 3) competitor control, and
4) monitoring. A fifth technique, nutrient level modification, is
currently being investigated by the California Institute of Technolo-
gy. The goal is to determine the nutritional needs of kelp and
whether man-made changes in nutrient levels can prevent deterioration
of kelp beds.

Transplantation

The technique of transplantation requires the collection, prep-
aration, transportation, and placement of plants into selected loca-
tions. Plants may be obtained from existing kelp beds and from lab-
oratory cultures.

North (25, 29) described laboratory culture operations for
Macrocystis used by the Kelp Habitat Improvement Project at Kerckhoff
Laboratories. Spores, collected from sporophyll blades, are allowed
to attach to plastic films and develop normally through the gameto-
phyte stage into embryonic sporophytes. These embryonic plants are
scraped from the plastic film and dispersed into suitable habitats.

North's studies suggest that approximately one embryonic sporo-
phyte per 100,000 will reattach to develop into a juvenile plant.
To compensate for this high mortality, several billion kelp embryos,
cultured over a period of 10 to 20 days, are dispersed in the restor-
ation site. Environmental conditions at the time of dispersal and
the age of embryos may affect the success of operations, and results
may not be known for 4 to 18 months. The advantage of this technique
is that large numbers of kelp embryos, genetically adapted to speci-
fic environmental conditions, may be released into selected locations
without handling large amounts of plant material.

Transplantation of adult, sub-adult, and juvenile Macrocystis
plants from existing healthy beds has been employed extensively since
the late 1950s by kelp restoration workers throughout southern Cali-
fornia. The method requires handling large amounts of plant material
and difficulties are incurred in anchoring plants. Advantages of
using adult plants are great, because up to 200 plants may be moved
into a transplant site per day, representing a wet weight of as much
as 2700 kg of plant material. This substantial biomass affords pro-
tection to transplants and their offspring against damage from kelp-
grazing fishes and invertebrates and provides instant reproductive
potential.

The first step in the California Department of Fish and Game's
transplantation operations was to locate a suitable kelp bed of suf-
ficient size that periodic removal of plants would not cause damage.
Collection and preparation of kelp plants by divers usually began in
water less than 6 m in depth, where plants were selected on the basis
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Figure 2. Basal region of a Macrocystis transplant with rubber ring
used for anchoring on the holdfast.

of condition and size. Plants generally ranged in length from 2 to
6 m, had at least L to 6 fronds showing little damage from fish graz-
ing, had new hapteral growth, and, when possible, developed sporo-
phyll blades. Prior to removal from the substrate, old or deteriora-
ting fronds were removed from the plant to facilitate handling and
reduce drag. The holdfast was pried from the substrate with a diver's
knife and trimmed if necessary to a manageable size. However, when
trimming the holdfast, efforts were made to avoid damaging new hap-
tera thus prolonging reattachment of the plant.

After two to ten plants, depending upon size, were collected,
they were towed to the transfer boat and handed to surface support
personnel. If surface personnel were not available to haul plants
aboard, metal or wooden rods with circlets of inner tube attached at
intervals were suspended at water level alongside the collecting
boat. The divers could then hang holdfasts of one to several plants
through each of the rubber loops until sufficient numbers had been
collected to haul aboard after the dive.

Care of the kelp during transportation is important to assure
optimum chances of a successful transplant. Plants can be laid on
the deck of a boat but should not be piled more than a few plants
deep. Keeping the kelp wet is critical; plants may be immersed,
doused regularly, or sprinkled continuously with sea water. Covering
the plants with burlap will protect them from drying and burning by
the sun. Kelp can also be placed in burlap sacks, a method especially



190 K. C. WILSON, P. L. HAAKER, & D. A. IIANAN

Figure 3. Basal region of a Iviacrocystis transplant attached with
a rubber ring.

useful when handling large numbers of small plants.
Important in the transplantation of kelp is the reattachment of

the plant in a suitable habitat. In areas where sea urchin grazing
is not a problem, plants can be attached directly to the substrate
with rubber bands or rubber rings cut from inner tubes using a method
developed by Kelco (15) (Figs. 2 and 3). Plants have been success-
fully secured to anchored floats using a variation of the method
described by North (22) (Fig. 4). The floats suspend the plants
above the bottom so that urchins cannot forage upon them.

McPeak (14) developed a method for laboratory culture of Macro-
cystis plants on rings cut from 1.27 cm plastic pipe. Rings could

be taken below by divers in substantial numbers and attached to
suitable substrates. They were originally secured directly to rocky
substrate using epoxy cement, but this technique was unsuccessful
because of damage to kelp plants by starfish which were attracted to
the epoxy. A newer method, in which rings were forced tightly over
stumps of Eisenia and Pterygophora, proved more successful (15).
Plants were also successfully secured by Number 32 rubber bands
directly to stumps or to nails hammered into the substrate (17).

Transplantation programs do not attempt to replace whole kelp
beds in any area, rather, kelp transplants are intended as "seed
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Figure 4. Basal region of a Macrocgstis transplant secured to a
float on an anchor chain with a ruhber ring.

stockT' to form the nucleus of a kelp bed. It is important to trans-
plant into areas where the substrate, oceanic conditions, and water
quality are suitable for growth and reproduction. Periodic visits
must be made to the transplant site to control predators and check
the tie-downs of the plants for chafing.

Grazer Control

Many species of invertebrates and several fishes utilize tissues
of Macrocystis for food. Leighton (11) listed 11 benthic inverte-
brate species observed to feed upon kelp among which were red and
purple sea urchins, Strongylocentrotus franciscanus and S. pw'puratus;
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pink, green, and red abalone, Haliotis corrugata, H. fulgens, and
H. rufescens, and the common kelp crab, Pugettia producta. His

studies suggest that most benthic grazers prefer Macrocystis to
other algae.

Of the benthic grazers observed by Leighton (11), sea urchins
were the most detrimental to kelp. Urchins coexisting with vege-
tation usually cluster in rock crevices or among cobbles and feed
upon drift kelp. But these animals can aggregate in dense concentra-
tions, moving as fronts through algal beds, feeding upon Macrocystis
plants and associated algae. Urchin grazing often severs the pri-

mary stipes of the plants allowing them to drift away. The area
through which the fronts have passed is usually denuded of algae.

To reestablish the kelp beds and natural species diversity,
high urchin densities in restoration sites had to be reduced. Urchin
control activities may be divided into three phases related to restor-
ation activities: 1) clearing urchins from the restoration site and
adjacent areas prior to installation of transplants; 2) controlling
any remaining or invading urchins which might damage transplants and
their offspring; and 3) monitoring and controlling urchin densities
in the established reproducing kelp bed.

Two principal techniques have been employed by kelp restoration
workers to control dense concentrations of sea urchins. The first is
to destroy urchins physically by crushing them with hammers. Although
positive, urchin crushing is time consuming in relation to the area
cleared. For this reason manual urchin controls are employed only
during reconnaissance operations when more efficient techniques are
not immediately available.

The second technique for sea urchin control is chemical destruc-
tion using calcium oxide (quicklime). The use of quicklime to destroy
sea urchins was originally conceived by Leighton (10, 12) and was
based upon Loosanoff and Engles' (13) report of its use to control
starfish in oyster beds. The Kelp Habitat Improvement Project and
the Kelco Company adapted this method for sea urchins. The technique
proved to be quite effective in reducing dense concentrations and is
now used exclusively where extensive populations preclude or endanger
kelp. During 1976, Kelco Company began using a device, developed by
George Beason and John Pickens, for dispersing a slurry of quicklime
and sea water by a diver-controlled hose. Divers selectively direct
the slurry onto target species bypassing the major portion of the
water column and using 40 percent less lime per unit area than in

the earlier method.
The Sportfish-Kelp Habitat Project is also using quicklime on

Palos Verdes Peninsula to control dense populations of sea urchins.
A dispersal device (Fig. 5) fitted to the stern of the project boat
HALFMOON consists of water pump, hopper, quicklime control valve,
sea water mixing bucket, aspirator, and hose. The quicklime is
mixed with the sea water to form a slurry which is sucked out of the
mixing bucket through a 6.25 cm diameter hose. Suction is created
by an aspirator through which sea water is pumped. The slurry is

then carried to the bottom through a 30 m lenth of 6.25 cm flexible
hose which is buoyed every 5 meters to keep it off the bottom.
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C

Figure 5. Diver-operated quickliming device for sea urchin control.
Centrifugal water pump (B), driven by a 2 hp gasoline engine, draws
seawater through a strainer basket and non-return valve assembly (A).
Standpipe (C) is used to prime pump. Seawater is pumped through 3. 8
cm I.D. hose (D) to aspirator (F). Quicklime, stored in hopper (G),
drops through control valve (N) which is regulated by handle (I),
into mixing bucket (J). Seawater enters bucket through flapper
valves (K) and mixes with quicklime. Aspirator draws quicklime-
seawater slurry through hose (Id and pumps it through 7.6 cm hose
(F). Diver holds F and spreads quicklime on the ocean bottom.

Studies have been conducted by Kelco and the California Depart-
ment of Fish and Game to establish the relative effectiveness of the
two methods for dispersal of quicklime and their effects on kelp,
sea urchins, and other species. This information has been compiled
in a 1976 unpublished report by C. M. Parsons and J. M. Duffy on
chemical sea urchin control activities for the California Department
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of Fish and Game. These studies suggest that the new technique is
more effective in killing sea urchins than surface dispersal (80 -

90% kill ratio vs 50-60% ratio). Few negative effects were observed

on conspicuous non-target organisms. These investigations are now

being altered to include smaller and cryptic animals.
Commercial harvesters are removing large numbers of red urchins

from the Palos Verdes Peninsula. The effects of this harvest are not

yet known but should have a positive influence on kelp restoration.
With the return of the kelp beds, there has been an increase in

fish populations such as the sheephead, Pimelometopon pulchrujn, a

natural predator of juvenile red and purple urchins. The effects of
natural predators other than sea otters on urchin populations are not
known, but studies (31) indicate that high sheephead densities may
exert some control on urchin populations.

Fishes such as the opaleye, Girella nigricczrls and the halfmoon,

Medialuna californiensis feed upon Macrocystis (8, 23, 30) often

causing considerable damage to kelp especially when plant numbers
are low and production of plant tissue does not exceed grazing de-

mands. North (23) suggests that herbivorous fish prefer Macrocystis
to other species of kelp. Attempts were made to control herbivorous
fish by spearfishing and traps; however, these techniques proved in-
efficient and their use was discontinued.

California Institute of Technology and Kelco used gill nets to
control grazing fishes in Abalone Cove from 1971 through 1973. Although
the nets succeeded in removing substantial numbers of kelp grazing
fishes, loss of desirable fish species was high and the nets were a
hazard to sport divers; thus, gill netting was discontinued (2, 16).

Fish exciosures were constructed around transplanted kelp (23,
28) to exclude kelp grazing fishes. These exclosures required con-
siderable maintenance and are no longer used.

Competing Vegetation
Low growing algae, including Pterygophora, Egregia, Cy.stoseira,

Sargassum, and Laminaria, can become so dense as to inhibit growth

of juvenile Macrocystis. Less desirable kelps were removed using a
hand held scythe or a fish filet knife to prepare additional sub-
strate for Macrocystis. Some species of competing vegetation pro-
vided substrate for settling and growth of kelp plants. Before this

competitive vegetation was removed, juvenile Macrocystis plants were

collected and secured to more suitable substrate. Where urchins pose

a threat to Macrocystis, concentrations of other algae slow the move-
ment of urchins and may thus protect adjacent stands of kelp from

urchin foraging.

Monitoring

Monitoring of kelp beds is an integral part of kelp restoration

work. Periodic inspection and maintenance of restoration sites is
critical, particularly in early stages, to ensure survival of trans-
plants and their offspring. Once a stand of kelp is established,
monitoring efforts must continue to detect fluctuations in kelp
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Figure 6. Kelp restoration sites on the Palos Verdes
Peninsulas

California.

bed size and condition and to determine possible causes of change.
Monitoring operations include aerial, boat, and diving obser-

vations. Aerial observations show fluctuations in surface canopy,
while boat and diving operations provide information on condition,
density, growth rate, grazing damage, and recruitment.

Aerial infrared photography is used for documentation of lo-
cation, condition, and size of kelp beds. Photographs were taken
using a hand-held 35 mm reflex camera with color infrared slide film
and No. 12 Wratten or No. 25A filter to enhance surface canopies.
Photographs were taken through a viewing port at altitudes ranging
from approximately 1.5 to 2.7 km. To minimize reflected glare, sur-
veys were conducted before or after apparent noon. A 10-20% over-
lap was included between adjacent shots to assure full coverage and
minimize barrel distortion at film edges. Slides of the kelp beds
were projected onto charts of the coast and the surface areas of can-
opies were calculated using a polar planimeter or a measured grid-
network. Photographic surveys of kelp beds on Palos Verdes Peninsula
are conducted by the California Department of Fish and Game on a
quarterly basis.

RESULTS OF RESTORATION EFFORTS

Kelp restoration in Los Angeles County has been restricted to
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Palos Verdes Peninsula. The California Institute of Technology be-
gan its work in 1967 in Abalone Cove (23) (Fig. 6). The California
Department bf Fish and Game joined in cooperative kelp restoration
efforts beginning in 1971 with its Sportfish-Kelp Habitat Project.
Unfavorable environmental conditions hindered kelp restoration opera-
tions prior to 1973. In 1973 both cooperating institutions intensi-
fied kelp restoration activities with the introduction of several
thousand adult and juvenile kelp plants, dispersal of mass .cultures,
and gill netting to reduce large numbers of kelp grazing fishes. A

small bed of approximately 60 naturally attached adult MacrocystiB
plants was in the vicinity of the restoration site in February 1974.
This small stand of kelp grew to 2.8 ha by March 1975, to 9.06 ha
by January 1976, and 13.83 ha by January 1977 (Table II).

In 1974 the California Institute of Technology began work at
Whites Pt., approximately 6 km to the east of Abalone Cove (5).
Kelp restoration operations at Whites Pt. involved installation
of transplants from Abalone Cove, juveniles cultured at Kerckhoff
Laboratories, and dispersal of mass cultures of kelp. A small Macro-
cystis canopy calculated to be 0.12 ha was first noted at Whites
Pt. in August 1976; by January 1977 this canopy had grown to 0.69

ha.
Encouraged by rapid growth of kelp in Abalone Cove, the Sport-

fish-Kelp Habitat Project established six additional kelp restoration
sites along Palos Verdes Peninsula between 1974 and 1976. These were

located at Pt. Vicente, Christmas Tree Cove, Lunada Bay, Marineland,
Portuguese Pt., and Pt. Fermin (Fig. 6). A total of 1,307 plants,
representing approximately 3700 kg of biomass, was transplanted into
the Pt. Vicente site in 1974 and 1975 (Table III). A surface canopy,
measuring 0.08 ha, appeared at this site in July 1975, 10 months

after work began. This small canopy grew to 0.86 ha by January 1976
and to 2.87 ha by January 1977. Similar growth was noted at Marine-
land where recruitment from three adult plants grew into a 1.09 ha

kelp bed by January 1977. Kelp beds in new sites at Lunada Bay and
Portuguese Pt. are also progressing well.

Macrocys tic was first found in Bluff Cove on the northwest side
of Palos Verdes Peninsula in May 1975. This bed grew to 0.24 ha in

July 1975, to 3.92 ha in January 1976, and to 15.8 ha in January 1977.
Kelp restoration work in San Diego County was primarily conducted

by Kelco and the Kelp Habitat Improvement Project.
Large-scale kelp restoration operations began at Pt. Loma in

1963. Efforts were directed toward chemical treatment of large num-
bers of sea urchins which were preventing natural reestablishment of

kelp beds throughout the area. By 1968, these efforts were success-
ful in restoring kelp beds to their pre-1940 levels (Table I). How-

ever, winter storms of 1973 heavily damaged the Pt. Loma beds and

substantially reduced the surface canopy. McPeak (15) notes that

damaged plants have begun to be replaced by natural regrowth and that

kelp canopies in 1975 were similar to the pre-storm canopies of 1972.
Sea urchins still threaten kelp beds along portions of central and
south Pt. Loma; consequently, Kelco has a continuing sea urchin con-
trol program to maintain and expand these beds.



Table II. Area occupied by Macrocystis beds around Palos Verdes Peninsula) California, 1974-19??,
given in hectares.

Year 1974 1975 1976 1977

Month 6 10 3 7 10 1 4 8 11

Pt. Fermin to

Whites Pt.

Portuguese Pt.

Abalone Cove 0.57 1.50 2.80 4.17 5.71

Marineland

(Long Pt.)

Pt. Vicente 0.08 0.76

Christmas Tree Cove

Lunada Bay

Flat Rock Pt. to

Palos Verdes Pt. 0.24 3.03

0.12 0.89

0.03 0.04

9.06 10.36 9.51 11.61

0.24 0.28 0.28 1.34

0.86 1.11 1.40 3.47

- - 0.04

0.01 0.04

3.92 3.92 3.23 8.78

Totals 0.57 1.50 2.80 4.49 9.50 14.08 15.67 14.58 26.21

1

H

13.83

1 rrn

:::

15.80

34.42

cc



Table III. Soice, nziber, and biomass of Macrocystis transplanted to restoration sites on Palos

Verdes Peninsula by the California Department of Fish and Game, 1971-2976.

Year From To 11 Plants Biomass kg

1971 Paradise Cove Abalone Cove 53 723

1972 Paradise Cove Abalone Cove 104 1,418

1972 Catalina Island Abalone Cove 874 11,918

1973 Catalina Island Abalone Cove 1,830 24,545

1974 Catalina Island Abalone Cove 1,415 2,700

1974 Catalina Island Pt. Vicente 1,086 4,000

1974 Catalina Island Christmas Tree Cove 195 2,200

1975 Catalina Island Abalone Cove 110 272

1975 Catalina Island Pt. Vicente 221 545

1975 Abalone Cove & Pt. Vicente Christmas Tree Cove 100 272

1975 Abalone Cove & Pt. Vicente Lunada Bay 185 1,682

1975 Abalone Cove Portuguese Pt. 30 364 F

1976 Abalone Cove Christmas Tree Cove 30 341 c

1976 Abalone Cove Lunada Bay 100 455

1976 Abalone Cove Portuguese Pt. 283 777

1976 Abalone Cove Pt. Fermin 75 582

Totals by Year

Year # Plants Biomass kg

1971 53 723

1972 978 13,336

1973 1,830 24,545

1974 2,696 8,182

1975 646 3,136

1976 488 2,255
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Restoration work began off La Jolla in 1964 (21). Efforts in-
cluded both chemical and manual destruction of sea urchins, trans-
plantation of adult and juvenile kelp plants, control of competing
vegetation, and dispersal of kelp embryos (29). A total of 28,000
juvenile and adult Macrocystis plants was transplanted into the
La Jolla area by Kelco and the California Institute of Technology
between 1973 and 1975 (15). An additional 7,870 plants were trans-
planted into this area in 1976. (This information has been compiled
by Ron McPeak, Kelco Company, 8355 Aero Drive, San Diego, California
92123.) Kelp canopies off La Jolla increased substantially in 1974
and 1975, and restoration efforts continue to further increase and
stabilize existing beds.

Kelp restoration and enhancement operations were initiated along
other portions of the San Diego County coastline. Kelco and Cali-
fornia Institute of Technology began kelp restoration work off Imperi-
al Beach in 1963. These operations proved unsuccessful because of
heavy loss of transplants and their offspring to fish and sea urchin
grazing. Restoration operations were subsequently discontinued so
efforts could be concentrated in the Pt. Loma and La Jolla beds. In

1974 North stated that Macrocystis no longer existed off Imperial
Beach (3). Kelco has also been conducting a large-scale sea urchin
control program since 1964 to enhance and maintain kelp beds at San
Clemente Island.

The Kelp Habitat Improvement Project began work in 1967 on kelp
beds along the Orange County coastline to hasten recovery of Macro-
cystis in barren areas (20). Transplantation of adult kelp plants
in 1967 and 1968 (22) was not successful because of losses of plants
from fish grazing. Dispersal of kelp embryos produced at Kerckhoff
Marine Laboratory began in Orange County in 1970 and continued
through 1976 (4, 29). Kelp beds in the Orange County area are still
only a fraction of their former abundance and it appears that much
more work will have to be done to restore them (27).

SUMMARY AND CONCLUSIONS

Kelp restoration operations continue to play an important role
in restoring kelp communities along the southern California coast-
line. However, even with current kelp restoration techniques, only
a few of the many biological and physical factors that affect kelp
survival, growth, and reproduction can be controlled. These tech-
niques have evolved to a point where workers can exert a powerful
influence on competing vegetation and sea urchin grazing. Neverthe-
less, efforts have often been unsuccessful because of an inability
to fully comprehend and control adverse environmental conditions.
Ultimately, the success of any kelp restoration effort will be de-
cided by the identification and protection or the enhancement and
maintenance of a healthy environment.
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Eucheuma has aroused great commercial interest because
the carrageenan produced by some species of this red alga is exclus-
ively kappa-carrageenan and that synthesized by other species is
solely iota-carrageenan (7). Farm production of Eucheuma for its
kappa-carrageenan is a labor-intensive family2 operation (2, 6, 10).
Although production is very successful (Fig. 1), four major problem
areas have been identified and are receiving attention. The nature
of these problems and the work toward their solution are the subjects
of this paper. The problem areas, although specifically related to
tropical seaweed farming, have been selected for discussion because
they must be understood as parts of any programmatic seaweed pro-
duction development wherever it may be undertaken. The four major
concerns will be treated consecutively.

THE DANCER OF PRODUCTION MONOPOLIES

All commercial production of Eucheuma is now located in rapid-
ly developing nations. Such countries frequently change their poli-
tics, their policies, and their regulations. Thus, industry runs
considerable risk in relying entirely on the farm production from
any one such developing country. In fact, the shift in the national
policies of the former major source of wild Eucheuina led to the
development of marine farming for this genus.

The solution to being forced to deal with a single national
monopoly is to encourage industry's support of farm development in

i-This research was supported in part by U.S. Sea Grant Contract
No. 04-6-158-44114.

21n the sense of U.S. Public Law 94-161.
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Figure 1. The record of success in the farming of a species of
Eucheuma, a marine alga producing kappa-carrageenan. Eucheuma is
one of the many kinds of seaweed that might be cultivated--each
producing a product of economic value.

several different countries. At present support is being given to
Eucheuma farm development in the Society Islands, the Line and
Gilbert Islands, Micronesia, both Samoas, and Guam (Fig. 2). The
hope is that as the needs for carrageenans continue to grow, major
increases in raw product will be derived from the buildup of farm-
ing in several of these islands as well as in the Philippines so
that significant amounts of the world's production will come from
each. Such competition is hedging, in an economic sense, and is
expected to benefit commerce in the United States by stabilizing
the price of the raw seaweed material and improving the reliability
of the supply.

THE TRADITIONAL ADVANTAGE OF MERCHANTS OVER FARMERS

Family farming of Eucheuma returns to the producers who first
sell their products in Southeast Asia between 10 to 60% of the
f.o.b. value obtained when it is exported. The return appears to
relate to the export price variation during recent years. The
range between $250-$700 U.S. dollars per ton (30% water) is largely
due to the different buying tactics of the ultimate processors.
There is no organization among the farmers. A lag in producing
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Figure 2. Areas into which Eucheuma farming is being introduced.
Industries in the United States can look forward to greater relia-
bi7ity of crops and stability of prices from producers in different
countries or regions which are politically and economically inde-
pendent.

a crop after an increase in demand occurs causes a radical "boom or
bust" cycle. The unreliability of the price of Eucheuma has dis-
couraged farmers who cannot entrust their family's livelihood to the
vagaries of a wildly fluctuating market.

Achieving economic stability for seaweed farmers is a current
research theme of the University of Hawaii Marine Agronomy Program.
This program includes the developing of cultural practices, the ob-
taining of agreements that will enable a coastal community to decide
who can farm the cultivatable reef flats in their area, and the
establishing of advance contract sales with processors. These steps
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Figure 3. Map of the reef bordering the north shore of Coconut
Is land) Oahu, Hawaii, where experimentation toward rational utili-
zation of the subtidal environment is underway.

should lead to cooperative farm production and community management
to reduce the often exhorbitant profiteering by middle men. From

1.5 to 3 kg of algae, producible per man hour by farming (6), is
economically rewarding for it interferes little with the normal
subsistence efforts of the farmers. This is especially true in
countries where the family income of the native is approximately
$50 per year. Cooperation coupled with better management will both
increase and stabilize prices, as well as improve satisfaction with
seaweed farming as a way of life.

THE NEED TO IMPROVE FARMING METHODS

Various cultivation techniques now used successfully include
tying thalli to the intersections of nets, tying thalli at intervals
along lines or poles, and merely putting sprigs of Eucheuma under
convenient rocks to grow (2, 6, 13). These methods, respectively,
result in either orderly or barly recognizable farms. Despite the

use of the very successful TAMBALANG strain of kappa-carrageenan
producing Eucheuma (6). such labor-intensive methods would be non-
economic in developed countries.

Therefore, finding techniques for more capital-intensive farm-
ing of Eucheuma has become a key part of the University of Hawaii
Marine Agronomy Program. Many methods have been tried and abandoned
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in the Philippines and on the reef bordering the north shore of Coco-
nut Island in Hawaii (Fig. 3). The three methods of culture now
selected for further testing can be called Lawn planting, Hollow
planting, and Pen planting.

Lawn Planting

In lawn planting (A in Fig. 3), a roll of polyvinylchloride-
covered wire is hooked to the hard horizontal sand bottom just be-
low the extreme low water level by inverted J-shaped 3/8" or 1/4"
diameter reinforcing-iron pegs. The seedstocks are pushed under
the wire and, thus, held rigidly in place. Growth rates are excel-
lent, usually exceeding 5% per day. As the crop increases, a pro-
gressively higher proportion of the thalli break off and drift
away until an equilibrium is achieved.

Initially, harvesting of lawn plantings was attempted by mech-
anical methods. Considerable time was spent designing a harvester
that would operate in waters that were often less than 30 cm deep,
that would be stable, and that required but one man to operate and
adjust efficiently for tide heights, bottom unevennesses, cross
currents, contrary cross winds, and other exigencies. However, an
easier harvesting method was soon devised by installing a drift
fence (E in Fig. 3) downstream of the planting. The mass of thalli
which were cut or broken from the beds accumulated against it and
could easily be loaded into a boat by hand or with a pitchfork. An
injection pump, such as the one devised by Dr. Maurice Dube for
Iridaea harvesting, could also pick up the harvest.

Hollow Planting

Another successful method of culture involves growing the algae
loose in hollows (B in Fig. 3) on the otherwise horizontal reefs.
This technique followed three observations: (a) a negative regres-
sion between light intensity and the standing crop on reef flats (5),
(b) the habit of the iota-carrageenan producing Eucheurna denticula-
turn ("spinosurnT' of commerce) to collect in reef hollows where it
grows into sizeable colonies, and (c) the similar habit of commer-
cial Furcellaria as observed growing in a similar habitat in Danish
Kattegat waters (10). The subtidal to lower eulittoral zone popula-
tions of Phyllophora (3) and other seaweeds (8, 15), some of which
are commercially harvested, also occupy similar habitats. In the
hollows producing commercial crops of Eucheurna, no reproduction by
spores has ever been reported. In fact, sporulation has not been
observed in the TAMBALANG strain of Eucheurna anywhere during its
four years of cultivation.

The farming of hollows requires little labor, other than pro-
tection from poaching, and only a boat for gathering at harvest time
It takes about 1-1.2 man-days to remove 1000 kg from a hollow and to
spread it to dry on the shore, usually only 50-100 feet away. Since
growths are dense, mechanical harvesting with equipment such as an
unusually shallow draft barge would be easy.
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Problems do arise when culture in hollows is attempted. At the
research site in Hawaii the very dense crops lose vegetative propa-
gules with every small disturbance and cause proliferation of new
colonies where they are not wanted. However, in nature few hollows
suitable for Eucheuma production are available and the problem of
overproliferation does not arise.

Pen Planting

In the Sulu Archipelago bamboo-slatted fences in various sizes,
some surrounding areas up to five meters square, have been employed
as a promising way of creating artificial hollows. In Hawaii poiy-
vinyichioride-covered wire fencing is wired to 3/8" diameter
reinforcing-iron stakes driven into the bottom (C in Fig. 3). The

resulting pens form long rectangles which are divided to distribute
the seaweed evenly to facilitate mechanical harvesting.

The lack of economically feasible control of fouling organisms,
largely Enteromorpha and barnacles which clog the fences, has been
a block to effective pen planting. The pressure from currents in-
creases as the fencing clogs with fouling algae and shell. The
currents then push the fences like sails and destroy the pens. The
crop may escape, but if the pens hold, the water circulation may be-
come so limited that the seaweeds grow slowly. Fouling by barnacles
may be dangerous to personnel, for their scute edges are razor-sharp.
However, excellent growth in pens of over 5% per day has been obtained.
Control of fouling by economical means is now being attempted.

Growth obtained by all three farming methods has been very satis-
factory for Eucheuma. All produce plants which are amenable to eco-

nomical mechanical harvesting. These methods have been so success-
ful with the TANBALANG strain of Eucheuma that a series of unfore-
seen complications has arisen. They are described below as the

fourth major problem area.

THE GOVERNMENTAL BUREAUCRACY AND THE MANAGEMENT OF INTRODUCED SPECIES

The current concern for environmental quality and the lack of
crucial information needed for the rational utilization of the re-
maining natural resources has generated public support for research
on algae regarding their commercial production for human food, indus-

trial chemicals, energy sources, and water purification. Intro-

ducing marine plant farming into consuming countries such as the
U.S. could be of significant economic importance. It would help by
stabilizing the supply, shortening the distance between farm and
factory, and aiding water purification as waste water discharge
into the sea increases. In Hawaii the potential significance is

not only economic but social. Labor, made available by plantation
closures, is becoming plentiful and its employment to achieve
rational social advances is of increasing importance.

Even an advanced country such as the USA is faced with complex
series of problems when considering the adoption of a new technology.
In Hawaii all subtidal lands are zoned for conservation which leads
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to a commendable ratio of conserved to unprotected or non-conserved
state land. The effort to obtain clearance to bring a new seaweed
crop to Hawaii is currently involving eleven federal, state, and
local agencies. On Guam starting a mariculture project requires
clearance from at least seven federal agencies. Bureaucratic com-
plexity is a major barrier to progress and could serve to deprive
Hawaii's unemployed coastal residents of income. In France the in-
troduction of seaweed crops to reduce imports is being blocked by a
similar bureaucracy.

It is, of course, true that new crop species should not be in-
troduced without careful consideration of possible damaging effects.
Species being considered for introduction must first be studied in
their native habitats. Their roles in the old and the new ecologi-
cal structure should be understood. For example, it was discovered
that the species developed for Eucheuma culture in the Philippines
failed to become naturalized when introduced into Hawaii. Colonies
died out when a farm was abandoned as corn disappears from a fallow
corn field. Sometimes, unexpected enhancements of the biota have
been observed. In the case of Macrocystis plantings (11, 12) and
in the Eucheuma farms, fish populations increase.

Careful biological investigation of the life cycles of the po-
tentially valuable exotic species which might be introduced to a new
area may be most instructive. An example of the considerations that
must be reviewed can be taken from the proposal to introduce Macro-
cystis into Hawaiian waters. Such an introduction appeared advan-
tageous because of the plant's saleability, its aesthetic values,
its capability to protect coasts from erosion, and its known ability
to shelter large fish populations. The obligate gametophytic stage
of Macrocystis doesn't succeed when the temperature rises above 18°C.
In Hawaii water temperatures as low as 19°C at the depths in which
Macrocystis will grow are rare. Warm water strains of the saleable
sporophyte stage of Macrocystis will survive in waters 5-7 degrees
higher. If this stage could survive, it might thrive in Hawaii and
create a desirable open-ocean mariculture. A necessary complication,
although probably not a real barrier in view of North's simple tech-
nique for overcoming it (11, 12), would be that introduced by attempt-
ing to maintain the farms through gametophyte-seeding. This involves
production of haploid spores under artificially refrigerated condi-
tions in order to produce the relatively short-lived microscopic
gametophytic stage which dies or fails to function above 18°C, but
which is required to generate the macroscopic sporophyte that would
constitute the commercial crop.

In Hawaii efforts are underway to study the control of farmed
seaweeds, both before they are introduced and after, to prevent damage
to the environment (A-F Fig. 3). Several methods for the eradication
of weedy invasion of introduced species beyond the culture plots have
been considered. The discovery of a selective toxicant has proved a
dream thus far. Control by removing oxygen cheaply to near zero un-
der a plastic cover can be achieved simply by introducing sugar.
However, that is disastrous to the long-lived sessile animals, such
as corals. The mobile and short-lived animal or botanical populations
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Figure 4. The nature of the reef-edge populations of the TAMBALANG
strain of Eucheuma on Cocount Islands Oahu3 Hawaii. Procedures are
being developed for removal of the escaped algal population on the
reef front.

can be expected either to move out or recover quickly. Another pro-
cedure using an opaque covering placed over unwanted photosynthetic
algae starves them out, but it kills the hermotypic corals which de-
pend on their endozooic algae which are also dependent on photo-
synthesis. In Oregon or any other area lacking significant coral,
it could be less difficult to remove unwanted seaweed by shading.

In Hawaii experimental cultivation on a reef flat has provided
an opportunity for studying the control of an exotic seaweed popula-
tion (F in Fig. 3). Beyond its edge the reef front drops precipi-
tously and irregularly to approximately 13 meters (Fig. 4). There

it consists primarily of dead coelenterate coral and sediment. The
currents are very slow in the deeper water and the bottom is covered
with a fine sediment. This sediment originates mostly on land and
it is thought to have been the major cause of death of nearly all
the coral on this particular reef edge (1).

In the experiments with the introduced TANBALANG strain of
Eucheuma, branches that broke off were often lost and drifted over

the downstream edge of the reef. The repeated introduction of propa-
gules on the reef front resulted in what is now a splendid stand be-
tween, and often covering, the dead coral. A population of fish
species feeding primarily or secondarily on Eucheuma has appeared.
The fish as well as the invertebrate population have both increased
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GROWTH AS WEIGHT CHANGE
(NNO. MEANS OF FOUR WEEKLY VALUES)

DEPTH M N % PER DAY ---------------------- MLW-

0
-----------

I 4 4.12 ----'

2 3 2.25-----

3 2 1.41

4 I 0.64

5 2 0.46----

6 2 0.89- -----------

7 2 -0.45

8 I 0.04 _\

9 2 -0.12

0 -0.24-

MUD BOTTOM

METERS FROM REEF EDGE
0 0 20 30

Figure 5. Growth rates of the TAMBALANG strain of Eucheuma on the
reef front on Coconut Island, Oahu, Hc&aii, as a function of depth.
The column headed "N" shows the number of measurements made over a
four-week period which were averaged to yield the growth rates in
the "% per day" column.

beyond those in the non-vegetated and dead coral stands nearby.
Concern has arisen that Eucheuma may prevent the return of the

corals as water quality restoration efforts become effective. In

fact, some small corals can be seen already. Generally there is
little competition between the seaweed and the corals. However,
both can hardly occupy the same space at the same time. In the
tropics, coral-rich and seaweed-rich areas are usually more or less
distinct from one another--perhaps this is a response to differences
in water quality. Such a relationship would suggest that water over
the present reef does not now encourage coral regrowth, but it ob-
viously encourages seaweed growth as well as high fish and inverte-
brate populations. Nevertheless, a unique opportunity has been
presented to develop and test methods of controlling, eliminating,
or reducing seaweed populations where they are not wanted.

Research on the most promising methods of controlling, elimina-
ting, or reducing Eucheuma populations to insignificance in Hawaii
has been aimed at mechanical techniques and the physiology of the
alga itself. Harvesting, with no market for the crop, is costly.
However, when brought ashore and spread thinly, Eucheuma dries and
decomposes in the sun and rain with no objectionable odor or appear-
ance. Therefore, mechanical removal and disposal presents no
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Figure 6. The least ewensive way of reducing the reef front popu-
lation of the TAMBALANG strain of Eucheuma from the reef front of
Coconut Is land, Oahu, Hawaii. In the dark, sediment-laden depths
it slowly dies.

problem except that of cost.
An ecological approach to control of the escaped E'ucheuma popu-

lation in Hawaii has revealed the following. Below 6 meters the
thalli lose weight (Fig. 5). They decay in a few weeks at 10-12
meters beneath the surface. The increasing herbivore population
is holding the shallower fast-growing populations at a near stand-
still through the removal of the growing branch tips. Fish not
formerly considered herbivores are eating it. They browse the young
growth back to the coarse basal branches. These old branches in-
crease to 4 cm in diameter and, while not as persistent as some
brown algae in the dark (4, 9), they will retain almost their normal
capacity for photosynthesis after storage in the dark for as long as
4 weeks. There is a tendency for the thallus fragments that settle
below the 4-meter level to slide down the steep reef front without
attaching. Furthermore, when revegetation from the reef flat is
prevented, the population of Eucheuma that has taken hold begins to
dwindle.

The control treatment now being used experimentally is shown in

Fig. 6. The thalli are simply dislodged and raked below the 10-
meter depth. This is a labor-intensive practice, but is proving the
least expensive in the long run. It requires 2-8 man hours to clear
a 10-meter-wide transect. An area once cleared by divers requires



EUCIIEUMACURREI\'T I:RLVE CROYO\II 213

monitoring to remove laterally borne or overlooked vegetative pieces.
Such work has taken a total of 2 hours during one 3-month period for
a 10-meter length of reef margin. Reintroduction by fragments from
the experimental plantings on the reef flat was greatly reduced by a
fence at the reef margin. It is likely that the unwanted reef front
population can be reduced to insignificance or even eliminated.
Monitoring to prevent its interfering with coral regeneration can be
terminated in less than a year after the reef front has been cleaned
and the reseeding potential has been eliminated.

SUMMARY AND CONCLUSIONS

In resume, the physical environment and the biological charac-
teristics of algae may not be the severe barriers to economic sea-
weed production that the bureaucratic and socio-political ones are.
The only places where marine agronomy has succeeded have been those
where by tradition it is separated from animal aquaculture. It is

today the sixth largest dollar earner of all mariculture activities
in the world and this does not include wild crop production (14).
Porphyra production alone is the largest of all maricultural prac-
tices in Japan today. There, it is worth over half a billion dollars
yearly. Worldwide, marine plant cultivation in the early l970s
appears to have been the key to an annual production of 2.2 billion
dollars of product sales. It would seem that seaweed research should
be uncoupled from year-to-year project funding, from traditional
thinking, and from its all too frequent submersion in other programs.
Universities should be encouraged to organize marine agronomy as an
independent discipline with ongoing funding.

To fulfill its natural role, a marine agronomy effort must be
programmatically planned to include the gamut of activities normally
recognized in advanced terrestrial agriculture. These can be listed
as: a) taxonomy and plant exploration--the marine botanical organ-
isms are very poorly known; b) natural product chemistry--early
efforts should concentrate on the most abundant and widely distribu-
ted marine plants because wide distribution suggests broad ecological
tolerances that improve the prospects for successful culture;
c) development of production methodology--wild crop harvesting, as
in the present case of Macrocystis, or farming, as in the case of
Eucheuma, should be explored; d) an extension program for the en-
couragement of the industry--knowledge about the production and
marketing of the crop should be distributed and publicized; e) edu-
cation and training--finally, marine agronomy must assume the respon-
sibility for providing more trained personnel to play major roles in
the development of the industry and to assure reasonable conservation
of the environment in which the algae are cultured. A major effort
should be mounted to ensure a continuation and expansion of this
renewable resource.
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Algal Nutrition in the Sea

iManagement Possibilities'
WHEELER J. NORTH

Considerable information is available concerning algal
nutrition under laboratory culture conditions (4, 7, 8, 15). There
are also several compendia that summarize the many analyses of ele-
mental composition of marine algae (e.g., 3, 18). In contrast, rela-
tively little is known about management of algal nutrition under
natural conditions. Specialists can usually identify unhealthy
plants in nature, but only rarely are able to prove that the cause
of a problem does indeed arise from a nutritional deficiency. The
Japanese and Chinese have undertaken fertilizing experiments and
operations among their algal crops (2, 17). Judging from descriptions
which have been published in English, fertilizing activities in the
Orient have largely been trial and error operations. They do not
seem to be based on an extensive body of knowledge that permits
assessment of the condition of the water or the needs of the crop in
a given estuarine or coastal environment.

Occasionally plant nutrients, typically nitrogen and phosphor-
us concentrations, are monitored in aquaculturing operations. It is
widely and probably correctly assumed that nitrogen is an important
limiting nutrient in the marine environment (11). Inorganic N often
falls to low, even undetectable, concentrations in oceanic surface
waters. Levels of both N and P tend to rise as depth increases be-
cause nutrient regeneration processes below the euphotic zone are no
longer coupled to nutrient accumulation by growing plants. The

11n part, this work is a result of research sponsored by NOAA
Office of Sea Grants, Department of Commerce, under Grant No. GH-92.
The U.S. Government is authorized to produce and distribute reprints
for governmental purposes notwithstanding any copyright notation
that may appear.
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ratios of maximum N and P concentrations at various depths to the
surface concentrations cover a broad range of values--from about 10
to more than 400 in one survey (rable I).

Table I. Concentration ratios for N, F, and Ni in ocean waters1.

Station Shallowest Element

No. Depth Samples Ratio and (Depth)
(m) P N Ni

3 13 1.88 1.84 2.26

(232) (441) (3730)

343 59 14.20 444.00 3.18

(791) (1033) (3717)

204 57 107.00 434.00 3.27

(1039) (1039) (1839)

i-Ratios of the maximum elemental concentrations below the top 60 m
of the water column to the concentration in the top 60 m for P (as
PO4), N (as No3), and Ni. Depths in meters where maximal concentra-
tions occurred are shown in parentheses. The ratios indicate to
what degree a particular element in the upper layer of the ocean
could be enriched by upwelling from the depth of maximum concentra-
tions. Data from Sclater, Boyle, and Edmond, 1976 (12).

It is useful to determine which element or elements might become
limiting in situations where N is plentiful. With such information,
it might be possible to enhance algal growth under certain condi-
tion if fertilizing operations with elements other than, or in addi-
tion to, nitrogen were conducted.

Knowledge of nutritional trace minerals other than N and P in
seawater is quite limited because of assay difficulties. Only re-
cently have reliable data become available. The vertical distri-
butions of many of the micronutrients appear to be quite different
from the distributions of N and P. The ratios of maximum concentra-
tions at various depths to surface concentrations for six micronu-
trients commonly range from 0.5 to 2 but rarely exceeds 10, (Table
II, also see ratios for Ni in Table I), contrasting with the range
of 10 to more than 400 for N and P shown in Table I. Vertical vari-
ation appears restricted for plant nutrients such as Mn, I, and Mo.
Vertical variation is somewhat greater for Cu and Zn (though still
small compared to P and N) and erratic for Co. Concentrations of
trace metals are frequently distributed vertically in random fashion.
The well-defined patterns of steady increase with depth that charac-
terize vertical distributions of P and N are poorly defined or alto-
gether lacking for most of the trace metals. Probably, physical and



Table II. Concentration ratios for ten elements in ocean water1

Date, or Element Reference
Location,or Ratio and (Depth)
Station No. Cd Cu Fe Mn Mo Ni V Zn Co I

6905 1.42 1.83 1.38 1.47 0.55 1.21 1.37 1.36 Riley and Taylor (9)
(150) (250) (1000) (500) (250) (150) (750) (250) [northeast Atlantic Ocean]

6917 1.27 4.10 1.16 1.06 1.14 1.06 2.22 0.50
(2500) (2500) (2000) (150)(2000) (150) (1500) (500)

6930 1.22 1.06 0.94 1.00 1.30 1.48 1.18 1.17
(2000) (1000) (2500) (750) (500) (750) (150) (250)

6947 1.89 2.57 1.05 1.10 1.40 1.38 1.29 1.05
(500) (1500) (2500) (150) (150) (1000) (750) (500)

6982 1.11 3.40 1.41 1.19 1.01 1.00 1.75 1.65
(450) (150) (150) (150) (450) (450) (150) (150)

6998 1.56 6.40 1.09 1.31 1.43 1.35 2.11 2.09
(2500) (1500) (2500) (1500) (1500) (500) (2500) (750)

Geosecs 5.60 4.16 2.28 2.31 1.80 Spencer at a?. (14)
Test Sta. (3500) (1000) (650) (2500) (1000) [northeast Pacific Ocean]
NE Pacific

Geosecs Test 4.65 4.31 3.92 0.32 Brewer and Spencer, (1)
Sta. lI-Sargasso (3232) (190) (3232) (390)

62H 13-1 0.80 0.69 0.92 Slowey and Hood (13)
(900) (900) (900) [Gulf of Mexico]

63A 1-7 7.70 1.54 5.90 'I

(500) (500) (500)

H
-4
H

4.-

H

4-

-4



Table II cont'd

Date, or Element Reference

Location,or Ratio and (Depth)

Station No. Cd Cu Fe Mn Mo Ni V Zn Co

63A 1-3 1.36 1.26 2.56

(700) (350) (1000)

64A 5-4 5.15 1.10 2.90

(1000) (300) (1000)

63A 1-4 1.50 0.66 3.06

(1000) (470) (1000)

65A 11-25 3.00 1.07 2.90

(750) (750) (750)

10/30/68

11/2/68

11/6/68

11/8/ 68

6/25/67

6/26/67

t:)

cr

Slowey and Hood (13)
[Gulf of Mexico]

II

3.18 Robertson (10)
(400) [northcentral Pacific Ocean]

17.20
(5350)

0.20
(100)

0.59
(15)

0.43 [northeast Pacific Ocean--
(300) off Newport, Oregon]

2.86
(500)



Table II - cont'd

Date, or Element Reference
Location,or Ratio and (Depth)
Station No. Cd Cu Fe Mn Mo Ni V Zn Co

Central 1.29 Wong and Brewer (19)
Atlantic (100 to

200)

1Ratios of the maximum elemental concentrations below the top ten m of the water column to the concentration in
the top ten in from various oceanic stations as reported in the literature. Depths (in in) of the maximum concen-
trations are shown in parentheses.

H
0

H

L)
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Figure 1. Growth records from juvenile Macrocystis sporophytes
held in unenriched deep secvater (except for Experiment DT-20H11)
punped up from depths of 300 m. Experiment DT-2011H consisted of
deep water enriched with a standard nutrient mix (see Table III).
All experiments excepting DT-2OHH grew slowly or not at all.

chemical factors control total amounts of trace metals in seawater,
and biological processes play a minor role. It appears that up-
welling processes, which renew supplies of N and P to the euphotic
zone, may be much less effective in restoring other micronutrients.

Little or no variation in the vertical distribution of elements
such as Mn, I, and Mo might indicate that supplies dissolved in sea-
water are more than adequate and such substances are probably never
limiting. Such a presumption might be valid if most of the micro-
nutrient in question were readily available to absorption by plants.
Many substances, such as trace metals in seawater, occur in a
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Figure 2. Growth records from three juvenile Macrocystis sporo-
phytes held in a plexiglass container attached to a mooring 6 km
offshore from Newport Bay, California. The container received
water continuously pumped from depths of 300 m. The plants were
temporarily held in flowing bay water in a cold room on day 16
because of an equipment failure.

variety of chemical combinations of which only a fraction may be
readily available to plants. If the "available" fraction of a
given micronutrient is a fairly small portion of the total, the
substance could be limiting growth, yet the total quantity present
might' display little or no variation in its vertical distribution.
Unfortunately, there are no suitable chemical analytical methods
that can distinguish between the "available" and "non-available"
fractions of micronutrients. The "available" fractions in differ-
ent water samples might, however, be compared by employing bio-
assay techniques. Juvenile Macrocystis sporophytes have been used
in the laboratory to compare nutritional characteristics of deep and
surface seawater.

BIOASSA IS WITH MACROCYSTIS

Experimental techniques for determining growth rates of juven-
ile Macrocystis sporophytes in the laboratory have been described

(6). In brief, plants were held in aquaria of 40 L capacity. Water

was recirculated at a flow of 15-20 L/min. Plants were held in a
narrow deep trough within the aquarium so that water flowed vigor-
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ously across the blades. Media were renewed every other day in
most experiments. Plants were maintained under continuous illumina-
tion in a temperature-controlled cold room. The shape of the aquari-
um led to the name "deep trough," and all studies using these con-
tainers were given the designation DT, followed by the number of the
experiment as seen in Fig. 1.

In one series of experiments, some plants were held in unen-
riched surface water from various sources and others in deep water
pumped from depths of 200 to 300 meters. Plants did not grow in a
medium of offshore surface water and died in a few days (5). One
plant held in surface water from Newport Bay, California, grew at
6% per day, but bay water typically contains 2 to 20 times as much
NO3 as our offshore surface samples. The average rate for young
plants in a natural kelp bed was 9% per day. Growth in deep water
was variable but maximal values of about 14% per day were obtained
in initial experiments (5, 6). More typically, however, growth in
deep water media was moderate to poor (Fig. 1).

Poor growth in deep water might be caused either by toxicity
or by inadequacy of one or more micronutrients. These two possi-
bilities were distinguished by holding young plants in flowing deep
water. If deep water were toxic, more of the toxicant should be
available in a flowing system and plants should do poorly compared
to those in a batch-culturing system without flow. If micronutri-
ents in the laboratory were limiting in deep water, they should be-
come more available in a flowing system. The results showed that
all experimental plants held in flowing water from 300 m or deeper
have grown well (Fig. 2), suggesting that poor growth in the aquaria
resulted from inadequacy of one or more nutrients. Mixtures of
equal parts of surface and deep water enhanced growth rates in the
flowing system (7). When a selected group of trace elements was
added (Table III) to deep water in experiment DT-2011H (i.e., a batch-
culture type of experiment), growth improved substantially (Fig. 1).
Concentrations listed in Table III are generally one or two orders
of magnitude higher than the naturally occurring concentration in
the ocean, except for N and P. The objective was to "swamp out" the
more subtle chemical reactions in seawater so as to force higher con-
centrations of "available" forms of these micronutrients. Selections
of elements in Table III and their concentrations were based on pub-
lished information on micronutrients as well as experiments with
sporophytes and gametophytes in this laboratory.

Information on the availability of individual elements of sur-
face and deep water has been sought by growing plants in seawater
enriched with the nutrient solution of Table III minus one constitu-
ent at a time. N and P, however, were always adequate or were in
excess. Comparisons among the records for several seawater sources
indicated that best growth always occurred for the medium in which
Zn was omitted (Fig. 3). The Mo-deficient medium also usually sup-
ported substantial growth, although generally not as good as ob-
tained when Zn was omitted. The Mo- and Zn-deficient solutions some-
times supported more rapid growth than the controls (Fig. 4).
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Table III. Standard nutriant solution for Macrocystis1.

Element Supplied As Concentration
used, ugat/L
of Seawater

Nitrogen NaNO3 or NH4C1 30.00

Phosphorus K2HPO4 2.00

Iron FeC1316H2O 1.00

Manganese MnCl2.4H20 1.00

Zinc ZnC12 1.00

Molybdenum Na2MoO4.2H20 1.00

Cobalt Co(NO3)2.6F120 0.01

Arsenic Na2HAsO4.7H20 0.30

Iodine Kb3, Kb 10.00

he Standard Nutrient Solution is used with seawater and may not
contain all trace elements needed by Macrocystis. Missing elements
would be supplied by the seawater. Zinc and molybdenum at times
may not be necessary.

Possibly Zn and Mo were inhibitory at lO6M (the concentrations
listed in Table III). However, other records have been obtained of
plants receiving Zn and Mo enrichment at 106M which equalled or
exceeded the growth rates and survival times shown in Figs. 3 and
4. Joyce Lewin (personal communication) has observed that certain
diatom species were inhibited by additions of Zn to enrichment
media. In any case, Zn and Mo normally in seawater are apparently
adequate to support vigorous growth by Macrocystis.

The media without added Fe and Co yielded variable results.
Sometimes moderate growth rates occurred for periods up to 15 days.
Sometimes results were poor even at the beginning of the experiment.
Attempts to revive test plants by adding a missing nutrient were
never successful. By the time clearly defined signs of utihealthi-
ness appeared, damage was apparently irreversible. In some cases

only a few days were required to create an irreversible condition
associated with a presumed nutritional deficiency. Possibly sea-
water varies, so that only those enrichment solutions without Fe
and Co coupled with favorable seawater would support growth.
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Figure 3. Growth records from seven juvenile Macrocystis sporophytes
held in seawater collected centrally from within the Pt. Loma, Calif-
ornia kelp bed and enriched with a standard nutrient mix (see Table
III) with one element only omitted from each experiment. Triplicate
plants were held in each medium except for DT-38A and DT-38B. The
best of three growth records is shown for each treatment.

Subsequent collection of seawater, usually 3-7 days later, might be
unfavorable for growth. If unfavorable water were used to start a
culture, poor growth could be expected immediately. Poor initial
growth would be followed by irreversible changes. Such changes
would prevent an improvement in growth when favorable water was used.
Alternatively, if favorable water was used initially, good growth
was obtained until a collection of unfavorable water was employed.
Both of these patterns were observed during the experiments. Addi-
tions or omissions from nutrient solutions of elements such as Fe,
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Figure 4. Growth records from three juvenile Macrocystis sporo-
phytes held in seawater collected about 6 km offshore from Newport
Bay., Ccrlifornia, and enriched with a standard nutrient mix (see
Table III) except for omissions of elements as indicated. In this
instance, omissions of zinc and molybdenum led to more rapid growth
than that displayed by the control plant.

that can form extremely fine particulates, could affect availability
of other micronutrients or micro-toxicants that might absorb onto
suspended particles. Additions of 106M FeC13 to seawater some-
times does favor Macrocystis growth, but the availability of this
element cannot be assessed at this time. Probably the availability
of Co in seawater also fluctuates unpredictably from adequate to
inadequate.

Five plants apiece supplied with Mn-deficient and I-deficient en-
richments failed to demonstrate suitable growth. Thus the availa-
bility of these two elements appeared inadequate under the experi-
mental conditions. Supplementing a N fertilizer with both might be
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Figure 5. Growth comparisons between juvenile Macrocystis sporo-
phytes grown in seawater from about .300 m (DT-37 Series) and plants
raised in surface water from the Pt. Loma kelp bed (DT-38 Series).
Media were enriched with the standard nutrient solution (see Table

III) except for omissions of single elements as indicated.

beneficial. However an experiment should be conducted in a flowing

system.
A full range of nutrient-omission experiments using offshore

surface water, surface water from within a large kelp bed at Pt.

Loma, and water from 300 m deep as basal media was conducted.

Except for the medium without Co, growth recorded from deep water
experiments was not appreciably better than that for surface waters.
It may have been slightly poorer in some cases (Fig. 5).

SUMMARY AND CONCLUSIONS

This initial group of experiments suggests that large differences
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Figure 6. Percent carbon and nitrogen contents of juvenile Macro-
cystis sporophytes held in various media and sacrificed serially for
analysis. Increases in both C and N after growth in nutrient-rich
deep water from about 250 m suggest enhancement of photosynthesis
and an accumulation of N.

in the availability of the micronutrients between deep and surface
water cannot be expected. It could be inferred that upwelling
processes, important as they may be for renewing N and P, are prob-
ably considerably less influential as renewal mechanisms for other
trace elements. Thus, in N-rich waters such as those which are ob-
tained during upwelling periods or in estuaries and embayments of
the Pacific Northwest, algal growth might become limited by the
availability of certain micronutrients. Dissolved and suspended
organic matter may strongly influence the availability of trace
metals. Experiments conducted in southern California might not be
valid for the Pacific Northwest because of differences in organic
contents of the seawaters. It would be wise to conduct similar
experiments somewhere in the Pacific Northwest, using water and
plants from the region in which an ocean farming operation is
contemplated.

Renewal of micronutrients other than N and P probably depends
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on runoff and local regeneration from decomposition processes. Ad-

vection, of course, is always necessary. Marine algae may accumu-
late micronutrients continuously and at fairly steady rates from
water flowing across blade surfaces. If supplies are fairly depend-
able, there may be no need for storing reserves. Inability to ac-
cumulate reserves would explain the devastating and rapidly irre-
versible effects we observed in nutrient-omission experiments. Where
a micronutrient is renewed by some intermittent process such as up-
welling, there are advantages in a storage capability. Stored re-
serves could sustain growth during periods when a micronutrient such
as N or P is scarce. Many algae increase their content of nitrogen
when transferred to N-enriched media, which suggests a storage
function. Macrocystis is no exception (Fig. 6). Fertilizing strat-
egies should take these characteristics into account. Certain
classes of limiting micronutrients might be dispersed continuously
while others should be applied only as needed.

Caution must be used when seeking to define the nutritional
quality of seawater solely by determining concentrations of in-
organic N. Other micronutrients may become limiting, particularly
where waters are enriched in N because of upwelling. Experiments
have indicated that growth rates by juvenile Macrocystis sporophytes

in seawater can be greatly stimulated by proper nutrient enrichment
(5, 6, 7). Fertilizing programs should be able to contribute very
significantly to algal biomass production and possibly make conmier-
cial operations more profitable.
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Potential Yields from a Waste-Recycling

Algal Mariculture System'
JA\IES A. DEBOER AND JOlIN II. RYTIIER

For centuries seaweeds have been an integral part of the
Oriental diet, but only since World War I have they become an import-
ant commodity in the Western World. In recent years they have been

used in the United States primarily for their phycocolloids (algi-
nates, agar, and carrageenan). Agar and carrageenan, cell wall poly-
saccharides produced by various red algal species, are widely used
in food, pharmaceutical, textile, cosmetic, and other industries as
suspending, thickening, stabilizing, and emulsifying agents (13,

26, and Moss, this volume). The principal source of agar has been
Gelidium spp., which is harvested in Japan where the agar is ex-
tracted and exported to the rest of the world. Carrageenophytes

have been harvested from natural populations throughout the world,
dried, and shipped to factories in North America or Western Europe,
where the phycocolloid is extracted and refined for sale. Most of

the world's supply of carrageenan comes from Chendrus crispus (Irish
moss) populations in Eastern Canada and to a lesser extent New
England and Northern Europe.

These seaweed resources are limited in area and are now heavily

exploited. At the same time, the demand for phycocolloids is stead-
ily increasing. The discovery that different algal species or blends
of phycocolloids from different algal species have dissimilar gelling
or emulsifying properties has led to a large number of new applica-

tions of these products. These factors together have led to screen-

ing of various species and world-wide surveys of seaweed resources
by the industry over the past two decades, in an attempt to expand

1This research was supported in part by NOAA Office of Sea
Grant, Department of Commerce, under Grant No. 04-6-158-44016, Con-
tract E(ll-l)-2948 from the U. S. Energy Research and Development
Administration, and the Jessie Smith Noyes Foundation, Inc. Contri-

bution No. 4027 from the Woods Hole Oceanographic Institution.
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the base of its operation. One example of such expansion is the
relatively new exploitation of the red alga Eucl'zeuma in the Philip-
pines and other parts of Southeast Asia. These resources, old and
new, are decreasing due to overharvesting (2, 27, and Doty, this
volume), pollution (17, 27, 29), and storm damage (18) to the extent
that the industry is resource limited. Attention has become focused
on cultivation as the only long-term solution.

Most studies with seaweeds have been concerned with their tax-
onomy, anatomy, life history, or distribution. Unfortunately, there
is very little known about the physiology and autecology of most of
these algae and even less concerning their cultivation.

CULTIVATION OF AGAROPHITES AND CARRAGEENOPHYTES

To supplement insufficient natural supplies of agarophytes,
the Japanese initiated a seaweed cultivation program several decades
ago. One method involved scattering small fragments of Gelidium or
Gracilaria (11) in bays where the plants are allowed to regenerate
vegetatively. More recently the Japanese have propagated Gracilaricz
and Gelidium (12) on ropes in shallow bays. Gracilaria culture in
Taiwan (25) has undergone a rapid expansion since its initiation in
1962. The unattached Gracilaria plants are grown in shallow ponds
of approximately 1 hectare, which formerly were used for milkfish
culture. Euchewna farming, developed in the Philippines (7, 8, 18,
and Doty, this volume), utilizes a net-culture technique that is
similar to the cultivation of edible seaweeds in Japan. No commer-
cial seaweed cultivation farms exist in North America2, but several
research projects involving the cultivation of red algae have evolved
in the past decade.

Beginning in the late 1960s, a group headed by A. C. Neish
at the Canadian National Research Council Atlantic Regional Labora-
tory near Halifax initiated studies on the culture of unattached
Chondrus crispus in tanks containing flowing seawater. One of their
early observations was that plants of different origin grew at con-
siderably different rates in the same tank. One clone (T-4) grew
much faster than others and attracted fewer undesired algal species
as epiphytes (14). Another important finding was that the chemical
composition of the plants could be altered by manipulation of the
culture environment. Neish and his co-workers discovered that plants
grown in unenriched seawater have a higher carrageenan content than
those grown in nitrogen-enriched seawater. If Chondrus grown in
nitrogen-enriched seawater was transferred to unenriched seawater,
its carrageenan content increased. The effects of several other
operating parameters were also investigated (14, 15, 23, 24).

2Atlantic Mariculture Ltd. of Grand Manan Island, New Brunswick,
Canada, uses V-shaped, air-agitated ponds as part of a commercial
Rhodymenia operation (16). Their primary objective is not culti-
vation, but rather to keep the plants alive until they can be
processed.
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Figure 1. Enclosures used in the cultivation of seaweeds at the
Woods Hole Oceanographic Institution. A - Rectangular plywood

tanks. B - Circular fiberglass tanks. C - Concrete raceways.

Following Neish's lead, several research groups in the U. S.

have experimented with growing unattached seaweeds in suspended
culture. For example, Ryther's group (3, 4, 5, 10, 19, 20, 22) in
Woods Hole and in Florida has grown Gracilaria sp., Neoagardhiella

baileyi3

Chondrus crispusj Gracilariopsis sjoestedtii., Hypnea musci-
formis, and other species in tanks (Figs. lA-B), raceways (Figs.
lC and 2), and ponds (Fig. 2). Other research teams in the U.S.

have used similar tank culture methods to grow Hypnea (9), Iridaea
(28), and Gigartina (28 and Waaland, this volume).
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Figure 2. Aluminum raceways (upper left) and PVC-lined ponds
(right) used to cultivate secrieeds at the Harbor Branch Foundation
in Ft. Pierce, Florida.

Two commercial seaweed companies, Marine Colloids, Ltd., and
GENU Products, Ltd., have started pilot Chondrus projects in Nova
Scotia, with partial support from the Canadian Government, using
modifications of Neish's technique. Full-scale production in both
projects was delayed by the slow growth of Chondrus and the diffi-
culties in control of algal contaminants (e.g., Ulva, Enteromorpha,
and Ectocarpus) in the culture system.

A WASTE-RECYCLING MARINE-POLYCULTJRE SYSTEM

Beginning about 1970, a project at the Woods Hole Oceanographic
Institution developed a waste-recycling marine-aquaculture system.
This system has the capacity of removing the inorganic nutrients
from treated sewage effluent, prior to its discharge to the environ-
ment, and recycling these nutrients into commercially valuable crops
of marine organisms.

The concept of this system is to grow unicellular marine algae
in ponds in continuous flow cultures on mixtures of seawater and
secondarily treated sewage effluent (Fig. 3). The algae are fed to
bivalve molluscs, maintained in Nestier trays in raceways. The
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Figure 3. Model of the Woods Hole waste recycling-polyculture
system.

algae remove the nutrients from the wastewater and the shellfish
remove the algae from suspension. Finally, the effluent from the
shellfish culture passes through tanks containing macroscopic algae
(seaweeds). The seaweeds remove the dissolved nutrients regenerated
by the animal culture before final effluent is discharged. The ob-
jective of this polyculture system is to achieve a low nutrient final
effluent that will meet the standards for tertiary treatment while
producing commercially valuable marine organism crops.

Two species of macroscopic red algae, Gracilaiia sp. and Neo-
agardhiella baileyi, were grown in the Woods Hole waste-recycling
seaweed-mariculture projects. Several species of Gracilaria harvest-
ed from natural populations serve as a major source of agar. Neoa-
gardhiella which contains iota-carrageenan (4), is not yet harvested
but has potential commercial value. Species of a closely related
genus, Eucheuma, which contain the same phycocolloid, are cultivated
and harvested commercially in the Philippines (Doty, this volume).
Unattached, free-floating plants were grown in concrete raceways
12.2 m (long) x 1.2 m (wide). Sloping plywood bottoms provided
depths ranging from 0.6 m to 1.5 m. The seaweeds were kept in sus-
pension by aeration from an airline at the bottom of the raceway
which extended its entire length. The aeration provided for mixing,
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Table I. Culture conditions for Neoagardhiella and Gracilaria in
raceways at the Woods Hole Oceanographic Institution during 1975-1976.

Dates

Nutrients

1N

(pM)

P043

Water Flow

l/min*

Density (kg wet

Neoagardhiella

wt/m2)

Gracilaria

Mar 20-Apr 15 37 12 48 3.9 2.8

Apr 15-May 6 14 8 48 9.5 3.9

May 6-May 20 21 7 72 8.9 5.5

May 20-May 28 11 2 72 12.3 6.4

May 28-Jun 5 27 7 72 10.1 8.1

Jun 5-Jun 12 16 7 72 11.5 8.4

Jun 12-Jun 27 34 9 96 8.2 10.2

Jun 27-Jul 16 75 13 138 5.5 5.9

Jul 16-Aug 14 58 10 96 6.6 6.3

Aug 14-Aug 27 81 14 48-144 5.9 6.5

Aug 27-Sep 18 - 48-144 4.2 4.0

Sep 18-Oct 6 48-144 3.1 2.6

Oct 6-Nov 7 70 2.6 1.7

Nov 7-Nov 21 44 8 72 3.1 2.8

Nov 21-Dec 19 37 5 60-80 2.0 2.2

Dec 19-Feb 20 40 6 60-80 3.0

Feb 20-Mar 19 60-80 2.9 -

*48 1/mm = 3 exchanges/day

gas exchange, and uniform exposure of the plants to sunlight. The
seaweed cultures received the effluent from similar raceways con-
taining various species of bivalve molluscs.

Because of major problems with the molluscan cultures during
the first year of operation, considerable research was devoted to
experimentation with flow rates, temperatures, shellfish stocking
densities, and other factors. Therefore, the chemical and physical
characteristics (Table I) of the effluent from the shellfish raceways
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Figure 4. Production rates of Neoagardhiella and Gracilaria grown
in raceways at Woods Hole Oceanographic Institution during 1975-76.

varied throughout the year. In spite of variations, the flow of
water and the supply of nutrients were not believed to have been
limiting to seaweed growth. The stocking density was varied experi-
mentally during the year because the optimum density for the maxi-
mum rate of production in the raceways had not been previously deter-
mined. Gracilaria and Neoagardlziella were monitored from March 20,
1975, to March 19, 1976.

Production was measured by dip-netting the algae from the race-
ways, draining the plants in nylon mesh bags, and weighing. After
weighing, the biomass was reduced to its initial weight or allowed
to accumulate. Populations were weighed at intervals of about 1
week during the period of most rapid growth in spring and early
summer and at longer intervals during the remainder of the year.
Samples of the algae were oven dried at 60° C to determine the
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relation between fresh and dry weight. Production rates or yields
were expressed in terms of dry weight which ranged between 10 and
15% of the fresh weight.

The seaweed production rates are shown in Fig. 4. Neoagardhi-
ella had surprisingly high rates of production in the spring (22-41
g dry weight/m2day) and summer (20-36 g/m2day). Gracilaria pro-
duction rates were variable, increasing from 4 g/m2day in April to
43 g/mday in early June and decreasing again during the latter
part of the summer to 7-18 g/m2day. Production rates of both species
declined during the fall and early winter. By mid-December the Graci-
lana production rate had fallen to zero, and the plants had deteri-
orated. Neoagardhiella remained viable (although stunted) with a
production rate of 6 g/m2day.

Gross seasonal changes in production appear to be correlated
with both water temperature and incident solar radiation. The sea-

water entering the bivalve mollusc cultures was heated in winter to
enable the shellfish to feed and grow, but it had cooled to as low
as 13° C by the time it entered the seaweed cultures and as low as
8° C when it left during midwinter. From June 1 to October 1, how-
ever, when the water temperatures and solar radiation were presumably
optimal for the seaweeds (3), production showed little correlation
with those variables. Low production rates then were probably due
to the high densities of seaweeds maintained in the raceways (as
high as 12.3 and 10.2 kg fresh weight/m2 for Neoagardhiella and
Gracilania, respectively).

SEAWEED MARICULTLJRE- -OPERATIONAL CONSIDERATIONS

In addition to using seaweeds as a final step in a waste
recycling-polyculture system, they may also be grown in a one-step
waste recycling system to remove the nutrients directly from mixtures
of seawater and secondary sewage effluent. This one-step system has
been more successful than polyculture because of its simplicity.
Even so, there are several operational parameters which need examina-
tion to ensure success and to optimize yields.

One important operational consideration in the polyculture ex-
periment was the biomass of seaweeds to be maintained to provide max-
imum yield per unit of area. Two experiments were conducted to de-
termine the relationship of seaweed density to the growth rates and
production of Gracilania sp. One experiment was conducted June 2-28,
1976, and the other, November 3-30. Each of six plywood tanks (Fig.
lA) was stocked with 180-4000 g fresh weight/m2. These tanks, 2.4 m
long x 1.0 m wide x 1.2 m deep at maximum, were designed with sloping
bottoms. An airline on the bottom along the deep side of each tank
enabled the plants to be maintained in suspension and circulated by
aeration. The tanks were in a geodesic dome fitted with a vinyl
cover to retain heat during the winter. Filtered seawater heated to
18.5-21.5° C was enriched with ammonium chloride and sodium phosphate
to give a concentration of 50 pM NH4+ and 10 pM P043. This sea-
water was circulated through the tanks continuously at a rate of 2
tank volumes (3650 liters) per day. Three times per week the plants
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Figure 5. Specific growth rates and production rates of Gracilaria
as a function of culture density in the tanks at the Woods Hole
Oceanographic Institution during 1976.

were weighed and the density in each tank adjusted to the initial

stocking density by harvesting the incremental growth. The specific

growth rate (i4, equivalent to the percent increase per day, was

calculated by the equation:

lOO(ln"No)

where No is the initial biomass and N is the biomass on day t.
The mean specific growth rates and production rates at the
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Figure 6. Specific growth rates and production rates of Neoagardhi-
ella baileyi as a function of culture density in tanks at the Woods
Hole Oceanographic Institution during 1975.

different mean densities are shown in Fig. 5. The average solar
radiation was 549 langleys/day (ly/day) during the late spring ex-
periment and 152 ly/day during the late fall experiment. The growth
rate decreased exponentially with increasing culture density from
14%/day to 4%/day during the spring and from 9%/day to L%/day in the
fall. Production, or yield, which is a function of both specific
growth rate and density, was highest at an intermediate density of
3000-4000 g fresh weight/rn2 in spring. In the fall, maximum pro-
duction was achieved at densities of 2000-2500 g fresh weight/rn2.

Another experiment using similar methods (3) investigated the
relationships among growth rate, production rate, and density in
Neoagardhiella baileyi. The results, shown in Fig. 6, are averages
over the entire 40-day experiment (Nov.-Dec., 1975), when the mean
incident solar radiation was 136 ly/day. Maximum production occurred



36

-. 34
z
4
z
Li 32
Ui

4
30

4
0

28

15

Li 10
I-4

I 5
I-

0
a:
0

0

YIELDS FROM WASTE-RECYCLING ALGAL MARICULTURE 241

I

I I I 1/ I

I
.I._

I I

TI

I
.

I II I I

-' - -'
-, '-, 0

NITROGEN CONCENTRATION (M NH4 N)

Figure 7. Effects of nitrogen enrichment on the growth rate and
carrageenan content of Neoagardhiella grown in tanks at the Woods
Hole Oceanographic Institution during 1976.

at densities of 2000-2500 g fresh weight/rn2. During brief periods
(ca 1 week) of sunny weather when the solar radiation averaged 160
lIday, productivity increased markedly to a peak of 22 g dry wt/
mL/day at a density of 2900 g fresh wt/m2. During cloudy periods
(85 ly/day) production decreased to less than 5 g dw/m2/day at den-
sities of 500-1500 g fresh wt/m2.

These experiments indicate that to obtain maximum yields of
Gracilaria and Neoagardhiella, the density should be maintained in
the range of 1800-2800 g/m2 during the winter, 2800-4500 g/m2 during
late spring and summer, and at intermediate densities during the
remainder of the year. These relations between production and sea-
weed density for Gracilaria and Neoagardhiella are similar to those
reported for other red algae. For example, the maximum rate of pro-
duction for Chondrus during the summer was obtained at a population
density of 5800 g fresh weight/m2 (15). The optimum density for
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Iridaea in April was approximately 2100 g fresh weight/rn2 (28).
The optimum depth of the culture system is another variable

that is best determined empirically. Shacklock et al. (24) found
that the growth of Chondi'us was greater at a depth of 91 cm than it
was at either 46 or 1800 cm. Experience with various types of cul-
ture enclosures and modes of circulation of the plants and water has
shown that the optimum depth for the suspended cultures of Gracilaria
and Neoagardhiella is 60-110 cm.

Another critical operating parameter in seaweed cultivation is
the concentration of nutrients necessary to sustain a maximum growth
rate. Ryther and Dunstan (21) found that nitrogen is the chemical
nutrient most likely to limit algal growth in marine waters. Sea-

weed studies have also indicated nitrogen to be the critical limit-
ing factor in the Woods Hole seaweed mariculture system. As a re-
sult, an investigation (4) was undertaken (Mar. 21-Apr. 8, 1976) to
determine the concentration of ammonia at which maximum growth rate
occurs in Neoagardhiella baileyi. Each of the six tanks described
in the density experiments was stocked with 1500 g of the algae.
Influent nutrient concentrations of the enriched seawater ranged
from 4 to 70 pM NH4+ and from 1 to 14 pM P043, respectively, in
five of the experimental tanks, with an unenriched seawater control
in the sixth tank. The continuous flow rates were equivalent to
three tank volumes per day. Every 3 days the algae were weighed and
the biomass in each tank adjusted to the initial stocking density.
Growth rate (Fig. 7) increased with increasing nitrogen concentra-
tion up to approximately 0.8 pM 4+ but remained constant at higher

concentrations.
At the conclusion of the experiment described above, the carra-

geenan content was determined. Details of the methods and results
have been previously reported (4). Carrageenan (Fig. 7) was highest
at a residual nitrogen concentration of 0.8 pM 4+ and was less at
both higher and lower nitrogen levels. These results are similar to
those of Neish and Shacklock (15) who found that Chondrus grown in
unenriched seawater has more carrageenan than when grown in nitrogen-
enriched seawater. Our results show, however, that even higher
levels of carrageenan can be produced at low (0.5-1.2 pM) N114+ con-
centrations than in unenriched seawater.

In another study3 it was determined that the half-saturation
constants for growth in Gracilaria and Neoagardhiella are approxi-
mately 0.5 pM NH4+ or NO3 . These constants are very low, demonstra-
ting that seaweeds can utilize very low concentrations of inorganic
nitrogen.

Half-saturation constants for growth in phytoplankton are

3DeBoer, J. A., H. J. Guigli, T. L. Israel, and C. F. D'Elia.
Studies on the cultivation of the macroscopic red algae. I. Growth

rates in cultures supplied with nitrate, ammonium, urea, or sewage
effluent. (In prep.)
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usually in the 0.1-5 M range for inorganic nitrogen. As far as we are
aware, no other studies describe the half-saturation constants for
growth or uptake of inorganic nitrogen by seaweeds. This study also
showed that ammonia-grown Gracilaria and Neoagardhiella exhibit high-
er growth rates than nitrate-grown plants, that both species show
a decided preference for ammonia over nitrate in mixtures of the two,
and that growth of both species is essentially equivalent whether the
nitrogen source is secondary sewage effluent or chemical fertilizer.

These results indicate that for maximum biomass and carrageenan
production, the inorganic nitrogen concentration should be maintained
at 0.5-1.5 iiM j}4+ Because of diurnal and other changes in the rate
of nitrogen uptake by the seaweeds, maintaining optimum nutrient con-
centration constantly is difficult. Some simple indicator of the
nutrient condition or status of the plants would facilitate large-
scale culture operations. The nitrogen:carbon ratio (N:C) of the
plants may serve as that indicator. Growth rate (Fig. 8) increases
with increasing N:C atomic ratio up to approximately 0.85 with no
increase in growth rate at higher N:C ratios. This and other studies
(4) indicate that plants having an N:C ratio above 0.85 are probably
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not nitrogen limited but lower ratios suggest nitrogen limitation.
Additional studies under a variety of environmental conditions are
necessary to substantiate these findings, but initial results indi-
cate that large deviations in the N:C ratio can be used to predict
a nitrogen deficiency or surplus. Such an indicator would be ex-
tremely useful in seaweed mariculture to show when and how much to
fertilize for maximum biomass and phycocolloid production.

A simple color index may be used as an indicator of nutrient
status and phycocolloid content (4). Plant color in Neoagardhiella
is due primarily to the relative proportions of chlorophyll and the
red accessory pigment, phycoerythrin. Fig. 8 shows the phycoerythrin
concentration as a function of the N:C ratio. Phycoerythrin concen-
tration increased rather consistently with increasing N:C ratio.
Plants with high concentrations of the red pigment appear dark
reddish-brown while those with very low levels are yellow to straw
colored. However, before such a simple color index of phycocolloid
content and nitrogen status is considered reliable, it must be verified
that other nutritional deficiencies that may not affect carrageenan
levels do not influence the development of the accessory pigment.
At very high light intensities, for instance, photo-oxidation of
pigments occurs, so that in those circumstances pigmentation may not
be a valid indicator of nutritional status and carrageenan content.

One common observation is that if the seaweed density varies
greatly from the optimum or if the nitrogen concentration is higher
than is necessary to support the maximum growth rate, algal contam-
inants often proliferate, significantly decreasing both the growth
and the economic value of the cultured species. We have found that

if the plants are grown near the optimum density and at optimum
nutrient concentrations (1-2 iiM NH4+ or NO3 ), the algal contamin-
ation does not become serious. We have shown that the carrageenan
content is also higher in plants grown at low nitrogen concentra-
tions. The agar content in Grac-LZ.aria sp. is also higher at low
nitrogen concentrations4. A nitrogen level to maximize both growth
rate and polysaccharide content is a crucial parameter.

SEA WEED MARICULTURE- -PRODUCTIVITY

The polyculture experiment described previously was conducted
before the density and nutrient experiments. The densities in the
raceways were at times far above those optimum for the maximum rate
of production. The production rates were, therefore, probably lower
than might have been obtained if optimum densities had been maintained

throughout the year. Nevertheless, the mean annual dry weight pro-

duction was 17 g/m2.day or 63 metric tons/hectareyear for Neoagardhi_-
ella and 9 g/m2.day or 33 t/ha.year for Gracilaria. These rates may

4DeBoer, J. A. Effects of nitrogen enrichment on growth rate and
phycocolloid content in Gracilaria foliifera and tveoagardhiella
baileyi. Submitted to Proceedings of the Ninth International
Seaweed Symposium.
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be higher than would be realized in a commercial enterprise because
the raceways were maintained at elevated temperatures for approxi-
mately 6 months of the year. Annual production rates based on a 5 1/2-
month growing season when the raceways were not heated (May 8 Oct.

20, 1975) were 46 t/ha.year and 28 t/hayear for Neoagardhiella and
Gracilaria, respectively (Table II).

Table II. Comparative productivity values for cultivated seaweed
crops.

Species Location
Annual
Production
tons/hectare
dry weight

Culture
Method

Reference

Neoagardhiella Massachusetts, USA 46.0 Raceway This study

Gracilaria Massachusetts, USA 28.0 Raceway This study

Gracilaria Florida, USA 46.0 Tank 10

Hypnea Florida, USA 39.0 Tank 10

Iridaea Washington, USA 20.0 Tank 28

Gracilaria Taiwan 7-12.0 Pond 25

Gracilaria Taiwan 2.0 Net 18

Gracilaria Japan 0.4-1.3 Bay 11

Eucheuma The Philippines 13.0 Net 18

Gelidium Japan 1.5 Stones 18

Gelidium Korea 1.4 Stones? 6

Porphyra Japan 0.3-3.0 Net 18,29

The yields obtained in this study were similar to those re-
cently reported for Gracilaria sp. and Hypnea musciforrnis grown
in essentially the same way but for shorter periods at the Harbor
Branch Foundation in Florida. In other small-scale, short-duration
experiments, production rates of cultured seaweeds exceed these val-
ues 2-3 fold (3, 9, 16, 28, and Waaland, this volume), but these
yields have not been substantiated by large-scale, long-term produc-
tion studies. However, given favorable growing conditions it seems
realistic to expect production rates to exceed 50 t/ha/yr based on
a 5- to 6-month growing season in temperate latitudes. The yields
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obtained in both the Woods Hole and Florida studies are considerably
greater than values reported in the literature for other highly
profitable seaweed crops (Table II) and are as high or higher than
many agricultural crops (5, 10).

SUMMARY AND CONCLUSIONS

Most agarophytes and carrageenophytes currently cultivated are
grown attached to ropes or nets (1, 13, and Doty and Mumford, this
volume). These methods, although profitable in some areas, are
labor intensive and are, therefore, best suited to countries with
low labor costs. The method used in the present study, growing un-
attached plants in raceways or ponds, is a more versatile means of
culture and one that could easily be mechanized.

We have used domestic sewage effluent as a nutrient source in
the waste-recycling polyculture systems in Woods Hole and in Florida,
but other nutrient sources could also be used. Alternative nutrient
sources include agricultural wastes from cattle feed lots or swine
farms, wastes from seafood processing plants or other food process-
ing wastes, and wastes from open animal mariculture systems such as
penaeid shrimp farms. In all of these applications seaweeds can be
used to lower the nutrient and heavy metals content of the wastes,
enabling the discharge to meet state and federal regulations. Algae
may also be incorporated into a closed animal mariculture system,
serving as biological filters to remove the animals' toxic metabolic
wastes. Upwelled, nutrient-rich waters may also be used as a nutri-
ent source in seaweed mariculture systems (9), and conventional com-
mercial fertilizers will serve as adequate (though perhaps more cost-
ly) nutrient sources in seaweed monoculture operations.

In summary, cultivated seaweeds are apparently among the most
productive primary producers and prospects for seaweed cultivation
look optimistic. However, there is still a need for considerable
basic and applied research on the biology of the macroscopic marine
algae. Both biomass and phycocolloid production are undoubtedly
functions of many interrelated variables: availability of chemical
nutrients, light intensity, light quality, photoperiod, turbidity,
CO2 availability, mixing, rate of water exchange, temperature, pop-
ulation density, culture depth, water quality (toxins, growth en-
hancement factors, p1-I), and the seaweeds themselves (differences
among species and physiological races, seasonality of growth, etc.).
Results of our studies on some of these variables suggest that, if
properly managed, the yields of seaweed mariculture can be sub-
stantially increased.
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-14-
Potential Yields of Marine Algae

with Emphasis on European Species
TORE LEVRING

This chapter will deal mainly with the benthic vegetation
of Europe, its composition, productivity, and commercial use. The
coastlines to be treated here extend from the Arctic Sea south to the
Strait of Gibraltar and include those of inland seas such as the
Baltic and Mediterranean. Most shores of western Europe are rocky
and constitute a suitable substratum for a well developed marine
algal vegetation. Many of these shorelines are exposed to a heavy
sea.

THE EUROPEAN ALGAL FLORA

The flora is naturally not the same in the north as in the
south. Temperature is the major controlling influence (Table I).
It is, therefore, important to consider that the west coast of Europe
is affected by the Gulf Stream and experiences temperatures higher
than normal for that latitude.

The classic attempt to divide the algal flora of western Europe
into geographical groups was made by B$rgesen and Jdnsson (5). They
distinguished the following five groups: arctic, subarctic, boreal-
arctic, cold-boreal, and warm-boreal. Additions and adjustments have
since bden made to this system. The character of the flora of a cer-
tain area is often determined by calculating the percentage of the
total number of species which belong to each of these groups. It is
obvious that species with a wide distribution are normally eurytherm-
al, and those with a limited one, stenothermal. It is clear that the
flora gradually changes from arctic to warm-boreal as one proceeds
southward (Table II).

The influence of the tide on coastal vegetation is well known.
The littoral zone, normally characterized by regular submerging and
draining twice in about 24 hours, contains several species of com-
mercial importance. The difference between the tide levels in
Europe, as elsewhere, is slightly unequal. Normally the tide is



252 TORE LEVRING

T able I. Average water temperatures in different regions of Europe
given in degrees C.

Region Warmest month Coldest month

Spitzbergen
o

+ 6 C
o

2 C

Northern Norway
o

10
0

1

Western Norway 14
o

15 2
o

3

Western Sweden 17 - 19° 1 3°

British Isles, west 15
o

18 8
0

9

British Isles, east 13
o

15 4
o

5

Western France 16 - 17° 8 9°

Portugal
o

17
0

13

1.0 - 3 m, but in some places it is different because of local con-
ditions. The extreme tides of the bay between Normandy and Brittany
in France are famous. The difference of level reaches 14 m at spring
tide (St. Malo) and at neap tide is 6 m. On the Isle of Man, be-
tween Ireland and England, the spring tide is about 9 m and the neap
tide, 5 m. The south point of Norway (Lindesnes) has no tides at
all. On the Swedish west coast like in the Baltic the tide is almost
negligible (0.1 - 0.3 m). The sea level changes observed here (0.4-

0.5) are mainly due to winds.
One factor which is not normally considered in connection with

the geographical distribution of marine algae is day-length. We do
not know much about photoperiodism in marine algae or how this phen-
omenon influences distribution and development, but recent studies
have shown that it does. It is obvious that photoperiodic reactions
are involved in certain stages of the life history of several species
(10,14 , 22). It may be a factor to consider in connection with
large-scale culture.

From the North of Europe to the South the day-length differs
considerably in different seasons. At Spitzbergen, for instance,
there is complete darkness for 4 months of the year and 24 hours of
daylight for 4 months. The corresponding figure for North Norway is
2 months. Scotland, Denmark, and South Sweden have about 6 hours of
daylight at midwinter and 18 at midsummer. Southern Europe has 9
and 15, respectively.

The sketch (Fig. 1) by Chapman (7) gives the outlines of the
zonation on an average West European rocky shore. Various Fucaceae
dominate the littoral. In the uppermost part Pelvetia canaliculata
is found. It is followed by Fucus spiralis. The main part of the
littoral is occupied by Fucus vesiculosus and Ascophyllum nodosum.
In areas with exceptionally great tides the development of the
Ascophyllum communities can be enormous. In the lower part of the



Table II. The number of marine algal species in western Europe given as the total and percent of
total in the three major algal divisions.

Group
Spitz-
bergen

White Norway,
Sea Arctic

Norway,
western

Sweden,

western
Baltic,

south
British
Isles

France,
western

Por-
tugal

CHLOROPHYTA

Number of Species 19 41 35 86 79 55 116 75 60

Percent of Total 19.6 22.0 16.4 22.8 23.7 47.0 18.8 15.4 14.8

PHAEOPHYTA

Number of Species 47 81 104 133 119 37 179 137 98

Percent of Total 48.4 43.0 49.0 35.3 35.6 30.0 29.0 28.1 24.3

R1IODOPHYTA

Number of Species 31 66 74 158 136 28 321 275 246

Percent of Total 32.0 35.0 35.0 41.9 40.7 23.3 52.2 56.5 60.9

Total species 97 188 213 377 334 120 616 487 404

0

H

cI

0

0

['3

01
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Figure 1. Typical zonation on a European rocky shore (after

Chapman, 7).

littoral is a Fucus serratus belt, and around the low water line
Lcvninaria digitata appears. All these algae can be collected by
hand at low tide. Laminar-Za hyperborea is normally always submerged.

A great number of small algae are also found in the littoral
and sublittoral. Chondrus crispus and sometimes Gigartina stellata
form communities in the lower part of the littoral. The diagram
illustrates normally developed vegetation as it appears in western
Norway, Great Britain, Ireland, and northwestern France. Very ex-
posed or very sheltered localities differ. With very strong expo-

sure, most of the fucoids disappear.
The flora changes gradually between the Arctic Sea and Portugal

(Table III). At Spitzbergen the littoral vegetation is poorly developec
due to the ice. The tide is slightly less than 1 m. Of the major
West European algae Ascophyllum and Laminaria hyperborea are lacking.
Others, like Alaria grandifolia and Laminaria digitata and saccharina
are very well developed.

Iceland has a rich and abundant algal flora. The southern part
of the island has a warm-boreal character. The rocks are covered
with belts of Pelvetia, Fucus spiralis, vesiculosus, and distichus.
Broad belts of Ascophyllum often dominate. Considerable amounts of
the carrageenan-yielding species Chondrus crispus and Gigartina
stellata are also found.

The west coast is influenced by Atlantic water, the east and
north coasts by arctic water. In the south and west the seawater
never freezes, in the other parts only rarely. The vegetation and
the chemical composition of several species have recently been
studied by Munda (23, 25, 26, 27). Laminaria hyperborea, Alaria
esculenta, and Saccorhiza polyschides are common and well developed.



Table III. The occurrence and harvest of connerciallj valuable algal species in Europe1.

Species
Spitz-
bergen

Ice-
land Norway

Den-
mark

W. Ger-
many

British
Isles France Spain

Por-
tugal Note

Pelvetia canaliculata o o o o o o o

Fucus spiralis o o o o o o o o

vesiculosus o o o o o o o o

distichus o o o o

serratus 0 0 0 0 0 0 0 0
Ascophyllum nodosuni 0 + 0 + 0 0 0 0 0 0
Bifurcaria bifurcata 0 0 0 0

Halidrys siliquosa o a o a o 0

Cystoseria sp. 0 0 0 0
Sargassum sp. 0 0 0
Lajninaria digitata 0 0 0 + 0 0 0 0

hyperborea o o + o o o + a + o o

saccharina o o o a o o o o

Saccorhiza polyschides 0 0 0 0 0
ALaria 0 0 0 0

Porphyra umbilicalis o o o o o + o

Pterocladia capillacea a o Azores o +

Lithothamnion calcareum o o + o o

Farce liaria fastigiata o o + o o a USSR Baltic o +

Chondrus cris pus o o o o o a + o + o +

Gigartina stellata etc. 0 0 0 0 0 0 +

Phyllophora o o o o o o o

Rhodymenia palmata o o o o o a + o o o

hose locations where the alga occurs are designated by 0; where it is also harvested, the designation is +.

0

0

>

I'3
Cr
Cr
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Chemical analysis of several of the most common littoral species
showed a remarkably high protein content in some.

According to Haug and Myklestad (13), the area covered with
rockweed and kelp in Norway is as large as that of cultivated land.
The vegetation has been studied by the Norwegian Institute of Sea-
weed Research. These investigations form one of the few serious
attempts made to evaluate the standing crop of an area rich in sea-
weeds (2, 3, 4, 12, 32).

Laminaria hyperborea is the dominant alga along the exposed
coast. Printz (32) estimated the weight of this species to comprise
80-90% of the total algal vegetation. It dominates in the sublittoral
zone to a depth.of 12 - 15 rn. Densities of up to 30 kg/m2 have been
recorded. The mean density is estimated at 7.2 kg/m2, with a regener-
ation time of 3 4 years. It corresponds to a mean yearly yield of
2.4 - 1.8 kg/rn2 according to Svendsen (33). Drift-weed is cast ashore
in enormous quantities, especially in the southwest part of Norway.

Together with Laminaria hyperborea, Ascophyllum nodosum is the
most harvested species in Norway. It grows in great quantities just
below Fucus vesiculosus and prefers protected localities. The max-
imum density has been calculated to 26 kg/m2, and the mean to 5.2

kg/m2. The coast of Sweden, eastern Denmark, and the Baltic are
special types. There is practically no tide, the littoral zone is
only 0.4 - 0.5 m. Futhermore, the salinity of the sea water is re-
duced. On the Swedish west coast it is about 20 - 30 /oo and in the
Baltic less than 8°/oo. As salinity decreases, the algae become
fewer. A great number of the Atlantic species disappear. From a
commercial point of view, however, there is at least one valuable
species, Furcellaria fastigiata, which is harvested in quantities.
It is collected in Denmark and the USSR (formerly Lettland). This
species, which is common to most parts of Europe, occurs in parts of
the Baltic and between the Danish Isles as a loose form which only
reproduces vegetatively.

The only place of the North Sea coast of West Germany where
bottom conditions are suitable for a normal algal vegetation is
Heligoland. The vegetation corresponds to the sketch in Fig. 1.
The quantities of seaweeds, however, are not large enough for any
commercial utilization. The growth conditions in the North Sea
have recently been reported in some detail by LUning (18, 19).

The algal vegetation of the British Isles has been studied by
many phycologists. The sketch for this area (Fig. 1) was originally
made by Chapman. In places with great tides, e.g., the Isle of Man,
the littoral zone extends vertically with heavy algal growth as a
result. The same is true in northwestern France, especially in the
bay between Normandy and Brittany.

On the Atlantic shores of Spain and Portugal the fucoids of
northwestern Europe gradually disappear. The littoral becomes dom-
inated by other brown algae and various red ones: Chondrus, Gigar-

tina species, Gelidium species, and Pterocladia. In the sublittoral
zone Saccorhiza polyochides, Laininaria digitata, and hyperborea

form communities.
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THE USE OF SEA WEEDS

Only a moderate number of the algal species growing along the
coast of Western Europe are commercially useful. In certain areas
some species are used as food for humans or cattle. This is a very
old tradition. Porphyrcz umbilicalis,know-n as layer, is used for
human consumption in Wales. In Ireland, at least on the west coast,
air-dried Rhodmenia is eaten. Ascopl-iyllum in earlier days was used

as pig feed in Norway and elsewhere. The use of Porphrcz and Rhody-
menia is, however, of little commercial importance.

According to the Icelandic sagas, several algae were eaten as
long ago as A.D. 961, especially in times of starvation. Sheep
still graze on fresh Rhodmenia, Alaria, and other algae. It is
also known that in Scandinavia seaweeds were burned for salt pro-
duction during the Middle Ages.

Farmers in coastal districts have long used seaweeds as ferti-
lizer. In many places in Europe they still do. Seaweeds which have
drifted ashore are collected and stored in stacks. Today some algal
products are manufactured as growth stimulants for certain horticultur-
al plants. These products are interesting and probably should be eval-
uated in a scientific manner. For production of seaweed meal, Asco-
phylluni is the main raw material in Europe. This is an important
industry in Norway, where products are of a high quality. The total
output there is about 15,000 tons a year. Meal is also made in Ice-
land and Ireland. For the alginate industry, Laininaria hyperborea
is the main raw material. In Norway L. digitata and to some extent
Ascophyllum are also of importance. Lcvninaria is harvested for this
purpose in Great Britain, Ireland, France, and Norway. Part of the
raw material is collected as drift-weed or cut by hand at low tide.
Several experimental harvesting machines have been constructed, but
most of them have turned out to be useless on open coasts. One,

however, is used successfully in Norway (Fig. 2).
Chondrus, Gigartina, Gelidium, and Fterocladia are used for the

manufacture of agar and carrageenan. They are all harvested by hand.
Of special interest is the use of Furcellaria in Denmark and along
the Baltic shore of the USSR.

QUANTITATIVE SURVEY METHODS

Good knowledge of the different seaweed producing areas is
essential, but sound quantitative studies of seaweed growth rates
and yields are in fact rather scarce. There are only a few areas
which have been investigated thoroughly in this respect: Scotland,
Nova Scotia, the southwest coast of Norway, and the California kelp
beds. It is important to distinguish between biomass (or standing
crop) on one hand and production or potential yield (harvest) on
the other. There is also a distinction between theoretically feas-
ible harvest estimates and those which are economically practical.

Rough seas can make rocky localities with a very rich algal
growth inaccessible for collectors or divers. Cold uninhabited areas
may have a great biomass, but collecting and transport costs may be
far too high to make harvesting economically feasible.
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Figure 2. Large sec&'eed dredge designed for fishing boats of 20

meters. Its capacity is 1,000 kg of La.ininaria. Its net weight is

about 500 kg (after Svendsen, 33).

Some algae, like Fucus, Cystoseira, or other fucoids, may be

easy to harvest but have little practical value.

Different methods have been developed for surveying the algal

beds. Littoral beds must be examined in a different way from the

sublittoral ones. The methods employed depend on the actual species

and the topography of the sea bottom. The first detailed studies of

algal resources were those by Cameron (6). The kelp beds of the

Pacific coast of North America were charted from small vessels. Dur-

ing the last world war some other methods were tried in Great Britain
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and will be discussed later.
Littoral weeds (rockweeds) can be estimated by weighing cut

samples and determining the areas occupied by the different species.
For calculations of total seaweed quantities the following two meth-
ods have been used: 1) multiply the mean density (weight per unit
area) by the area of the beds, or 2) multiply the mean weight per

m shoreline by the length of the shoreline. The second method is
preferable as only the shoreline length has to be measured, which
normally can be done on a map. However, it is difficult to obtain
an accurate estimate of the weight per m of shoreline. Aerial photo-

graphs may be of great help. The structure of the Ascophy 17_urn zone
has been treated statistically using such methods by Baardseth (3).

At the Marine Botanical Institute in Göteborg considerable in-
terest has been directed towards algal growth and seaweed resources
of the world. Dr. G. Michanek, in particular, has devoted many
years to such investigations (16, 21).

HARVESTS COMPARED TO POTENTIAL YIELDS IN WESTERN EUROPE

The main areas of seaweed harvesting are Iceland and Norway
(Ascophyllurn, Larninczria); Denmark (P'urcellaria); Scotland, Ireland,
and France (Ascophyllurn, Larninaria, Chondrus, Gelidiurn); and Spain

and Portugal (Gelidiurn).

Iceland

Iceland's seaweed resource is one of the largest in the world,
but very little is used today. According to old sagas several sea-

weeds were eaten. Rhodyrnenia is rarely collected for human consump-
tion, but sheep still graze on it and fresh Alaria. Production of
seaweed meal from Ascophyllurn started in 1960 for sale on the domes-

tic market as a supplementary cattle food.
The algal vegetation of Iceland has been studied recently by

Munda (23, 24, 26, 27). A study of the chemical composition of the
most common littoral algae shows the content of protein (in some
cases notably high), fat, niannitol, and alginic acid. Some of these
algae could possibly be used as raw material for industrial purposes.
The density for some important communities was also calculated in
kg/rn2 wet weight by Munda (25): Chordaria 3.0 kg, Fucus vesiculosus
up to 7.0 kg, F. distichus up to 5.6 kg, Ascophyllurn up to 7.7 kg,
Porphyra wnhilicalis up to 2.3 kg, Gigartina stellata up to 5.6 kg,
and Rhodyrnenia palmata up to 3.6 kg.

USSR (Arctic)

The Arctic coast of the USSR has a rich algal vegetation. The
density of the Ascophyllurn beds of the Murman littoral is reported
to be up to a wet weight of 28 kg/rn2. The weight of the rockweeds
is estimated to at least 500,000 metric tons. The sublittoral is
dominated by Larninaria digitata and saccharina, with an estimated
wet weight of 5 6 million tons. The algal beds of the White Sea
appear to be larger than those of the Nurman peninsula. The amount
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of Laminaria is reported to be 800,000 tons, Fucus 25,000 tons, and
Zostera 400,000 tons (38, 39).

Norway

The algal vegetation of the Norwegian coast is very rich. It
is one of the few areas of the world where quantitative studies of
the seaweeds have been carried out on a large scale. These investi-
gations have been assessed through the Norwegian Institute of Sea-
weed Research. According to Haug and Myklestad (13) the area covered
by seaweeds is as large as the area of cultivated land in Norway.
The most harvested species are Ascophyllun?, Laminaria d-igitata, and
hyperborea. Gigartina was earlier collected in small quantities,
but this harvesting has ceased entirely.

Ascophyllum occurs in large quantities on littoral rocks, es-
pecially in sheltered localities. Normally this species forms a
belt immediately below the Fucus vesiculosus belt. Below Ascophyllum
lies Fucus serratus. Baardseth (4) has studied these communities
quantitatively. The weight ratio between the three communities of
Ascophyllum : Fucus vesiculosus : Fucus serratus was found to be
100 39 : 41. The density of the Ascophyllum belt varied between
0 and 26 kg/rn2 wet weight. The mean value is calculated at 5.2
kg/rn2. Baardseth estimates the fresh weight of the entire stock of
Ascophyllum along the Norwegian coast to 1.8 million tons.

Lajninaria hyperborea is the dominant sublittoral species down
to a depth of 12 to 15 m. It is estimated to represent 80 90 per-
cent by weight of the total algal vegetation of Norway (31). The
mean density has been calculated at 7.2 kg/rn2 fresh weight, but
values up to 30 kg/rn2 have been recorded. The regeneration time has
been estimated at 4 years (32), which would give a yearly yield
of 1.8 to 2.4 kg/rn . Harvesting every third year gives a high, per-
haps the maximum, profit from the beds (12). Drift-weeds, especially
in the southwestern part of Norway, are also harvested. After autumn
storms countless thousands of tons are washed ashore. The occurrence
of drift-weeds has been especially studied by Printz (31).

Lajninaria hyperborea has been commercially harvested from the
bottom with special dredges since 1964. Together with L. digitata
and Ascophyllum it is used for alginate manufacturing. According
to Jensen (15) about 50,000 tons of fresh Ascophyllum is processed
yearly, producing about 15,000 tons of seaweed meal. An estimated
1.8 million tons of fresh Ascophyllum is available in Norway. An
annual harvest of 10 percent could produce 50,000 metric tons of
seaweed meal (4). The potential yield of the brown algal vegetation
can be estimated at 210,000 tons and the actual harvesting at 75,000
tons.

Sweden

The algal flora is fairly rich, especially on the west coast.
However, the vegetation becomes reduced due to the lowered salinity
and the lack of tides encountered in the Baltic. The only investi-
gation of hard-bottom algal communities on the Swedish west coast
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was made by Gisldn (11) in 1930 and should be repeated. The average
densities in kg/m2 fresh weight were Ascophyllum 15.3, Halidrys 10.0,
Fucus serratus 8.4, Laminaria hyperborea 5.7, L. digitata 8.0, L.
saccharina 3.6, Furcellaria 3.2, CoralZ,ina 3.0, Chordaria 2.3, and
Ulva 2.0.

Seaweeds have long been used by coastal populations for ferti-
lizer and fodder. Fucus was used to cover the ridges of thatched
houses and Zostera was used as straw for the cattle and as building
insulation. Today, seaweeds are scarcely employed except in small
amounts for fertilizer. The comparatively small quantities of sea-
weeds on the Swedish coast and the high wages make the raw material
prohibitively expensive. During the last war, a small industry start-
ed south of Göteborg for production of seaweed meal. It seemed prom-

ising, but closed after a few years.

Denmark

The first investigation concerning the productivity of benthic
marine vegetation was carried out in Danish waters (30). A special
dredge, the Petersen grab, was designed for this research, which
dealt with the production of eelgrass (Zostera) on soft bottoms and
the study of the relation between food availability and marine ani-
mal stocks. Production, calculated as kg/m2 dry weight, was found
to be 1.92 for maximum growth, 1.12 for medium growth, and 0.54 for
minimum growth. This corresponds to a yearly production in Danish
waters of 8 million tons dry weight or 24 million tons wet weight.
Fucus also grows abundantly, but this species is not harvested (17).

The red alga Furcellaria fastigiata is common and widely dis-
tributed in Europe. Normally it occurs from 2 to 30 m attached to
hard bottom, stones, or other algae. It is also found in Danish
waters loose lying in protected areas with sandy bottoms. In places

it is almost pure and free from other algae. For more than 30 years
it has been trawled for commercial purposes. In the early 1940s the
yearly harvest was a few thousand tons but increased to 20 30,000
tons by the 5 companies involved in harvesting. This led to heavy
overharvesting and finally a depredation of the stock. Only one of
the original 5 companies still exists, but the crop has more or less
recovered. The trawling is now done in a satisfactory way and the
beds are controlled. The potential sustained yield is estimated at
11,000 tons per year. The 1975 harvest was 10,700 tons.

Furcellaria is used as raw material for ItDanagar.tt Chemically
it is often known as furcellaran, which is not a true type of agar.

USSR (Baltic coasts)

The quantity of attached Furcellaria has been estimated at

80 90,000 tons. That which is loose lying on soft bottoms is
judged to be near 150,000 tons. The Furcellaria found on the Baltic
shore is one of the most important red algal resources of the Soviet
Union. The potential yield is estimated at about 50,000 fresh weight
tons and the actual harvest at 25,000 tons per year.
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Weet Germany

On the Baltic coast (184 km) the Fucus biomass has been esti-
mated at 40,000 tons or 217 tons/km. However, because the vegeta-
tion is spread out, density is only 1-2.5 kg/m2 fresh weight.
Harvesting would probably not be profitable.

Hard bottoms on the North Sea coast are found essentially only
on Heligoland. However, the area is not large enough for commercial
utilization. LUning (18, 19) found the following standing crops:
Fucus serratus 3.7 kg/rn2 fresh weight at 0 m, Laminaria digitata
5.6 kg/rn2, and L. hyperborea with a maximum of 11.1 kg/rn2 at 2
Dense vegetation was found only between 1.5 and 4 m.

United Kingdom

During World War II sources of raw material became important
and available supplies were inventoried. This inventory included
a preliminary investigation of the coastline from Dorset west to
Lands End, north along the west coast, around Scotland, and south to
Yorkshire. The purpose was to find the coastal beds of rockweed
and large stands on the bottom. A more detailed survey was planned
later. Scotland was made the object of one of the most extensive
assessments of seaweed populations ever carried out. This research
was organized and carried out by the Scottish Seaweed Association
and the Institute of Seaweed Research.

Several survey methods were used. Some estimates were made by
observation, either by walking along the coast or in shallow water
under bright sunlight from the bow of a boat. Calibrated grapnel
devices were deployed from boats either with or without the aid of
echo-sounders. Echo-sounders were found to be 90 percent reliable,
under favorable conditions, in determining the boundaries of stands.
Aerial photography ultimately proved to be the most successful
method. In the littoral zone, an estimated 180,000 tons of rock-
weeds were distributed over 870 km with a density of at least 4 kg/m2.
Seventy percent of the population grow on the Outer Hebrides and
22 per cent on the Orkney Islands. The dominant species is Asco-
phyllum nodosum.

The survey of the sublittoral kelp was carried out between 1946
and 1955. Along a coastline of over 8,500 kin representing 8,000 km2
of kelp-supporting bottom, 10 million tons wet weight of Laminaria
were estimated to be growing in water from 0 to 18 m in depth. The
mean density was 1.25 kg/rn2. According to Walker (35, 36, 37, 38)
4 million tons were found in densities (average 3.7 kg/rn2) along a
2,700 km coastline with 1,000 km2 of bottom productive enough to be
of significance.

According to estimates made by the Institute of Seaweed Research
in 1956 in Scotland, it was possible that from the 10 million tons of
Laminaria (mainly L. hyperborea) growing in Scottish water, 1 million
tons wet weight, equivalent to 200,000 tons dry weight, could be har-
vested each year. Complete recovery of the harvested area would be
guaranteed by such sustained yield practices. Lcsninaria hyperborea

is dominant in most places, constituting 80 - 100 percent of the
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Table IV. Estimates of European seaweed consumption compared with
potential pields of species of two major algal divisions given in
metric tons wet weight for 1975.

Acually harvested Potential

PHAEOPHYTA RHODOPHYTA PHAEOPHYTA RHODOPHYTA

Region (Brown algae) (Red algae) (Brown algae) (Red alg

Iceland 700 100,000 2,000

USSR-White Sea 5,000* - 400,000* 2,000*

Baltic Sea - 25,000* 50,000*

Norway 75,000 210,000 2,000

Sweden 5,000

Western Germany 3,000 20

Denmark 10,700 11,000

United Kingdom 26,200 - 20,000
150

1,000,000

Ireland 25,000 - 75,000 700

France 51,300 8,900 225,000 10,000

Spain 1,000 59,000 50,000 75,000

Portugal - 23,500 25,000 46,000

Total 185,000 100,000 2,000,000 200,000

- 125,000

*Natjonal data are not authenticated.
i-rock weed
2kelp

Laminariaceae. L. digitata reaches 0 5 percent, and L. saccharina,

0 15 percent. In some places Saccorhisa polyschides reached
1 percent.

Gigartina and Chondrus are found in harvestable quantities from
Cornwall to Scotland in the west and on the south coast of Scotland
and north coast of England in the east. About 100 tons have been
harvested but operations seem now to have ceased (20).

Ire land

On the west coast of Ireland there is a rich algal vegetation,
with beds extending a considerable distance from shore. Unfortunately,

the waters make harvesting by boat impossible and the shores are often
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1000 tons wet weih 1975

26

SEAWEED HARVESTING IN EUROPE

S

Figure 3. Seaweed harvesting in Europe.

inaccessible from land.
Chondi'us crispus (Irish moss), which occurs in quantity, is

mainly harvested by hand at high tides (34). Laninaria hyperborea
and limited amounts of L. digitata are mainly collected as drif t
weed and serve as raw material for the alginate industry. The har-
vest varies from 1 to 3,000 tons. AscophyZlum and Fucus are mainly
cut by hand and used with drift-weed for production of seaweed meal.
The standing crop of Ascophylluin has been estimated at 150,000 tons
wet weight.

Saccorhiza polyschides occurs in large quantities. The mean
density in the Cork area is 8.8 kglm2 (29). This is more than twice
as much as in Norway, Scotland, and Spain.

France

Brittany and Normandy are the two main areas for seaweed utili-
zation in France (Atlantic coast). Lajninaria3 Fucus and Himanthalia
are used as fertilizer in Brittany. Audoin and I'drez (1) made a
study of the Laninaria communities along 100 km of the Calvados
coastline. The number of Laminaria digitata plants per m2 was about
25, compared to 45 in Brittany. For an area 17 km2 they estimated
the standing crop to be 100,000 tons. The potential yield of brown
algae can be estimated at 225,000 tons. There is commercial harvest-
ings of Chondrus crispus, which is common on the rocky shores of the
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Table V. The approximate percentages of potential seaweed yields
actually harvested in various regions of Europe.

Region Phaeophyta Rhodqphyta

Iceland 0.7 0.0

USSR-White Sea 1.2 0.0

Baltic 0.0 50.0

Norway 35.0 0.Q

Sweden 0.0 0.0

Western Germany 0.0 0.0

Denmark 0.0 98.0

United Kingdom 26.0 0.0

Ireland 33.0 0.0

France 23.0 89.0

Spain 2.0 78.0

Portugal 0.0 51.0

same area. The estimated potential is 100,000 tons per year.
Lithothamnion calcareum, known only in France, occurs in large

quantities in banks, known as "maerl bottoms," on the coast of
Brittany. The product, originally used in the fields to improve
crops, is now dredged commercially. The final product is sold often
under the trade name "Goemar." The product contains various trace
elements and organic growth substances and has a neutralizing effect
on acid soils. It is extremely porous and contains calcium and mag-
nesium in the ratio 10:1. It is also used in the hardening of acid
drinking water.

Spain

Agar is the main product of the Spanish seaweed industry which
ranks as the second largest in the world, exceeded only by that of
Japan. Gelidiuin, Gigartina stellata, and Chondrus crispus are used
as raw materials. Most are collected on beaches after autumn and
winter storms. From May to October weeds are collected by hand at
low tide or harvested by frogmen. Some Fucus is used for production
of animal fodder.

Portugal

The algal flora of Portugal is rich. Gelidium sesquipedale
and other species (G. attenuatum, latifolium, and pusillum) are
harvested for agar. On the Azores, Pterocladia capillaceae is the
main raw material. For carrageenan manufacturing Chondrus crispus
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Table VI. Worldwide potential sustained yields and actual harvests
of two divisions of marine algae given in thousands of tons wet
weight per year. The percent of the potential harvest represented

by actual harvests is also gi'en.

Rhodophyta Phaeophyta

Potential Recent Potential Recent

Area yields harvests- % yields harvests1 %

ArcticSea

NW Atlantic 100 35 35.0 500 6 1.2

NE Atlantic 200 100 50.0 2,000 185 10.7

WC Atlantic (10) 1,000 1 0.1

EC Atlantic 50 10 20.0 150 1 0.7

Mediterranean
& Black Sea 1,000 50 5.0 50 1 2.0

SW Atlantic 100 23 23.0 2,000 75 3.7

SE Atlantic 100 7 7.0 100 13 13.0

W Indian Ocean 120 4 3.3 150 5 3.3

E Indian Ocean 100 3 3.0 500 10 2.0

NW Pacific 650 545 82.0 1,500 825 56.0

NE Pacific 10 1,500 -

WC Pacific 50 20 40.0 50 1 2.0

EC Pacific 50 7 14.0 3,500 153 4.4

SW Pacific . 20 1 5.0 100 1 1.0

SE Pacific 100 30 30.0 1,500 1 0.7

1Recent levels of harvests are based upon estimates for 1971-73.

and various Gigartina species are harvested. Seaweed collection is

restricted to the second half of the year, in order not to interfere
with the reproductive cycle of Gelidium and Pterocladia. There are

also brown algae (La'ninaria digitata, L. hyperborea, Saccorhiza
polyschides, and Himanthalia elongata) in such quantities that har-

vesting could be possible.
Madeira has no algal industry, although there are large beds

of Cystosira abies marina and Pterocladia. At least a modest utili-

zation might be possible.
Estimates of European seaweed consumption and potential yields
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are grouped together in Table 4 and Fig. 3. The figures are based
on the FAQ Yearbook of Fishery Statistics, 1975 (9), supplemented
by estimates from Michanek (21) and Naylor (28). The corresponding
percentage figures for major sources have been calculated in Table 5.

WORLD-WIDE SEAWEED UTILIZATION

The world's seaweed resources are still not exploited fully.
Increased harvesting is dependent on economic factors such as the
demand for products and the cost of harvesting and processing. The
global production of red algae could probably be increased by at
least 50 percent. Utilization of the brown algae biomass could
probably be increased 20 times. An estimate of the potential yield
contrasted with the actual harvests of seaweeds in the world is
found in Table VI.

One means of satisfying the demand for algal raw material is
by large-scale culture of selected species. Cultivation has long
been practiced in Japan and is now being introduced in other areas.
There is no commercial cultivation in Europe. A group of marine
biologists in France (31) proposed to introduce Macrocystis, and
some preliminary studies have been carried out. The idea is not
new. Similar plans were advanced in Great Britain after the last
war, but were never realized. The project was regarded as too haz-
ardous, because of possible injurious effects on fishing in the
North Sea. For the same reason there has been very strong resist-
ance to the present French project. However, new uses for seaweeds
certainly will be found which will increase the demand for raw ma-
terial. The importance of marine plants to the world-wide economy
seems destined to increase.
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CARBOHYDRATES

The algal compounds used by man in the largest amounts and for
the greatest length of time are the carbohydrates. Carrageenan is
a good example. Carrageenan is the cell wall polysaccharide found in
a number of red algae. The species most used in commercial produc-
tion are Chondrus crispus and Gigartina stellata. Actually carra-
geenan is not a single compound but in a mixture of polysaccharides,
each of which contains closely related a-D or -D galactose units
which are sulfated to various degrees. Carrageenans were originally
classified on the basis of their solubility in potassium chloride
solutions (30). Kappa-carrageenan, precipitated by potassium chlor-
ide, consists of 1,3 linked -D-galactose 4-sulfate and 1,4 linked
3,6-anhydro-n-D-galactose (2, 4, 37). Lambda-carrageenan is not
precipitated by potassium chloride and is considered to be composed
of alternating units of 1,3 linked -D-galactose 2-sulfate and 1,4
linked a-D-galactose 2,6-disulfate (Fig. 1). Now it appears that
the composition of carrageenan is much more complex. For instance,
K-carrageenan also apparently contains units of 1,4 linked n-D-
galactose 6-sulfate, 1,4 linked a-D-galactose 2,6 disulfate, and
various others as well (51). It is not known whether these units
represent rarely encountered units in the K-carrageenan chain or
whether they represent a chain of highly sulfated units which is
itself a minor constituent of the K-carrageenan fraction.

As with the K-carrageenan fraction, the structure of K-carra-
geenan is idealized to some extent, since a number of various sul-
fated galactose units are found in the fraction in addition to the
two primary ones. Further clarification of the structure of K- and
A-carrageenan, as well as other carrageenans that have been named,
is dependant on methods to separate carrageenan fractions and to
unambiguously degrade the molecule.

271
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CHOH CH

K- CARRAGEENAN
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A CARRAGEENAN

Figure 1. Partial structures of K- and X-carrageenan.

Carrageenan has properties which make it attractive for numer-
ous applications. It stabilizes emulsions (puddings), improves
smoothness and consistency (ice cream), and is an excellent suspend-
ing agent for cocoa (chocolate milk). Many of the uses of carra-
geenan are rather new, and demand for it has resulted in new indus-
tries in many parts of the world. it is now apparent that the de-
mand for carrageenan will continue to outstrip the supply in the
foreseeable future.

Agar is one of the most valuable products derived from algae.
It is obtained primarily from the red algae Gelidium and Gracilaria
although several other red algae have also been used for agar pro-
duction. Agar is a complex carbohydrate which is not degradable by
most living organisms. It can be fractionated to yield two products,

agarose and agaropectih (3). Agarose is a neutral linear poly-
saccharide containing 1,3 linked -D-galactose units attached to
1,4-linked 3,6 anhydro-a-L-galactose units (Fig. 2). Sometimes a

-D-galactose unit is replaced by a unit of 6-O-metliyl-D-galactose.
The frequency of occurrence of 6-O-methyl-D-galactose units varies
from 1% to 20% of the total agarose depending on the particular sea-
weed from which it was obtained. Thus, agarose itself has slightly
different properties depending on its origin.

Agaropectin is also composed of galactose residues, but in
agaropectin these residues frequently contain acidic groups such as
sulfates, pyruvates, and glucuronic acid. There is no agreement on
whether agaropectin is composed of a single polysaccharide or several
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Figure 2. Components of the structure of agar and alginic acid.
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(9). The specific structure of agaropectin cannot be known without
more careful analytical work.

Although agar has numerous commercial uses, all of them are
overshadowed by its well-known employment in the preparation of plate
cultures in microbiological work. Due partially to the decline in
the production of agar-producing algae in Japanese waters and its
increasing cost, carrageenan and alginic acid are replacing agar in
some products. Carrageenan has largely replaced agar in the manu-
facture of pet food and alginic acid substitutes for agar in the
making of dental impressions (5). A relatively new development is
the purification of agarose from agar for use in electrophoresis,
gel filtration, and as a molecular sieve for separation of sub-
stances of a high molecular weight.

The third major algal polysaccharide of commerce is alginic
acid. The same problems of structure are present that are encount-
ered with carrageenan and agar--difficulty of achieving purity and
lack of unambiguous means of degradation. Although early work in-
dicated that alginic acid was a polymer of -1,4 linked-D-mannuronic
acid (14), it is apparent now that alginic acid is composed of both
-1,4 linked-D-mannuronic acid and -1,4 linked L-guluronic acid
(Fig. 2). The ratio of mannuronic acid to guluronic acid varies in
different brown algae such as Laminaria, Ectocarpus Macrocystis
and Ascophyllum. The alginic acid molecule apparently contains
blocks of D-mannuronic acid residues, blocks of L-guluronic acid
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residues, and in portions of the molecule, the two acids alternate
(13).

Alginic acid is usually used commercially as salts of sodium,
calcium, ammonium, or potassium. Alginates are now used in scores
of food products, especially frozen foods, desserts, salad dressing,
and bakery products. Alginates suspend cocoa in chocolate milk, re-
duce ice crystal formation in ice cream, and serve as an emulsifying
agent or a consistency-improving agent producing smoothness in a
product as carrageenan does. The development of a propylene glycol
alginate (45) gave a product which is stable under acidic conditions
and opened a new application for alginates--the suspension of pulp
in fruit drinks. Agar and carrageenan are not acid stable and can-
not be used for this purpose. New applications for alginic acid
arise regularly and demand is sharply increasing.

A polysaccharide prepared in Denmark from Furcellaria fastigata
is called furcellaran. It resembles K-carrageenan chemically, al-
though it appears to have a branched structure and the sulfate con-
tent is generally lower. The properties of furcellaran are inter-
mediate between those of agar and carrageenan. Furcellaran can be
used in many of the food applications of other products (5).

A number of brown algae contain polysaccharides rich in L-
fucose. These polysaccharides are now termed fucoidan and are found
in Fucus, Ascophyllum, Pelvetia and other brown algae. Fucoidan
apparently varies in composition and quantity from species to species,
and definitive chemical work on it is still incomplete.

Many other polysaccharides of almost endless variety apparently
are present in seaweeds. Although man is utilizing some of them for
agar, carrageenan, alginic acid, etc., there is no assurance that
the most useful chemical structures in this group of compounds have
been discovered. More work is needed on chemical structure, altera-
tion of structure, and separation of fractions of mixed polysacca-
rides. Determination of factors leading to variation in composition
and advances in the production and harvest of these plants will pro-
duce a larger and more productive marine plant industry. There is
every indication that demand will outstrip supply.

LIPIDS

Only recently has a significant amount of structural work been
accomplished on the fatty acids of algae. The algae contain the
usual catty acid chains with an even number of carbon atoms, but the
green, red, and brown seaweeds, in particular, also produce signifi-
cant quantities of 18-, 20-, and 22-carbon fatty acids with 3, 4, or
5 double bonds which are "essential" fatty acids in the mammalian
diet (50, 55). These acids are also effective in lowering blood

cholesterol. Twenty-carbon polyunsaturated fatty acids such as these
are biological precursors in the synthesis of prostaglandins, an ex-
tremely potent new class of drugs. Prostaglandins are 20-carbon,
oxygenated, unsaturated fatty acid derivatives which were first iso-
lated from the genitals and seminal fluid of man and sheep (Fig. 3).
Their possible medical applications include such areas as fertility
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Figure 3. Unsaturated fatty acids and prostaglandins from marine
sources.

control, labor induction and abortion, and reproductive biology. They
occur in mammals in such small quantities, however, that other sources
have been sought for prostaglandins for experimental research. A gor-
gonian, Plexaura homomalla, has recently been found to be a rich
source of 15-epi-PGA2, which, although not active, can be converted
chemically to the active PGA2 (52, 53). Although prostaglandins have
not been reported in marine algae, their biochemical precursors are
present. The possibilities of the presence of prostaglandins or sub-
stances convertible to prostaglandins in marine algae is worthy of
research.

In an energy-conscious world, living plants are now being examined
as a source of hydrocarbons to replace our historical fossil sources.
In the last 10 years a number of new and interesting hydrocarbons have
been identified from marine algae. In Ascophy 11am nodosum, the poly-
unsaturated hydrocarbon, all cis-3,6,9,12,15,l8-heneicosahexaene has
been isolated (54). In Ascophyllum this compound apparently occurred
exclusively in the reproductive parts. This C21 hexaene and its bio-
synthetic precursor, the corresponding C22 hexaenoic acid, are found
together in a number of green and brown seaweeds (54). Although the
C22 acid is relatively abundant, the hydrocarbon is usually found in
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DICTYOPTERENE B DICTYOPTERENE Dl

Figure 4. Structure of Dictyopterene B and D' from marine algae.

quantities too small to be considered of economic interest as an
energy source.

Most living organisms contain a series of n-paraff ins ranging

from 15 to 33 carbon atoms in length. In some higher plants the con-
centrations of these hydrocarbons can be of economic interest. In
algae, these odd-chain hydrocarbons are present but only in small

quantities.
One more possibility of using algae to produce hydrocarbons

should be considered. The freshwater green alga Botryococcus pro-
duces, as over 10% of its dry weight, a series of polyunsaturated,
high-molecular-weight hydrocarbons containing from 27 to 31 carbon

atoms. Under conditions which are poor for growth, this organism
goes into a resting stage (6, 26) where up to 70% of the weight of

the organism is made up of these hydrocarbons. Similar hydrocarbon

synthesis in marine algae has not been reported, but neither the
economic potential nor the biosynthetic capabilities of such organ-
isms should be underestimated.

A number of new hydrocarbons have been isolated from brown algae
in recent investigations. Dictyopterene B (Fig. 4) and several re-
lated C11 unsaturated hydrocarbons have been isolated from species
of the brown alga Dictyopteris (32, 40). During this same time peri-
od, Muller discovered and isolated the sex attractant produced by the
female gametes of the brown alga Ectocarpus siliculosus (33). Mass

culturing of the algae produced enough of the attractant to identify
it as an unusual Cll cyclic compound referred to as dictyopterene D'
(35) (Fig. 4). Chemical conversion of dictyopterene B to dictyop-

terene D has been accomplished (1, 25). More recent work with Fucus
indicates that besides a similar sex attractant, there is also a hy-
drocarbon, apparently having a lower molecular weight (15, 34).
These reports are just the beginning of our chemical understanding
of the reproductive process in algae. Such hormone-like compounds

in algae may also affect the animals feeding on them. Paffenhufer

has speculated that the sex ratios of adult Calanus helgolandicus
may depend on the amount of heneicosahexaene (21:6) in the diet of
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Figure 5. Sterols of brown a7gae.

the immature copepods. Increasing ratios of males were found using
diets with increasing amounts of 21:6 (38).

The sterols of many marine algae have been examined in recent
years. Nearly all of the red algae contain cholesterol as their
principal sterol and are the only large group of plants to do so
(39). Many brown algae contain 24-methylene cholesterol or sarin-
gosterol (Fig. 5), although fucosterol is the principal sterol in
all species examined (39). These sterols were thought to produce
the hypocholesterolemic action in chicks which were fed a diet con-
taining them (42). The unsaponifiable fraction from clams contain-
ing these sterols also lowered blood cholesterol (41). The hypo-
cholesterolemic action of sitosterol, a terrestrial plant sterol,
was not as pronounced. Sterols of marine plants may be important
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Figure 6. Unusual sterols from the marine environment.

in the diet of marine invertebrates because many of them have been
demonstrated to be incapable of sterol synthesis (49). Sterols are

considered indispensable to the life of virtually every living being.
Mariculture ventures should proceed with these possible requirements

in mind. Sterols with extremely unusual structures have been iso-
lated from marine organisms in recent years. Sterols with unprece-

dented side chains containing 7 carbons (24-nor-cholesta-5,22-dienol),
11 carbons (24-propylidene cholesterol), and a cyclopropane ring
(gorgosterol) (Fig. 6) have been isolated from marine plants and

animals (12, 17, 18). Although these unusual structures are now
frequently found in marine organisms, attempts to demonstrate their
biosynthesis have failed (11). The biochemical or physiological
significance of such unusual structures is unknown.
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Figure 7. Structures of laminine, taurine, and giUartinine.

NITROGEN COMPOUNDS

Because of the large accumulations of such carbohydrates as agar,
carrageenan, alginic acid, and others in seaweeds, protein composi-

tion is necessarily lower on a percentage basis than in the micro-

algae. Neither the amino acid composition nor the feeding value to
animals of the protein of these algae has been sufficiently studied.
When one considers the large amount of seaweed material available as
a by-product of algal polysaccharide production, it appears that more

information in this area would be valuable. For instance, two new
amino acids, gigartinine (Fig. 7) and the closely related gongrine,
were isolated from the red alga Gymnogongrus flabeiliformis (22, 23).

A survey of 25 species of algae (24) showed that gigartinine was
widely distributed in the red algae. Our knowledge of essential
amino acid requirements of marine animals lags far behind that of

terrestrial animals. Amino acids which are unusual from the terres-

trial point of view but are widely distributed in marine plants may
play an important role and could even be essential amino acids in
the diet of marine animals.

Several brown algae have been used in the Orient as hypotensive
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drugs for many years. The active principle, laminine, is widely
distributed in the Laiitinariaceae (47, 48) (Fig. 7).

Taurine and several other related compounds have been isolated
from the red algae, Ptilota, Porphyra and Gelidium (29).

ANTIBIOTICS

One of the most promising potential uses of seaweeds is in the
production of antibiotics. Antibiotic properties of algae have been
known for decades, but as yet none have reached commercial use.
Dictyopteris zonczrioides produces two components which are reported
to be highly fungitoxic although apparently not antibacterial (10).
They are the isomeric isoprenoid hydroquinones, zonarol and isozo-
narol (Fig. 8). The corresponding quinones were also isolated and
all of these compounds were effective against fungal plant pathogens.

The red algae Digenia of the Middle East and Chondria of Japan
have long been used as anthelmintics. Murakami purified and identi-
fied the active compound from Digenea as L-n-kainic acid (36). The
active principle from Chondria is domoic acid (Fig. 9), an analog of
L-c-kainic acid (8, 46).

The intestine of the penguin contains a potent antibacterial
substance identified as acrylic acid (CH2CH COOH), whose origin was
traced through the food chain to marine algae (43).

Several bromine-containing compounds have recently been iso-
lated from the red alga Laurencia. The first of these compounds
was isolated from L. glandulifera and was named laurencin (19)
(Fig. 10). Closely related compounds were isolated from L. nipponica
(20, 21). These unusual compounds are cyclic ethers containing one
or more bromine atoms and an acetylenic bond. Although a number of
brominated natural products have shown activity as antibiotics, little
yet is known about the medicinal or other values of laurencin and re-
lated compounds.

Many bromophenols are suspected to have a close connection with
antibiotic properties in some algal extracts. Cragie and coworkers
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(7) have isolated 3,5-dibromo-p-hydroxybenzyl alcohol from Odontha-
ha and Rhodomela and dipotassium 2,3-dibromo-benzyl alcohol-4,5-
disulfate (Fig. 10) from Polysiphonia lanosa (16).

Several tannin-like substances which have antibiotic proper-
ties occur in Sargassum. These substances, called sarganins, have
not been chemically identified (31).

Polyphenol extracts from Sargassum contain antifouling proper-
ties which, although they are apparently not of commercial quality,
may affect the growth of epiphytic organisms (44).

ENERGY

One of the promising new developments in the use of algae for
commercial purposes has been in the field of energy. Nearly all
commercial uses of algae take advantage of some chemical component
abundant in the algae. With rapid depletion of fossil hydrocarbons
and sharply increasing energy prices, it is expedient to examine
marine plant biomass in terms of its energy value. In this new con-
cept of algal utilization, methane, produced by anaerobic fermenta-
tion of Macrocystis is considered to be the primary product (28).
Alginic acid, mannitol, inorganic salts, and animal feeds are among
the by-products.

Complete modern analyses of the components of Macrocystis are
not yet available, but the major components which may be commercially
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utilized are listed below along with their maximum concentrations
on a dry weight basis: mannitol (14%), alginic acid (24%), lami-
narin (21%), and potassium chloride (4%). Other components include
protein (13%), fats (0.5%), cellulose (8%), fucoidan (2%), and sev-
eral inorganic salts. The chemical composition of these algae fluc-
tuates drastically, so a flexible scheme to take advantage of this
variability is necessary.

The carbon/hydrogen ratio of Macrocystis is about 6:1 which is
a favorable ratio for conversion to liquid fuel. The overall energy
content of Macrocystis is about 4,400 BTU/lb which is comparable to
salad vegetables such as lettuce and celery (27). While this value
is only about 1/3 that of soft coal, it is 6 times that of oil shale.
The higher growth rate of Macrocystis gives it superior potential to
many terrestrial plants for biomass conversion.

A kelp processing plant could operate as follows: raw kelp is
chopped and pressed at 625 psi, removing up to 83% of the fresh
weight. From this juice mannitol, other soluble carbohydrates, and
salts such as potassium chloride can be recovered. An attractive
option is to treat the pressed cake with Na2CO3 for extraction of
alginic acid before preparation for anaerobic fermentation. Anaerobic
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fermentation with yeast to produce ethanol is feasible, but fermen-
tation producing methane is favored. Carbon conversion of this
process is estimated to be near 50%. Sludge from the fermentation
process can be used as a feed supplement or as fertilizer.

Such a process has the following advantages: (1) market demand
for these products is high, (2) there are many viable alternate
methods of processing, (3) fermentation technology is well developed,
(4) dry plant material is not necessary, and (5) the process is po-
tentially profitable even with plant material known for its variable
quality.

Process data are now being analyzed prior to design of a pilot
plant (27).

SUMMARY AND CONCLUSIONS

In summary, commercial utilization of algae for specific chem-
icals is limited primarily to the carbohydrates, agar, carrageenan,
and alginic acid. Other carbohydrates such as mannitol, laminarin,
furcellaran, fucoidan, and related compounds show promise but are
not used widely in commerce at present. The essential fatty acids
and sterols may be important if algae are used as feed in mariculture.
They both have potential as starting materials in the synthesis of
other chemicals. Research to determine the presence of prostaglan-
dins in seaweed would be useful. Direct production of hydrocarbons
by algae does not appear to be sufficient to be of commercial value,
but little research has been directed toward screening important
seaweeds for hydrocarbons or determining if large-scale hydrocarbon
production can be induced as in Botryococcus.

Laminine, domoic acid, and L-ci-kainic acid have been shown to
be of medicinal value, and algae containing them have been used for
medicinal purposes for years, but commercial development of these
drug sources has not occurred. No antibiotics are now commercially
produced from algae, but zonarol and isozonarol look promising.
Other antibiotic principles have been isolated from a number of
algae, but testing of them is incomplete. Perhaps the most exciting
new development is the possibility of recovering economically com-
petitive methane or other energy-rich compounds from various vari-
eties of seaweed. Such processes not only could produce needed
energy but would help to make possible economic recovery of many
other algal products.
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Potential Pharmaceutical Products

GEORGE II. CONSTANTINE

The development of pharmaceutical products has progressed
from the art of the tribal medicine man preparing secret potions, to
the discoveries of cause and effect relationships of diseases (Koch,
Pasteur, Lister), to the conquering of previously fatal or debili-
tating diseases (polio, small pox, etc.), and currently to the de-
sign of medicinal agents at the biochemical or molecular level. Many
of the pharmaceutical products now available were discovered by for-
tunate accidents or suggested by the use of plants in folklore, or
were developed by chemical modifications of previously known active
compounds. One need only recall the chance isolation of penicillin
by Fleming, or the discovery that extracts of Catharanthus (peri-
winkle), being evaluated for hypoglycemic activity, had the capabil-
ity of altering the growth of certain neoplasms, or the recognition
that certain antimicrobial sulfonamide derivatives had hypoglycemic
properties and subsequently could be used in the treatment of dia-
betes, to show that these approaches may continue to be valid.

In more recent times, the approach to drug discovery has become
more systematic. The risk and cost of chance discoveries may out-
weigh their potential benefit. Modern research proceeds in a more
orderly fashion, primarily modifying known chemical entities to yield
compounds of either greater potency and/or less toxicity. This has
resulted in a myriad of pharmaceuticals which in many instances sur-
pass the qualities of their predecessors, but unfortunately in some
cases do not. A few examples of such drugs include 1) psychothera-
peutic agents since the discovery of the phenothiazine nucleus,
2) the modifications of the penicillin nucleus to yield agents which
are as effective orally as the injectables, 3) the modification of
the steroid nucleus to yield hormones and other agents to mimic our
own body processes, and 4) the potent agents currently utilized for
treating hypertension.

289
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In some areas of research involving chemical modification tech-
niques, the chemically modified components have yielded a host of
effective and useful components. The cephalosporin antibiotics are
a typical example of chemical proliferation. The organism secret-
ing an antibiotic was discovered by Brotzu off the coast of
Sardinia in 1945. Subsequent isolation of cephalosporin C by Chain,
Florey, and Abraham in 1954 made available an entire new group of
potentially useful antibiotics. Since that time there have been
no fewer than 3000 compounds derived from this nucleus and 12 of
these are currently marketed in this country.

Chemical modification has repeatedly provided more effective
and safer drugs, but there is still need to search for new basic
starting molecules upon which additional structures can be built.
The search for new and more effective chemical entities with
biologic activity has taken a variety of routes. Not only is there
a quest for compounds from natural sources but the place where
these compounds have an effect in the human body must be determined.
Research on the activity of drugs in the body has greatly expanded
in the past decade. The study of pharmacokinetics, pharmacodynam-
ics, drug receptors, and biotransformations will greatly influence
the development of new drugs. Some information concerning develop-
ment and evaluation of new drugs is useful before considering the
future of marine products and specifically algal products in
pharmacy.

DRUG DEITELOPMENT

There are constraints placed upon the pharmaceutical industry
in the development of a new product. If interesting activity is
discovered in an extract or mixture of components, isolation and
purification of the active principle must be accomplished. Such
isolations are often lengthy and tedious, though isolation tech-
niques have advanced significantly in the past decade.

After isolation and identification, chemical and physical
characterization is required. Technology has advanced so that a
complete structural formula often can be determined within months.

Prior to initial studies of a chemical entity in humans,
the full pharmacological spectrum and its pharmacokinetic character-
istics (absorption, fate, excretion) must be thoroughly explored in
lower animals of several species. An Investigational New Drug (IND)
application must be submitted to the Food and Drug Administration
(FDA) prior to administering a new drug to man. This document

contains the results of lengthy preclinical tests in animals, the
composition and properties of the drug, studies of the drug's
metabolism, and the procedures and tests for production and quality

control.
Following submission of the IND, initial clinical studies in

healthy human volunteers may begin. These may be followed by

controlled clinical trials if the initial results are favorable.
The extent and duration of these trials varies. If clinical trials
are successful, selected practicing physicians will receive the

drug for testing in patients. Since no single agent can be
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tested on all types of patients or under all conditions, these
trials may continue into the period of general clinical use. There-

fore, agents are introduced in this country in which toxicities
appear only after extensive long-term use. Consequently, the
development of an entirely new drug for use in fertility control,
for example, may be prohibitive due to the costs and the long
testing time required for certification.

After all trials are complete, the manufacturer can submit a
New Drug Application (NDA) to the FDA. In 1973, five NDA's were

approved for new chemical entities. It took an average of 6.6

years to receive this approval (34).
The pharmaceutical industry is not alone in its difficulty in

dealing with increased constraints. Since the promulgation of the
Toxic Substance Control Act (Public Law 94-469, October 11, 1976),
agro-chemical development may also be impeded. If one envisions
drug development for veterinary utilization, one must also be
aware that not only is the FDA responsible for approval of such

products, there are U.S. Department of Agriculture standards which
must be met.

These constraints paint a bleak picture for future drug develop-

ment. However, they have not yet caused the pharmaceutical
industry to reduce their research and development budgets (Table I).

Note the investment and the amount placed into basic research.

Table I. U.S. applied R & D expenditures on pharmaceuticals, bp
product class, 19?3-1974

Ranking Percentage Share of Percent

Per Year Product Class Applied R&D Dollar Change

1974 1973 1974 1973 1973/1974

1 1 Central nervous system 18.5% 17.4% + 6.3

2 2 Anti-infectives 17.8 15.8 + 12.7

3 4 Cardiovasculars 15.1 15.4 + 18.0

4 3 Neoplasms 14.0 15.4 9.1

5 5 Digestive 6.2 6.0 + 3.3

6 9 Respiratory 4.8 3.9 + 23.1

7 8 Biologicals 4.5 4.0 + 12.5

8 7 Dermatologicals 3.5 4.1 14.6

9 10 Vitamins 2.1 2.0 + 5.0

a 6 Diagnostics 5.1

Other 6.1 5.8 + 5.2

Veterinary preparations 6.9 7.2 4.2

Veterinary biologicals .5 .5 0.0

100.0% 100.0%

apiagnostic products were omitted in the 1974 survey.
*From Prescription Drug Industry Fact Book (29)
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Figure 1. Research and development expenditures for ethical
products 1951-1975 (odd numbered years) (29).

There are still many diseases to be conquered and hopefully these
investments will ensure their conquest (Fig. 1 and Table II).

DRUGS FROM THE' SEA

It is interesting that some of the earliest printed data on
the use of substances from the sea for the biomedical properties
involved the use of various seaweeds for dropsy, menstrual difficul-
ties, gastro-intestinal disorders, abscesses, and cancer. However,
man has utilized the marine environment as a source of very few
medicinal products, compared to the total of those found on land.
The search for drugs from the sea, in fact, is a relatively recent
undertaking.

In 1960, one of the first symposia was held for people of
diverse disciplines to discuss their research interests in compounds
derived from marine organisms (27). Haistead's 3-volume compendia
published from 1965 to 1967 greatly assisted those who were
interested in studying marine animal toxins, since this is always a
useful indicator of potential medical use (15). In 1968, Schwinmier

and Schwimmer paralleled this effort by reporting the toxic
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Table II. Ten leading causes of death in the U.S., 1900 and 1975*

Rate of Death
Cause of Death (oer 100.000 persons)

1900
Influenza and pneumonia 202.2

Tuberculosis 194.4

Gastroenteritis 142.7

Diseases of the heart 137.4

Cerebral hemorrhages and vascular lesions
affecting central nervous system 106.9

Chronic nephritis 81.0

All accidents 72.3

Cancer and other malignant neoplasms 64.0

Certain diseases of early infancy 62.6

Diphtheria 40.3

1975
Diseases of the heart 338.6

Malignant neoplasms 174.4

Cerebrovascular diseases 91.1

All accidents 46.9

Influenza and pneumonia 26.3

Diabetes mellitus 16.8

Cirrhosis of the liver 15.0

Arteriosclerosis 13. 7

Certain diseases of early infancy 12.5

Suicide 12.4

*From Prescription Drug Industry Fact Book (29)

properties of marine and fresh water algae (35).
A number of symposia have subsequently been held dealing with

marine natural product subjects. Four, sponsored by the Marine
Technology Society, on "Food-Drugs from the Sea" were held in 1967,

1969, 1972, and 1974 (30). The fifth is planned for September 1977.
A symposia by the American Society of Pharmacognosy at Oregon State
University also contributed to this expanding interest (33). More

recently, the Gordon Research Conferences have established a Marine
Natural Products section to their schedule. The second was held in

June 1977 in Santa Barbara. The IX International Seaweed Symposium
in August 1977 will also contain a special symposium, "Marine Algae
in Pharmaceutical Science."

Texts and review articles dealing with marine natural products
are greatly benefiting those who seek entrance into this exciting

research area. Baslow's text Marine Pharmacology (3) updates
Halstead's earlier work, Martin and Padilla's Marine Pharmacognosy
(23) presents an in-depth look at the actions of marine toxins at
the cellular level, Scheuer's The Chemistry of Marine Natural
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Products (32) reviews the chemistry of those agents known to 1972,
and most recently the contributions of Baker and Murphy's Compounds
from Marine Organisms (2) has updated the information. Review
articles by Premuzic (28), Faulkner and Anderson (9), and Ruggieri
(31) have kept track of the current literature.

Specific reviews in the literature dealing with bioactive
marine algal products are more limited. Dawson's text Marine Botany
(6) has only a brief mention of medicinal uses of marine algae. The
symposium "Plants in the Development of Modern Medicine" did present
information, current to 1968, of drugs from marine plant sources (7).
Gentile's review of algal toxins (12) may assist in our understand-
ing of potentially useful products. Aside from these, most of the
data are in journals dealing with the isolation of algal compounds.
These reports appear in chemical, algal, pharmacological, microbio-
logical, or medical journals. The data generated often require
further biologic assay or evaluation. This requires interdisciplin-
ary expertise and more than the modest funds now allocated for such
research.

Dr. Patterson in this volume has dealt with the classes of
organic compounds in algae. A discussion of those compounds which
are biologically active may be helpful.

Antimicrobial Agents

Many feel that a sufficient armamentariuni of antimicrobial
agents already exists. However, there are gaps in this arsenal.
Not only are many of the once useful agents powerless against new
resistant strains of microorganisms, such as IV. gonorrheae and Ps.
aeruginosa, but there are totally new microbial diseases emerging

(39).
Antimicrobial assay for evaluating activity is one of the few

relatively simple, short methodologies in drug research. Usually
within 48 to 72 hours one can determine whether an extract possesses
activity. Unfortunately, such a simple assay system is unavailable
for other research, e.g., cardiovascular, psychotherapeutic, etc.
However, these tests are only a preliminary indicator of activity
and must be verified.

Antibiotic assays may be conducted against a variety of differ-
ent organisms, both human and nonhuman pathogens, and may be used
to evaluate anything from mixtures in a crude water extract to pure

compounds. One difficulty associated with this methodology, sub-
stantiated by Hornsey and Hyde (20), pertains to the seasonal vari-
ability in the concentration of antimicrobial agents; positive or
negative results may depend upon the time of collection.

It is interesting to note that this search for newer agents has
yielded a great number of halogenated terpenoidal derivatives (10,
36, 37). Many publications have dealt with isolation and identif i-

cation of these compounds (e.g., 4, 13, 41), the majority of which
have antibiotic activity. However, the risks of toxicities associ-
ated with such products may outweigh their benefits and this infor-
mation cannot be extrapolated from these results.
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Lipid and Cholesterol Depressants

It has been reported that the intravenous injection of laminar-
in sulfate from Lconinaria digitata and of carrageenan from Chondrus
crispus significantly reduces serum lipids and prevents the develop-
ment of atherosclerosis (25). More recent reports show that orally
administered algal polysaccharides (22) or dried algae (1) could
reduce serum cholesterol in rats. The latter report hypothesizes
that the acidic polysaccharides form a lyophilic colloid which
prevents the absorption of cholesterol from the intestinal tract.
Guven's group (14) has recently demonstrated that the lipolytic
effect of Cystoseira barbata is not due to polysaccharides but to
polypeptides. He has separated two such components and shown one
to be lipolytic and the other hypoglycemic.

Synergists of Inorganic Ion Metabolism

Rats treated with carrageenan from Sypnea japonica have demon-
strated an increased uptake of calcium into the bone and slightly
decreased serum calcium (16). This may be of potential benefit to
persons suffering from osteoporosis or similar disorders, although
the number of animals used in this study was not reported, nor was
there a statistical evaluation of the data.

Early reports in the literature indicated that radioactive
strontium can form a gel with alginates in the gastrointestinal
tract, thereby preventing its absorption (38). Subsequent investi-
gations have shown that alginates with higher concentrations of
guluronic acid rather than mannuronic acid have a greater affinity
for divalent cations and a higher selective binding capacity for
strontium than calcium (17). It has been proposed that alginates
can be used for the prevention and treatment of radioactive stron-
tium poisoning.

Overdoses of barium, cadmium, and zinc have also been effec-
tively treated in rats by administering algal polysaccharide, albeit
simultaneous administration (40). However, this methodology does
indicate a possibility for removing such pollutants from contamin-
ated water supplies.

Other Reported Uses in Medicine

Chapman (5) reports on many isolated instances of algal utili-
zation in medicine under the category, minor uses. These include
their use as a source of iodine in treatment of certain goitrous
conditions; the use of kainic acid, isolated from Digenia simplex,
for the treatment of certain parasitic worms (24); and the effect
of laminarin from Lcrminaria digitata to prolong coagulation time in
laboratory animals (18).

Yamamoto has recently reported a non-dialyzable fraction of
Sargassuin fulvelluin that has activity against the Sarcoma 180 tumor

system (41). Ito has subsequently demonstrated that a non-dialyz-
able fraction from Sargassum thunbergii is effective against Ehrlich
ascites carcinoma (21).
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Nakazawa has reported in a series of papers other anti-ttimor
effects of aqueous extracts of marine algae. The latest report
deals with an acidic polysaccharide effective against Ehrlich ascites
and Sarcoma 180 (26).

Compounds Which May Develop into Human Use

Steroids Research on the existence of novel steroid molecules
in marine organisms has been conducted with emphasis primarily on
those from marine invertebrates (holothurogenins, etc.). Among the
algae, it appears that the green and red algae contain steroids
usually found in terrestrial plants whereas the brown algae have
some unique compounds. The need for steroid precursors in the
pharmaceutical industry at this time is satisfied by the relatively
inexpensive diosgenin available from the Dioscorea species. However,
should there be some economic or political upheavals, another source
of steroid precursors from marine algae is available.

Fatty acids - The fatty acid constituents of marine algae have
been most recently investigated by Hayashi et al. (19). Most of the
emphasis of this work to date has been primarily because of biosyn-
thetic, geochemical, or chemotaxonomic interests. As a byproduct of
a marine algal industry, the fatty acids may provide an inexpensive
dietary component, not only for man but for animals.

SUMMARY AND CONCLUSIONS

The marine environment has yielded a number of interesting,
exciting, new,and potentially useful components. Although this
presentation deals only with those components of algal origin, a
great deal needs to be learned about the marine environment. Many
so-called marine animal natural products are now known to be derived
from the food source which marine algae supply and which are modified
biochemically by the animals. Not only should further. investigation
provide direct answers to our immediate needs but it should provide
a better understanding of biochemical and cellular processes.
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Essential Considerations for Establishing

Seaweed Extraction Factories
JAMES R. MOSS

One possibility for utilizing certain red and brown sea-
weeds is in the production of widely used colloids such as algin,
carrageenan, and agar. The economic feasibility of establishing a
colloid extraction plant depends on market availability, stability,
future growth potential, and assured seaweed availability at competi-
tive costs. Capital requirements and profitability are among other
important considerations. This chapter will furnish information and
suggested guidelines to aid in developing the data necessary to de-
termine whether an extraction factory will be economically feasible.

Probably, the first question any prospective investor will ask
is whether seaweed extraction factories are part of a growing indus-
try. No one wishes to invest in a dead or nongrowth industry.
Other questions are whether the industry is stable and whether the
growth and profit records of other companies in the same general
type of business look attractive. Also, what are the predictions
for future growth? A quick review of certain historical data will
go far towards answering these essential questions.

HISTORY

The growth and development of the seaweed extraction industry
can be seen from the estimated world production of seawued extrac-
tions shown in Fig. 1.

Agczr was the first seaweed extractive to achieve commercial
status. Shortly after 1900 it was introduced for nonfood uses,
especially in bacteriological plating media, which is probably the
first significant employment of seaweed extractives for other than
food. Before World War II, Japan monopolized agar production with
an estimated volume exceeding 2,000 tons annually. World War II
stopped Japanese exports, causing severe shortages which resulted
in small agar processing factories being started in several other
countries.
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By 1950 the demand for agar and production had recovered to a
point where available seaweed supplies were overburdened. This re-
sulted in overharvesting of known seaweed populations which, in turn,
reduced succeeding harvests. As a consequence, the price of food
grade agar increased Out of proportion to its value, causing a rapid
decline in sales. Eventually seaweed supply, sales demand, and prices
returned to a rational balance, whereupon the destructive cycle start-
ed again. Up and down cycles occur every few years, discouraging the
commercial producer as well as the consumer. Production represented
in Fig. 1 for the years 1970-1976 is more accurate than earlier data
and illustrates the most recent of these cycles. Cyclic production
declines cause significant numbers of agar manufacturers to experi-
ence bankruptcy. Other manufacturers must periodically exist without
profits. Agar customers become discouraged with an undependable
source and some abandon its use permanently.

Algin was the second seaweed extract to reach commercial status.
In the late 1920s and early '3Os a small processing factory was start-
ed in San Diego, which later became the Kelco Company. After a slow
start the company began to develop efficient Macrocystis harvesting
methods, extraction processes, and consumer markets for ammonium,
sodium, calcium, and potassium alginates. Many new products and uses
resulted in rapid growth shortly before, during, and after World War
II. After Kelco began to flourish, other algin extraction factories
appeared in Maine, England, Norway, France, India, Japan, and Oxnard,
California. It is reported that additional factories are now under
construction in Brazil and Argentina. As Fig. 1 shows, world produc-
tion has steadily and consistently increased, and there is no appar-
ent reason why the present growth should slow or stop.

Carrageenan made its first commercial appearance as an extractive
from Chondrus crispus during the mid-1930s. For several years it was
produced by one company to stabilize chocolate milk. This inspired
the development of new and refined products and improved extraction
techniques. World War II also stimulated the growth of sales of car-
rageenan. By 1950 there were three producing factories in New England.
In 1959 two of the U.S. carrageenan factories merged to become Marine
Colloids, Inc. The other U.S. factory is located in Portland, Maine,
and is owned by Stauffer Chemical Co. The success of the U.S. factor-
ies encouraged the establishment of additional ones in Denmark, France,
Spain, and Japan. Reports are that new factories are under construc-
tion in Argentina, Brazil, and Norway.

Furcelleran is another seaweed extractive which has been commer-
cialized, mainly by Danish manufacturers. The growth of the industry
was limited in Denmark by an inadequate supply of seaweed. Sales vol-
ume is, therefore, now relatively small in comparison tith algin, agar,
or carrageenan.

SIZE AND DISTRIBUTION OF SEAWEED EXTRACTION FACTORIES

A potential investor in a new seaweed extraction factory will
benefit from the informaion estimated in Table I. Almost without ex-
ception, seaweed extraction factories are located in maritime countries



Table I. 1976 estimated world production of seaeed extractives by countries and product types.

Algin Carrageenan Agar Furcellaran

Producing Country No. of Factories (Tons) (Tons) (Tons) (Tons)

Canada 1 1,200 *

Argentina * * * 400

Brazil * * *

Chile 2 200 200

China Unknown ** **

Denmark 3 2,300 100 1,500

England 2 6,500 100

France 3 1,200 2,000 100

India 1 200

Japan l0-20(?) 2 300 2,000

Korea 1 or 2 200

Mexico 1 100

Morocco 1 250

Norway 3,000

New Zealand 1 100

Philippines 1 100

Portugal (& Azores) 2 400

Spain 8 to 10 1,000 800 0
United States 5 5,500 4,800 100

USSR Unknown ** 2 **

TOTAL PLAITS 43

ESTIMATED TOTAL TONS 17,800 10,500 4,800 1,500

(2,200 lbs.)

ESTIMATED TOTAL POUNDS 38,200,000 23,100,000 10,560,000 3,300,000

ESTIMATED AVERAGE SELLING
PRICE (Per Pound) $2.30 $2.80 $4.50 $2.20

ESTIMATED TOTAL ANNUAL SALES
(World Production) $87,860,000 $64,680,000 $47,520,000 $7,260,000

($207,360,000)

*Factorjes under construction
**Unonfir,j reports indicate extraction factories have been established
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having a well-developed and diversified industrial base. Most pro-
ducing countries also have a well-developed home market for their
extractive. Each country supplies a substantial portion of the basic
seaweed requirements and reagents to its own extraction factories.
Between 30 and 35 relatively small factories produce agar as compared
with 8 to 10 algin factories and 9 or 10 carrageenan factories.

THE MARKET

Production volumes for each nation shown in Table I are esti-
mated, because manufacturers jealously guard their sales and distri-
bution figures. Consumption of the various extractives on a national
basis is also very difficult to estimate because, generally, major
producing countries are major consumers of their own products. For
example, it is estimated that Japan normally uses more than 3,000
tons of agar and 1,000 tons of carrageenan annually. The United
States and Canada normally use more than 500 tons of agar, 4,000
tons of algin, and 3,500 tons of carrageenan annually. The European
Common Market countries are believed to use more than 2,500 tons of
algin and 2,500 tons of carrageenan. The differences between these
estimates and the production figures shown in Table I are due to the
quantities exported or imported. One can also conclude from Table
I that seaweeds containing extractives are widely distributed among
the maritime countries. This table suggests predictions about the
competitive situation and the size of the world market for each
extractive.

The uses of seaweed extractives are discussed fully in avail-
able literature and will not be reviewed here. Suffice it to say,
that the profile of uses for each extractive is very broad. Because of
the diverse properties of seaweed extractives, it seems highly unlikely
that present or future synthetic products could greatly reduce sales
or impede future growth of those extractives taken from seaweeds that
are now available in adequate supply. There is vigorous competition
among algin manufacturers for algin customers. However, algin rarely
competes for carrageenan or agar uses. Neither do carrageenan or
agar compete for algin uses. Each seaweed extractive has its special
and distinctive chemical and physical properties which channel it into
specific uses.

The market for agar requires special comment. Agar is an excel-
lent colloid with unique and valuable properties. Its sales potential
is estimated to be as great as that of either algin or carrageenan.
However, unless someone can work out the technology for growing agar
seaweeds (particularly species of Gel-idium) under controlled condi-
tions, the writer predicts that production and sales will permanently
decline. It is possible that other colloids will replace all but the
bacteriological applications which worldwide consume probably less
than 1,000 tons of agar annually.

SEAWEED SOURCES

It will be seen from Fig. 1 that carrageenan production experi-
enced a slowdown in the mid- and late l960s because of shortages of
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raw material. The problem was largely solved by 1971, when a tech-
nology developed for the cultivation or sea-farming of Eucheurna
cottonii, an excellent source for kappa-carrageenan. Similar tech-
nology is now being employed for Eucheuma spinosum, the principal
source for iota-carrageenan.

It is pertinent to note that 10 to 12 years were required to
work out a technology for growing Euchewna under controlled conditions.
Credit for the original concept and the leadership for the program
which developed this technology belongs to Dr. Maxwell S. Doty of the
University of Hawaii. The program was originally and principally spon-
sored by Marine Colloids, with substantial support furnished by the
U.S. Office of Sea Grants, the University of Hawaii, and the Government
of the Philippines. It was initiated in 1961. The first small but
significant harvest occurred in 1970. Rapid expansion of Eucheuma
culture followed, and substantial and increasing tonnage is being ex-
ported from the Philippines and adjacent areas.

A similar breakthrough with Chondrus crispus and other carrageen-
an seaweeds is anticipated in the near future. Consequently, carra-
geenan manufacturers may now look forward to freedom from source re-
strictions and continued growth of the carrageenan industry.

The algin manufacturers have also experienced problems, some of
which should be examined. It is well-known that productivity of Mac-
rocystis and other large species of kelp fluctuates. The intrusion
of abnormally warm water currents reduces kelp growth and algin yield.
Pollution, sea urchins, and storms are also serious problems. Al-
though economical controlled growth of brown seaweeds has not been
achieved, work is in progress and success seems likely. The alginate
industry has time to solve this problem because substantial sources
of unused wild brown seaweeds remain available. As most of these un-
tapped sources are located in relatively remote areas, costs for har-
vesting and delivering to existing manufacturing plants may be a
problem.

In considering the commercial potential for brown seaweed, it
should be kept in mind that the requirements of the large U.S. and
English manufacturers exceed their local sources. It is also report-
ed that the Japanese, who use kelp for human food, have exceeded their
local supplies. Consequently, these countries are establishing supple-
mental sources and may be potential markets of imported dried kelp.
Nevertheless, the sales of extractives from brown algae should continue
to expand.

INFORMATION REGARDING SEAWEED RESOURCES

The impact of seaweed resources on sales growth and industrial
stability is now clearly evident. In considering and determining the
economic feasibility of an extraction factory, it is emphasized that
all other problems are strictly secondary to that of obtaining an
adequate supply of the appropriate algae. If an adequate, dependable,
and economic source exists, other requirements can probably be solved
satisfactorily.

What information concerning seaweed resources must the prospective
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investor have to enable sound judgments on their economic exploita-
tion? Where is this information available and how should it be eval-
uated? A program to address such questions is suggested in the fol-
lowing outline. Explanatory comments and suggestions which further
explore the information desired and indicate ways in which it may be
developed are included. For the most part, the questions raised will
apply equally to seaweeds growing wild along coasts and to those pro-
duced under controlled conditions.

The outline is confined to the major questions; however, addition-
al problems will surely arise which can be approached within the gen-
eral context of the outline.
1. The Algal Resource

a. Are boundaries of proposed harvesting areas clearly defined?
Have exclusive harvesting rights been obtained from appropri-
ate state and federal agencies?

b. Have major seaweed beds been mapped and evaluated for densi-
ty, species composition, and ease of harvesting?

c. How serious are storms? Are the seaweed beds damaged by
pollution, disease, or grazers such as sea urchins?

d. At what point does overharvesting occur? Several representa-
tive beds should be scientifically overharvested to determine
this point. To the fullest extent possible, the characteris-
tics of the life cycle of the species under consideration
should be determined.

2. Factory Siting
a. Is a convenient harbor available with rail and highway con-

nections? Does the harbor have available a suitable factory
site? Will local, state, and federal regulations permit use
of harbor and factory site for purpose intended? It should
be noted that numerous city, state, and federal licenses and!
or permits are generally required to harvest and produce sea-
weed extractives.

b. Are large quantities of cheap fresh water available? Are
power, labor, and facilities for substantial waste disposal
available? Are tax concessions possible?

3. Harvesting
a. Has the best method of harvesting been worked out, in light

of related costs, including that of delivering the wet weed
to a drying point?

b. Every seaweed manufacturer has experienced unexpected and
major increases or decreases in his seaweed harvest. What
is the range of variation? It is suggested the minimum har-
vest experience be used as the standard in computing the
productivity of a seaweed source. The size of the inventory
of dried seaweed carried over from the prior year can influ-
ence a decision on this point. Seaweed colloids remain quite
stable in well-dried seaweeds, which can be stored without
difficulty for several years.

4. Processing and Production
a. Methods and costs of drying each seaweed species should be

determined. Sun-drying and mechanical drying should be



Table II. Estimated international shipments of dried seaweeds - 2976.

$/Dry Ton-
Exporting Dry Tons FOB Exporting Value to Dry Tons Imported

Extractive Country Exported Country* Exporting Country England France Denmark Japan U.S.

ALGIN
Keips Chile 9,000 $l50-160 $1,350,000 3,000 4,000 2,000

Argentina 1,000 150-160 155,000 1,000

South Africa 3,000 150-160 465,000 2,000 1,000

Miscellaneous 7,000 150-160 775,000 5,000 2,000

Aacophh'llum Canada 130-140
Norway

Totals $2,640,000 10,000 8,000 2,000

CARR4GEENAN
Chondrus crispus Ireland 500 $ 500-550 $ 250,000 250 250

Canada (Maritimes) 9,000 500-550 4,500,000 500 4,000 4,500

Other Gigartina Mexico 600 500-550 300,000 600

Peru 400 500-550 200,000 400

Morocco 300 500-550 150,000 300

Portugal 500 500-550 250,000 500

Korea 900 500-550 450,000 900

Iridaea Chile 3,600 450-500 1,800,000 ? 3,600

E. cottonii Philippines &
Adjacent areas 4,500 270-300 1,260,000 1,000 1,000 1,000 1,500

E. Spinoswn " u"' 2,500 320-350 850,000 700 700 400 700

Sypn.ea Brazil ? 400-425 ? ?

Totals $10,010,000 250 3,250 5,700 2,300 11,300

AGAR
Gelidiurn Korea 600 $l,000-1,200 $ 600,000 400 200

Miscellaneous 500 1,000-1,200 500,000 300 200

Gracilaria Argentina 2,000 500-600 1,100,000 2,000

Chile 2,000 500-600 1,100,000 2,000
Taiwan 500 7-? ? 500

Brazil ? ?-?

Miscellaneous 1,000 ?-? 400,000
Totals $ 3,800,000 6,200 400

TOTAL $l6.45O.000

All weights shown in metric tons.
*Ocean freight normally ranges between $80 & $95 per ton.

C,)
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Table III. The composition of representatives of algal genera
employed in the production of algin, carrageenan, and agar.

Approximate
Tons Wet per

Metric Ton Dry
7Extractive
Yields--Wet

%Extractive
Yields--Dry

ALGIN SEAWEEDS

Macrocys tie

Nereocystis 8 9 2.0 2.5 16 22

Laminaria 5 6 18 23

Ascophyllum 4 5 4.0 6.5 16 - 25

CARPAGEENAN SEA WEEDS

Gigartina
Iridaea 4 5 7.0 7.7 32 38

Eucheuma 8 9 4.0 4.5 32 38

AGAR SEA WEEDS

Gelidium Only dry
Gracilaria seaweeds 17 25

Pterocladia used

evaluated. Is there a good sun-drying area available?
b. From time to time the colloidal content of representative

samples of seaweed should be extracted and evaluated. In

such studies, the variability in properties of the extrac-
tive yield should be ascertained and related to season,
water temperature, and other variables. Comparisons should
also be made with yields from seaweeds which competitors
are harvesting and using.

c. The prospective investor in an extraction factory will ask
for cost comparisons between cultivated seaweeds and wild
seaweeds. Based on current evidence, it appears that sea-
weeds produced under controlled conditions will cost as
much or more than seaweeds growing wild. Wild seaweed
should continue to compete with the cultivated product and
will be needed for many years to come.

d. Tables II and III furnish certain yield, price, and market
data which should serve as guides in determining whether
seaweeds in new locations may be harvested and sold at a
profit.

e. Specific production problems facing processors of brown
seaweeds (Phaeophyta) can be reviewed.
Macrocystis is conventionally and economically harvested

with large mechanical reapers. Because of the volume har-
vested, the cost per ton of seaweed is quite low. Southern
California and Mexico weather permits Macrocystis to be har-
vested from 300 to 330 days per year. The wet kelp is de-
livered directly to the extraction factory. Factories
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extracting wet kelp are not faced with the costs of drying,
packaging, and storing dry kelp. Furthermore, using modern
storage techniques for wet kelp, such factories can operate
340 to 350 days per year, 24 hours per day, seven days a
week

Wet Macrocystis and similar broad-frond seaweeds yield
44-50 pounds of alginic acid per metric ton. Under normal
kelp harvesting conditions, the unextracted alginic acid
that is delivered in wet kelp will range from 15 to 20 cents
per pound. The cost of unextracted alginic acid in dry
kelp will range between 40 and 50 cents per pound.
Table II also shows that most algin manufacturers are

currently supplementing their wet kelp supplies with im-
ported dry kelp. This raises several interesting possi-
bilities for those who are considering establishing an
algin extraction factory.
Although the preceding comments are specific to the pro-

duction of alginates from Macrocystis and other large kelp
growing along the coast of Lower California and Mexico, it
should be noted that approximately the same situation holds
for the production of alginate from Ascophyllurn. A sub-
stantial percentage of the world's alginate production is
now derived from Ascophyllum, because the cost of the basic
alginic acid in the delivered wet seaweed is competitive
with that of Macrocystis and other brown seaweeds.

Anyone considering the establishment of a new algin man-
ufacturing operation should first compare the raw material
costs with those of existing major manufacturers. Increas-

ing the number of days in which wet kelp or Ascophyllum is
available decreases the costs of the raw material and opera-
ting expenses. There have been two major failures of algin
extraction factories in areas of heavy kelp growth because
adverse weather conditions greatly reduced the number of
days when harvesting is possible.

f. The specific production problems facing processors of red
algae (Rhodophyta) are associated with both production and
marketing of agar and carrageenan.
The only question facing agar producers is whether the

seaweeds are available. If a sufficient quantity is harvest-
able on a dependable basis, the market is relatively certain
because of the current shortages and high prices commanded
by the extractive. Table IV suggests the minimum investment
required for an extraction factory.
A much different situation exists for carrageenan manufac-

turers who must extract a variety of red seaweeds in order
to obtain the kappa, iota, and lambda configurations now in
commercial demand. As the sources for each of these com-
pounds are rarely found in one location, extraction factor-
ies import dried seaweeds from almost every quarter of the
globe. A manufacturer who has a portion of his dried red
seaweeds supplied from local sources will have obvious



Table IV. Estimated minimum extractive production and investments required for profitable

plant operation.
ALGIN

Minimum Range

CARRACEENAN

Minimum Range

AGAR

Minimum Range

Tons (Metric) Production 700-1,000 450-750 75-125

Pounds 1,540,000 - 2,200,000 900,000 - 1,650,000 165,000 - 275,000
Price per lb. $2.30-$2,80 $2.70-$3.20 $4.50-$5.00
Sales $3,530,000 - $5,060,000 $3,100,000 - $5,100,000 $780,000 - $1,300,000

Tons Seaweed Required* Tons Seaweed Required* Tons Seaweed Required*

Price/Ton Wet Dry Wet Dry Dry
$160 Macrocjstis 32,-44,000 3,4-4,900

Nereocystis 32,-44,000 3,4-4,900
140 Ascopvjllum 15,-22,000 3,4-4,900

500-600 Chondrus crispus 5,8-9,700 1,4-2,300
500-600 All Gigartina 5,8-9,700 1,4-2,300
400-425 Iridaea 5,8-9,700 1,4-2,300
350-500 Euchewna 10,0-16,700 1,2-2,100

Gelidium 375-625
Gracilaria 375-625

Categories and Initial Investments Required (1977 Costs) to Achieve Given Production Goals for the 3 Extractives

Land, Buildings & Utilities;
Harvesting Equipment &
Organization; Engineering;
Product Development; Equip-
ment; Start-up Costs; Raw 700 Tons$4,500,000 450 Tons$4,500,000 75 Tons$550,000
Materials & Reagents; 1,000 Tons=$6,500,000 750 Tons=$6,750,000 125 Tons$850,000
Finished Product Inventory;
Accounts Receivable;
Operational Cash;
Miscellaneous

*It is recommended that seaweed sources exceed these estimated tonnages by 40 to 50 percent as protection from
adverse harvesting variations.

H
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advantages over a competitor who must import all of them
from other countries. For example, if sufficient quanti-
ties of Iridaea and Gigartina can be harvested and delivered
to a centrally located factory, production of carrageenan
might be feasible. The question is, are they sufficiently
available in an area, and, if so, can they be harvested
economically? Also, could they be produced under controlled
conditions at competitive costs? The marine science depart-
ments of various universities are engaged in intensive re-
search to develop the crucial culture technology.

Experience indicates that there is a relatively low-risk method
for developing the extensive information suggested in the foregoing
outline. Specifically, it is recommended that a 3- to 4-year pilot
program of harvesting and selling dried seaweeds be developed. Dem-
onstrating for suitable periods of time that the seaweeds of a given
area can be profitably harvested, dried, and marketed will automati-
cally answer most questions concerning feasibility. Established ex-
traction factories ought to purchase seaweed produced under a program
of this type. By the end of a 3-year pilot period, the quantity and
quality of seaweeds will be known, information on yearly variations
in quantities will be available, and harvesting and drying methods
and costs will have been developed. The fact that another manufac-
turer considers the raw material worth buying will be a major item
in any feasibility study. A working knowledge of the area will assist
in the selection of the best factory site if the decision to construct
a new factory is made. Labor availability and costs will be known.
Licenses, permits, and other legal problems will be known and can be
solved.

However, it is recommended that a pilot program be started slow-
ly. Perhaps a target of 100 to 200 tons of dried seaweed for the first
year would be practical, after which production can double each suc-
ceeding year. For wild sources of red seaweeds, a small harvesting
organization will need to be equipped with a few skiffs and appropri-
ate underwater harvesting gear. For kelp, a small cutter barge should
be sufficient. Generally, some type of hot air dryer will be required
for drying. Packaging can be accomplished by chopping and bagging or
baling.

An estimate of the dried seaweed exports from producing countries
to manufacturing countries appears in Table II. Included in this
table are the approximate current prices per ton, FOB in the exporting
country. Obviously, a brisk trade for dried red and brown seaweeds
has been established.

MANUFACTURING AND PROFITS

A question which must be addressed is, what is the minimum size
required for a self-sustaining extraction operation? One can extra-
polate some information from Table I. Individuals knowledgeable in
extraction engineering suggest, with some qualifications, the esti-
mates shown in Table IV. These figures, including the minimum in-
vestment as well as that required per pound of product annually, are
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subject to many variables. Limiting production to one or two basic
extracts would substantially reduce the investment. Whether the final
product will be of industrial or pharmaceutical quality will make a
difference. Location of the factory and the amount of raw material
and finished product inventory can make great differences in the size
of investment. The money needed to carry the business until it meets
operating expenses also can weight the amount of the total investment.

It is beyond the scope of this chapter to describe the specific
steps of each extraction process. This information is usually avail-

able from engineering specialists or consultants. The number of corn-

panies listed in Table I is convincing proof that others have found
solutions to the technical problems.

Manufacturers of both algin and carrageenan are currently making
and marketing more than 150 products, each having different chemical
and physical characteristics. Carrageenan can be used to illustrate

this. As mentioned earlier, there are three principal fractions used
for commercial purposes, these being K-, -, and -carrageenan. Each

of these may be extracted as is or as calcium, sodium, potassium, or
ammonium carrageenate. Each of the latter products may be modified
to a high, medium, or low gel strength or viscosity. They may also

be produced as coarse, medium, or fine mesh. Finally, they may be
cross-blended to obtain special properties and thus result in innumer-
able combinations. Each product may be roll dried or precipitated
with alcohol, with an associated modification of properties. It is

conservative to estimate that there are over 150 products tailored
to specific commercial utilization. Essentially the same situation
exists for algin. However, agar is usually sold in only two basic
grades, food grade and pharmaceutical grade. The manufacturer's
ability to modify properties of colloidal extractives is one of
the strongest arguments for their increased consumption in the future.
However, each time capability is expanded to produce a different prod-
uct, capital requirements also increase.

Capital presently invested in the major seaweed extraction com-
panies has been generated largely from profit. The continued expan-
sion and growth of the algin and carrageenan markets also indicate
that these industries are profitable. Because most seaweed extrac-
tioi operations do not publish annual operating statements, exact
profit figures are not available. It is estimated that net profits
for algin and carrageenan range between 7% and 15% of sales. However,
no prognosis regarding long-term agar profits can be made with abso-
lute safety.

SUMMARY AND CONCLUSIONS

Before a judgment can be made on whether a new seaweed extrac-
tion factory may be economically feasible, data must be accumulated
showing the seaweed source to be adequate, stable, harvestable, com-
petitive in costs, and available on a controlled or exclusive basis.
A procedural outline involving minimum financial risk has been sug-
gested for developing this data.

Extraction technology and engineering know-how for all seaweed
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extractives are available or can be developed. Markets are available
and growing for competitively priced products. These markets can be
classified easily by uses or customers. Profits for carrageenan and
algin industries appear to range at acceptable levels. A stable sea-
weed source for agar is imperative if this product is to achieve its
market potential and prevent serious investment hazards.
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Marine Plant Production and

UtilizationA Systems Perspective
C. DAVID McINTIRE

This chapter addresses problems associated with marine
plant reproduction and biomass management by means of a systems per-
spective. It deals with the dynamics of plant processes as isolated
systems and as subsystems within higher levels consisting of a vari-
ety of biotic and abiotic components. The properties of ecological
systems relative to different strategies of exploitation and manage-
ment of marine plant communities can be better understood by involv-
ing mathematical modeling in community analyses.

Most professional biologists would include among the major
unifying concepts in modern biology: (1) the continuity of life
through the processes of heredity and evolution and (2) the hier-
archical organization of biological systems. In an examination of
the problems associated with managing the marine plant resources,
the time frame relates to physiological and ecological factors rather
than to those which are evolutionary. However, the latter may enter
the calculations in unexpected ways. Therefore, this chapter confines
the discussion to biological organization manifest through contemp-
orary, hierarchical systems operating on an ecological time scale,
i.e., a relatively short period of time during which the genetic
constitution of the constituent populations does not change appreci-
ably. Furthermore, the approach is from an ecological perspective.
Biochemical and physiological, as well as social and economic con-
siderations, are not emphasized.

A system is usually defined as an assemblage of components
joined in regular interaction or interdependence, or holistically,
as an orderly working totality. Traditionally, ecological systems
are organized into hierarchical schemes of individual organisms,
populations, communities, and the entire ecosystem. The latter cate-

gory is somewhat inconsistent with the others, as it presumably con-
tains both abiotic and biotic components. Moreover, concepts associ-
ated with these levels of organization become more abstract as the

315
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level of complexity increases. Most ecologists are probably more
comfortable with the ecological theory of populations than with
theoretical concepts associated with communities or ecosystems.

Beginning students in biology are fond of the cliche: "The
whole is greater than the sum of its parts." The statement in this
form is ambiguous, but it becomes much more meaningful when restruc-
tured in the form of a question: Can behavior of the whole be pre-
dicted from a study of the parts in isolation? Can the production
and distribution of plant biomass off the coast of the Pacific North-
west be predicted from an investigation of individual species by
laboratory culture methods? Systems science now indicates that the
behavior of the whole cannot be understood by studying the parts in
isolation--unless coupling variables are carefully identified and
their integrity maintained. To help understand plant production
dynamics at the population and community levels of organization,
more experimental studies are needed, which are motivated by eco-
logical questions and designed to test hypotheses generated by ob-
servational data obtained from the field. For example, an under-
standing of competitive interactions for nutrients may eventually
require studies of cultures of mixed species or more imaginative
approaches that face the difficult problem of biological interaction.

Each biological system can be examined holistically on the basis
of its behavioral characteristics or mechanistically in terms of its
coupled subsystems. Subsystems can be handled conceptually and ana-
lytically in the same manner by a further sorting into their sub-
systems. As a result, hypotheses and theoretical concepts can be
generated relative to different levels of resolution, the relevance
of which depends on a set of well-defined objectives. Communication
on ecological matters, and in the related area of resource manage-
ment, ultimately depends on explicit expressions at given resolution
levels relative to biological organization, space scale, and time
scale.

EXPLOITATION OF PLANT BIOMASS IN ECOLOGICAL SYSTEMS

At this point the taxonomic position(s) of the marine plant
biomass is not very well defined. Do the biochemical products of
interest occur in macroalgae or microalgae? Will harvest be from
natural or artificial substrates? What is the proper time for har-

vest considering biological and economic factors? Will exploitation
of plant biomass destroy, limit, or enhance production of consumer
organisms of commercial or aesthetic value? Answers to these ques-
tions depend on the ecological properties of the system under ex-
ploitation, the methods, and the management.

Examples of alternative management strategies are the following:
1. Complete exploitation of the product without regard for the

rest of the system.
2. Management of the system for maximum sustained yield of the

product without regard for the rest of the system.
3. Management of the system for maximum sustained yield of the

product with protection of other organisms of commercial value.
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4. Management of the system for maximum sustained yield of
the product with preservation of the diversity and stability of the
entire system.

The first strategy, while popular when resources and energy were
unlimited, is no longer compatible with the social and economic cli-
mate. The second approach suggests the early approach in fisheries
when there was a single product of interest. The problem becomes the
selection of an economically feasible scheme to manage the species
of interest at a biomass level that maximizes production. Production
is defined as the net elaboration of new living tissue in a unit of
time (assimilation or photosynthesis minus respiration), regardless
of whether that tissue survives to the end of that time (13). In an
exploited stock, the biomass that optimizes production is usually
much less than the maximum biomass the system will support without
exploitation. For example, in the case of logistic growth, maximum
sustained yield is supported by a biomass equal to one-half the carry-
ing capacity of the system. The second strategy can lead to conflicts
of interest, particularly if the management of the stock of interest
threatens other populations of commercial or aesthetic value. The
second of the strategies might seem most appropriate for harvest of
plant biomass from artificial structures, affecting only phytoplank-
ton competing for inorganic nutrients. However, secondary effects
on the food chain would be neglected. Management strategies three
and four are the most appropriate if the exploitation of natural kelp
beds is seriously considered. Unfortunately, both of these strate-
gies require a broad knowledge of the structural and functional dy-
namics of complicated ecosystems--the boundaries of which are not
well defined.

STRUCTURE AND FUNCTION OF ECOLOGICAL SYSTEMS

Populations

From a numerical perspective, population size can be considered
the outcome of four ecological processes: natality, mortality, im-
migration, and emigration (Fig. 1). These processes are considered
rate variables. The population size is the associated state variable,
somethixig that can be monitored or measured at any instant. The
structural diagram of Fig. 1 can be translated into a mathematical
form that represents a general model of population growth. For ex-
ample, assuming overlapping generations and continuous growth, the
following formula can be constructed:

= bN dN + I E.
dt

N is the population size, b is the specific natality rate (the rate
per individual), d is the specific mortality rate, and I and E are
the population immigration and emigration rates, respectively. This
simple model implies that growth is change in population size and
can be either negative or positive. Many special cases of population
growth can be derived from this general model by imposing additional
assumptions relative to the behavior of b and d. If b and d are
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Figure 1. A simple population model expressing density as numbers
per unit of space. The associated rate variables are natality (N),
mortality (M), immigration (I), and emigration (N).

constants and I and E are equal to zero, growth is exponential; or

if (b d) is a linear function of population size with a negative
slope, growth is logistic when E and I are unimportant. These sim-

ple models usually assume a stable age distribution, a crucially
important structural aspect of population dynamics.

A numerical approach to population dynamics is of great interest
in certain instances, but a bioenergetic view is usually more perti-
nent when considering stocks of species exploited for commercial pur-

poses. The population dynamics of Iridaea cordata are an illustra-

tion. Its life history involves the alternation of morphologically
similar haploid and diploid generations. The gametophytic generation
produces gametes, the spermatia and carpogonia, and after gametic
union the mitotic division of the zygote nucleus leads to the forma-

tion of a carposporial conceptacle. Carpospores are released from

the cystocarp which eventually develop into a free-living, asexual,

diploid plant, the tetrasporophyte. The tetrasporophyte produces
tetrasporangia, and, after meiosis, tetraspores are released which

germinate into gametophytes. The quality of carrageenan varies with

the stage in the life history (5). Tetrasporangial plants produce
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Iridaea Processes

Figure 2. A simple model of a population of Iridaea cordata based
on energy flow. The associated rate variables are photosynthesis
(P), respiration (R), export (F), grazing (G), and human exploita-
tion (H).

only lambda-carrageenan, while the gametophytic generation yields
kappa-carrageenan, the type most highly valued by industry. More-
over, a recent investigation of the structure of four populations
of I. cor&zta indicates that natural populations tend to be domi-
nated by the tetrasporangial stage (3).

Fig. 2 represents a simple structural model of an Iridaea pop-
ulation based on energy f low1. The large circle represents all the

'This model is based on studies of Iridaea by Dr. Judith E.
Hansen, University of California, Santa Cruz.
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relevant processes associated with Iridaea. The components within
the circle represent the more important details of the system itself.
The components outside the circle represent system inputs (i.e., any-
thing that influences the system but is not in turn influenced by it).
Within the system boundaries the rectangle is a state variable, the
biomass of the population, and the "butterfly" symbols represent
rate variables.

If the structural diagram of Fig. 2 is to be translated into
mathematical form, it becomes necessary to derive interaction equations
and estimate parameters that provide a satisfactory representation of
the system relative to a set of well-defined objectives. The model
structure itself evolves from such objectives long before a mathe-
matical version is programmed on a computer. If the modeling effort
is central to the research program, it provides an invaluable guide
for field work by establishing research priorities. Various statis-
tical procedures (e.g., the methods of multiple regression or non-
linear curve fitting) are employed to generate mathematical functions
and parameters from field data. Therefore, parameter estimation be-
comes a problem of paramount importance, and model form is often dic-
tated by constraints imposed by the estimation problems associated
with sampling methods available in the field.

Of the rate variables in the model, postmortum decomposition
and plant respiration can be combined into one called respiration.
In the field it is difficult to physically separate microbial res-
piration from the respiration of healthy plants. Couplings between
Iridaea and associated microbial decomposers are tight. The simple
version of the Iridaea system also pools mechanical loss and organ-
ic leakage into another rate variable called export. If field data
are available for parameter estimation, these processes could be
treated individually just as well as two rate variables. The rate
of human exploitation is a variable that can be manipulated either
in terms of intensity or time. Temperature, light energy, and nu-
trients (nitrogen and carbon dioxide) are input variables that have
already been studied in the field (Hansen, personal communication).
A harvest strategy can be superimposed to manipulate the rate of
exploitation.

The simple model of the Iridaea population might be appropriate
for management strategy two if grazing is unimportant or excluded in
the natural system under consideration. Hansen's population work
(3) suggests that the principal grazers on Iridaea cordata include
the genus Lacuna and other small gastropods that affect the plant
population to a minor degree. However, the protection of popula-
tion from primary consumer organisms in the ecological system often
requires a large expenditure of energy and money. A simple popula-

tion model conceivably could be adequate for algal populations or
assemblages harvested from artificial substrates at intervals fre-
quent enough to prevent the establishment of significant numbers of
herbivores.

A working mathematical model similar to the illustration in
Fig. 2 was described by Mclntire (6). The state variable was the
biomass of an entire assemblage of microalgae and associated
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heterotrophic microorganisms (i.e., a periphyton assemblage), treated
collectively as a quasi-organism. This model illustrates the treat-
ment of a collection of tightly coupled populations analytically as
a single functional group. This approach works reasonably well with
periphyton assemblages, because field measurements of primary pro-
duction and community respiration usually correspond to the entire
assemblage rather than to individual constituent populations. For
example, Mclntire and Wulff (7) have studied the rates of primary
production and biomass accumulation associated with assemblages of
microalgae in a marine laboratory ecosystem. Biomasses of about 170
g m2 ash-free dry weight grew on acrylic plastic plates exposed for
29 days to an irradiance of 11,000 lux, 12 hr day1. Furthermore,
the relationship between irradiance and the rate of gross primary
production was established for assemblages physiologically adapted
to different light levels and with different densities of biomass.
Data of this kind are necessary to derive the mathematical functions
and estimate the parameters in simple models involving plant
populations.

If the effect of grazing on the plant population is appreciable,
it may be necessary to move the processes associated with grazing
inside the system boundary. In this case, a second state variable
is identified for the grazer biomass, and the number of rate vari-
ables in the system increases from 5 to 10 (Fig. 3). The inclusion
of grazer biomass within the system boundary is desirable when the
plant and consumer processes are tightly coupled and strongly regu-
lated by negative feedback ioops between the various rate and state
variables. With the addition of more variables, the problem of
understanding system behavior becomes considerably more complicated,
and more information is required for parameter estimation. In par-
ticular, food consumption rates in plant-herbivore systems are some-
times difficult to measure, especially if the consumers are small.
Additional complexity is introduced if another item of interest
turns out to be a secondary consumer feeding on the herbivore bio-
mass. Management strategy three could possibly involve such a
complication.

As the number of population interactions increase, the number
of variables that must be accounted for rapidly approaches a limit
beyond which the human mind can scarcely cope. Hence, ecological
systems often are said to be multi-loop, nonlinear-feedback systems
that behave in a counter-intuitive manner. To make matters more
complicated, population interactions need not be of the plant-herbi-
vore or predator-prey variety. Symbiotic relationships, amensalism
or allelopathy (introduction of plant growth inhibitors), and inter-
specific competition are other important interactions that occur in
complex ecological systems. Of these, competition and perhaps al-
lelopathy may be of particular significance if the species composi-
tion or taxonomic structure of the plant assemblage has economic
significance.

In the Iridaoa system, additional state variables could repre-
sent different stages of the organism's life history. A partitioning
of the population biomass into the gametophytic and tetrasporophytic
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Figure 3. A model of a plant-herbivore system based on energy flow.
The associated rate variables are photosynthesis (F), respiration
(R), export (E), grasing (G), human exploitation (H), imports (I),
fecal losses (F), and consumption by predators (C).

generations might be desirable, particularly since the quality of the
biochemical product is closely related to population structure. Such

a partitioning creates a need for more field and experimental data

and generates new estimation problems. Also, a partitioning into
life history stages is usually only feasible when these stages are
easily discernible in the field. With Iridaea this becomes a prob-
lem when the population is dominated by juvenile plants of less than

3 cm in length. It is nevertheless probable that modeling could help
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examine alternative management strategies relative to the intensity
and time of harvest and the quality of the commercial product.

Communities and Ecosjstems

The concepts of community and ecosystem are convenient abstrac-
tions that allow ecologists to hypothesize and theorize at complex
levels of biological organization. Here, a community is considered
to be any collection of co-occurring populations occupying an area of
interest. To most ecologists, the term also implies a degree of
structural and functional unity resulting from a history of coevolu-
tion within the system. Boundaries of communities are often more
difficult to establish than the boundaries of populations, and there
is a tendency for communities to change gradually along environmental
gradients rather than exhibit sharp discontinuities compatible with
discrete conceptualizations. Ecosystems are usually defined as rela-
tively large communities functioning together with the abiotic com-
ponents of the environment. Therefore, an ecosystem is the entire
contents of a biotope, where the latter is a block of space in the
biosphere that is interesting enough to stimulate investigation.

If exploitation is contemplated in a natural, relatively un-
disturbed ecological system (e.g., the natural kelp beds and inter-
tidal algal communities of the Pacific Northwest), understanding at
the community and ecosystem level of organization is absolutely es-
sential for the successful implementation of either management strate-
gies three or four. This contention can be argued on economic as well
as aesthetic and biological grounds. Scientific theory associated
with communities and ecosystems is poorly developed. However, ecolo-
gists have found it convenient to generalize in terms of both struc-
tural and functional attributes. For example, communities have tax-
onomic structure, trophic structure, and, at times, a predictable
spatial arrangement of their constituent populations. Taxonomic
structure is expressed by the number of taxa in the system (species
richness), the kinds of taxa, and the relative abundances of the
taxa. The latter property of taxonomic structure is often referred
to as evenness, equitability, dominance, or redundancy. If the prod-
uct of interest is confined to one or a relatively few species, the
management strategy is usually to maintain a low diversity (i.e.,
low species richness and high dominance) in the system, usually at
the cost of a high energy input. Trophic structure has to do with
the functional groups of organisms that relate to patterns of energy
flow. The latter may, or may not, be closely related to the taxo-
nomic positions of the community constituents.

Bioenergetics at the community level of biological organization
is an important topic relative to the exploitation of plant biomass
and will be reviewed briefly. Using the following codification,
formula may be constructed:

GPP = gross primary production
NPP = net primary production
NCP = net community production
PR = respiration of autotrophic organisms
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HR = respiration of heterotrophic organisms
CR = community respiration

Therefore, if there are no imports or exports,
CR = PR + HR

NPP = GPP PR
NCP = GPP CR
NCP = NPP HR

Organic material is accumulating in the system when NCP > 0, that

is, when GPP/CR > 1. Communities with this characteristic are called
autotrophic communities and are typical of ecological systems in
which plant populations are the economic product of interest. Com-

munity succession in natural ecosystems usually involves a gradual
change from an autotrophic community to a steady-state community
characterized by NCP = 0 and GPP/CR = 1 over an ecological time
scale. In other words, communities will not remain autotrophic in-
definitely without artificial manipulation.

The best strategy for the harvest of plant biomass, assuming
species composition is unimportant, is to manage to maximize NPP

and minimize HR. The maximization of NPP traditionally has involved
the application of fertilizers, while the introduction of toxic chem-
icals is sometimes used to decrease HR. In either case, there is
usually a great expenditure of energy and money, and the ecological
system becomes closely coupled to an economic and social system.

MODELING AT THE ECOSYSTEM LEVEL OF ORGANIZATION

The development of conceptual and more formal mathematical
models of ecological systems at the ecosystem level of organization
presents some unique problems, many of which are yet to be solved in
a way acceptable to both field ecologists and modelers. Systems

analysis in ecology from a rigorous perspective involves the trans-
lation of physical and biological concepts into mathematical form and
the manipulation of the mathematical system thus derived. The prin-
cipal tool of the systems analyst is the model, which in a broad
sense is simply a statement of relationships. In its most formal,
mathematical form, a model consists of variables, functional relation-
ships, inputs, and parameters. Interaction equations express the
relationships between variables in the system, and the inputs are
introduced by expressions called forcing functions. Parameters
are constants in the equations and forcing functions that must be
estimated from experimental or observational data sets. Goals of

model building usually include both description and prediction.
The steps in constructing a mathematical model of an ecosystem

include:
1. The establishment of a system boundary compatible with a

clear set of well-defined objectives.
2. The identification of discrete subsystems within the boun-

dary.

3. The development of a tentative structural thodel--a systems
diagram (e.g., Figs. 1, 2, and 3)--showing state and rate variables
and other intermediate concepts.
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4. The accumulation and examination of experimental and obser-
vational data relevant to the structural model.

5. The establishment of functional relationships between vari-
ables (equation writing).

6. Estimation of parameters.
7. Programming on a suitable computer system.
8. The analysis of model properties.
Some of the model properties of particular interest are feed-

back and control, stability, and sensitivity, all of which are in-
vestigated by introducing perturbations to parameters and system
inputs. Furthermore, an investigation of model properties often
leads to changes in model form, and the procedure tends to be itera-
tive, presumably increasing the understanding of the corresponding
real-world system. Some of the more interesting insights into the
real-world system have been obtained when the model fails to give
the anticipated behavior or when the structure breaks down and no
longer provides an adequate representation. In some respects, noth-

ing succeeds like failure: Bizarre model behavior is an explicit
monument to ignorance that is often hard to rationalize without
further scientific inquiry.

Approaches to ecosystem modeling have varied from the develop-
ment of very large complex models with many state variables and
parameters to relatively simple models that attempt to represent
coarse resolution dynamics. A good example of the variety of approch-
es to ecosystem modeling is available in a recent volume which de-
scribes the various modeling projects associated with the U.S. Inter-
national Biological Program (12). W. S. Overton (11) has developed
an especially good approach for ecosystem modeling in the Coniferous
Forest Biome (I.B.P.). This approach conceptualizes ecosystems as
hierarchically modular systems and involves the construction of sys-
tems and subsystems, each of which can be studied in isolation as
long as the coupling structure is identified and its integrity main-
tained. These concepts have been incorporated by Overton (10) and
White and Overton (14) into a general ecosystem paradigm called FLEX,
based on the general systems theory of Klir (4). The FLEX paradigm
is implemented at Oregon State University by the program FLEX2, a
general model processor that accommodates both the holistic (FLEX
mode) and the mechanistic (REFLEX mode) representations. The prin-
cipal advantages of Overton's approach is that it allows the inves-
tigation of ecological systems at different levels of organization
and provides a way to examine the behavior of subsystems in isola-
tion within the structural framework of larger, more complex systems
of which they are an integral part.

The ecosystem model is always an imperfect simplification and
abstraction of the real-world system of interest. The model never
includes everything that is present in the real system. Herein lies
the difficulty of reconciling the differences between the modelers
and the data collectors. Although modern-day electronic computing
machines provide the scientist with an awesome capacity for number
crunching, the field ecologist is often surprised to discover how
quickly this capacity is approached when the complexities of entire
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ecosystems are represented in mathematical form. In fact, preoccu-
pation with too much detail is the bane of the ecosystem modeler's
struggle for a meaningful identification and representation of the
system variables. A mechanistic model consisting of variables par-
titioned by taxonomic position is often unsatisfactory, particularly
if dynamics revolve around energy flow in the system. A more reason-
able approach in some instances is to picture an ecosystem as a nest-
ed, hierarchical system of biotic and abiotic processes hooked to-
gether by the relevant coupling variables. For example, the set of
Iridaea processes within the circle in Fig. 2 could be coupled to
other sets of plant processes--for example, through competitive
interactions with the phytoplankton--and together these processes
could represent the subsystems of a higher level of organization, the
autotrophic processes. Autotrophic processes could be coupled to
another subsystem at the same level called heterotrophic processes
which in turn could be decomposed into its own subsystems, e.g.,
grazing, predation, and detritivory. This approach has been used to

model lotic (flowing-water) ecosystems by Mclntire et al. (8) and

Mclntire and Colby (unpublished manuscript).
While process modeling has certain advantages relating to the

necessity for simplification, the approach often generates serious
estimation problems. This is because most field and experimental
data are obtained by scientists oriented toward the population level
of biological organization. For example, how does one estimate the
food consumption rate for the entire process of grazing in an eco-
system when such rates have been determined for only a few of the
taxonomic entities involved? Progress in ecosystem theory and re-
search depends to a large extent on an ability to rescale perspec-
tive from the population level of organization to a process or func-
tional group perspective. New approaches to data collecting designed
to measure rates of processing materials in large ecological systems
must be found to support parameter estimates at the ecosystem and
subsystems level. One new approach used by stream ecologists is to
introduce leaf packs into a stream and measure the rate at which the
material is converted into fine particle detritus by insects. This

is calld shredding and provides data from which the process rate can
be estimated.

At the ecosystem level, there is some question as to just what
the system state variables should represent. Mclntire et al. (8)

selected state variables on the basis of the various functional groups
recognized by the current theory of energy transfer in lotic eco-

systems. This approach--here referred to as the quasi-organism view-
point--is based on the functional attributes of groups of organisms,
while taxonomic position is essentially ignored. The state variable
is the biomass at any instant involved in a particular process (e.g.,
primary production, grazing, and predation). If the population of a
particular species or an individual organism is involved in more than
one process, it is partitioned conceptually into functional groups,
depending on the instantaneous proportions of the biomass involved
in the corresponding processes. A refinement of the quasi-organism
viewpoint is the designation of the state variables as capacities for
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processing. This approach recognizes that the quality of the biomass
can affect the capacity to perform a system process. For example, if
the species of grazing organisms change seasonally, food consumption
rates per gram of biomass could exhibit corresponding changes. Under
these circumstances, the state variable ought to be considered as
capacity for grazing which is a function of biomass that changes with
community composition. For resource exploitation, the state variable
in the Iridaa subsystem could be the capacity to generate carrageenan.
Carrageenan is obviously a function of plant biomass, but its quality
and perhaps quantity per unit biomass could vary as the population age
and life history stage changes with natural and seasonal changes or
with exploitation. While functions relating process capacity to bio-
mass may be difficult to derive, the concept of capacity as state var-
iables in large ecosystem models provides a mechanism for incorpora-
ting quality as well as quantity into the system model. If succes-

sion or evolutionary change must be represented in the model, the
establishment of functional relationships between process capacity
and biomass is mandatory.

Output from simulation models is often expressed in the form of
plots of state variables against time. While output in this form can
provide adequate prediction of system behavior, it often falls short
of explaining important mechanisms regulating ecosystem processes.
In other words, values for state variables can go up and down, but
it is not always obvious why such variation occurs. A new approach
to the investigation of system behavior currently being developed by
Mclntire and Colby can help alleviate this problem.

Take, for instance, mechanisms regulating the process of grazing
on Iridczea and assume that there is adequate representation of both
the Iridaea and grazing processes in a mathematical simulation model.
The growth rate per gram of biomass (or capacity) at time k associa-
ted with grazing when Iridaea is present in unlimited supply is given
by:

g (k) = 1 LalD(k)
B(k)

assuming no losses from predation or export. In the equation, B is
the biomass or capacity associated with grazing, D is the demand for
food (i.e., the rate of consumption when food is in unlimited supply),
a1 is the fraction of the demand that is assimilated, and R is the

rate of respiration. The specific growth rate g0 is analogous to the
intrinsic rate of natural increase, a theoretical concept in popula-
tion biology (1). In biological terms, g0 is a growth rate per unit
weight or capacity in an environment with unlimited resources and
free from negative effects from other processes. It is a function
of density-independent factors only (e.g., temperature). If the

Iridaea biomass is not in unlimited supply, the specific growth rate
in the absence of predation and export is:

± ra C(k) R(k)1
B(k) L1 I

where C is the actual food consumption rate. If the negative effects
of export and the process of predation on grazing, in that order, are
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added, the equations become:

g2(k) = 1

B(k)

[aiC(k) R(k) E(k)] and

g3(k) = 1 ac(k) R(k) - E(k) P(k)7
B(k) L I

where E is the rate of export and P is the flow to the process of
predation. Therefore, at time k the limiting effects of food supply,
export, and predation are g0(k) g1(k), g1(k) g2(k), and g2(k)
g3(k), respectively. To analyze mechanisms accounting for the dynam-
ics of the process of grazing, simply plot g0, g1, g2, and g3 against
time and examine the areas between the curves relative to the plot
of the corresponding state variable against time.

Modeling, with or without computer simulation, should be an es-
sential part of the ecosystem research that must be conducted before
engaging in responsible, large-scale exploitation of marine plant
biomass in the Pacific Northwest. A similar view from a broader per-
spective is expressed by E. N. Hall, Chapter 20 in this volume. More-
over, it is important that modeling is not relegated to a peripheral
or subordinate status within the research program, as its principal
benefits depend on a central orientation from which research priori-
ties and hypotheses can emerge. Unfortunately, leadership and budget
control for large ecosystem research is often dependent on individu-
als more sympathetic with data collecting than with data analysis.
Insufficient cognizance of the role of the system modeling and anal-
ysis can prove to be costly.

Ecologists appear to be notorious data collectors. Indeed,
there are laboratories engaged in ecological research that could
easily spend 5 years or more extracting information from data they
have already collected Sometimes, it is not always clear why the
data were obtained in the first place; or, if the objectives were
clear in the past, they are no longer relevant to the present.

A reasonable approach to ecosystem research related to the ex-
ploitation of marine plant biomass includes: (1) the identification
of a well-defined research goal and the establishment of specific
objectives that relate to that goal, (2) an exhaustive review of
existing information that relates to the various specific objectives,
(3) the development of tentative structural and conceptual models of
ecosystem dynamics that identify system boundaries and variables,
(4) the establishment of research priorities based on the tentative
model and the knowledge of existing information, (5) data collection
and analysis, and (6) the integration and the analysis of system be-
havior at various levels of organization. Steps (2) and (3) must
proceed concurrently and be performed by biologists with a systems
orientation and modelers with a biological orientation. Step (6) is
the conclusion and should generate understanding of the mechanisms
that regulate and control the relevant ecosystem processes. Whether
a formal mathematical model is required for (6) depends on the objec-
tives of the research program relative to the complexity of the eco-
logical system under investigation. Plant systems generated on
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artificial substrates suspended over the continental shelf might re-
quire a less formal analysis than a large natural ecosystem, unless
the artificial, man-created ecological systems are coupled to com-
plex social and economic systems as is true of E. N. Hall's approach
(Chapter 20).

ECOLOGICAL SYSTEMS AND SOCIETY

Until recent years, professional biologists were usually highly
trained, specialized individuals with a relatively narrow view of
the world. Even at the simple levels of biological organization,
one could spend an entire lifetime trying to unravel the complexi-
ties of such systems as cells, organelles, or biochemical pathways.
Specialists worked reasonably well during a period when resources
and energy were in unlimited supply. Now, positive feedback models
as manifested by the exponential growth of the human population of
the world (doubling time ca 36 years in 1974) and the exponential
decline of natural resources are no longer compatible with the re-
alities imposed by the finite nature of the biosphere. Almost over-
night affluent countries like the United States have begun to dis-
integrate. A relatively comfortable existence is threatened by the
increasing generations of the future. The suddenness of the crisis
is no surprise to those familiar with the mathematical properties
of exponential growth. The new challenge to responsible biologists
is not simply to understand cells, individuals, populations, commun-
ities, or even entire ecosystems in isolation, but rather to under-
stand how such ecological systems relate to the social, economic,
and industrial systems of the world. Unfortunately, most scientists
are not professionally trained to think this way. Help is needed
from generalists--the systems scientists.

The publication of The Limits to Growth by Meadows et al. in

1972 (9) marked the first attempt to expose the educated public to
systems science from a global perspective. The world model which was
very effectively presented consisted of social, economic, industrial,
and ecological subsystems coupled in such a way as to provide pre-
dictions of population size, resources, food availability per capita,
pollution, and industrial output per capita during the next 100 years.
The Limits to Growth had an impact similar to Rachel Carson's Silent
Spring (2). Its predictions were frightening and a threat to tra-
ditional economic models that equated growth to prosperity. In spite
of an enormous effort by various factions to destroy the credability
of The Limits to Growth, the world model served its purpose well by
helping to focus the public's attention on serious world-wide prob-
lems.

Much as Meadows et al. (9) addressed the population problem,
E. N. Hall's Chapter 20 in this volume approaches the problem of
exploiting the marine plant biomass from a systems perspective.
Although the feasibility of Mr. Hall's proposal needs evaluation,
his conceptual model is composed, as it should be, of ecological,
economic, social, industrial, and political subsystems, the dynamics
of which were projected over the next 125 years. Mr. Hall's proposal
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Figure 4. A schematic representation of a Marine Plant Production
and Utilization system showing the hierarchical composition of the
Ecosystem Processes subsystem.

can also be interpreted by two systems diagrams (Figs. 4 and 5),
which are illustrative of the concepts developed in the previous
section of this chapter and emphasize the examination of systems
within a hierarchical structure at different levels of resolution.
Figs. 4 and 5 are based primarily on Hall's Fig. 7 and are intended
to put his model into a slightly different structural form.

In Fig. 4 the entire system under consideration is arbitrarily
called Marine Plant Production and Utilization. Holistically, the
system receives inputs of solar energy and nutrients from the sea
and theoretically generates hydrocarbon fuels and various organic
and inorganic byproducts. In the early stages of development the
system also receives energy subsidies from sources other than solar
radiation. A dynamic understanding of the behavior of the total
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Figure 5. A schematic representation of the mechanistic structure
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the Marine Plant Production and Utilization system.

marine plant system is required to deal with questions related to the
global steady-state equilibrium which is of course a larger and more
complex system.

The marine plant system can be examined mechanistically in terms
of two coupled subsystems: Ecosystem Processes and Industrial Proc-
esses. It is important to identify relevant coupling variables be-
tween these two subsystems. For example, such variables might include
a flow of plant biomass from Ecosystem Processes to Industrial Proc-
esses and flows of hydrocarbon fuels and nutrients (fertilizers) from
Industrial Processes to Ecosystem Processes. Presumably fuels would
be needed to power the machinery necessary for cultivation and har-
vesting. After the coupling variables are carefully identified,
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Ecosystem Processes and Industrial Processes can be uncoupled and
examined in terms of their holistic behaviors or mechanistically in
terms of their coupled subsystems. Understanding at the level of
the total ecosystem and the total industrial system is necessary for
the identification of mechanisms relating to project feasibility and
for decisions relating to possible couplings with the social and econ-
omic systems which are not included in this diagram. Such generali-
zations may only have significance after coupling variables are iden-
tified. Such variables represent the inputs and outputs associated
with the holistic behavior of the Ecosystem Processes and The Indus-
trial Processes.

Ecosystem Processes can be partitioned into coupled subsystems
referred to here as Cultivation, Water Column Processes, and Harvest-
ing. The latter is included as a subsystem of Ecosystem Processes
because its couplings are stronger with the biological system than
with the industrial system. Cultivation includes all relevant proc-
esses associated with artificial substrates. Water Column Processes
include physical, chemical, and biological processes that directly
or indirectly support Cultivation. Harvesting couples to both of
these systems, because other products of interest to society also
may be generated from the fabricated habitat. The inclusion of
Water Column Processes in the model allows for the investigation of
possible conflicts resulting from exchanges of materials between
an artificial substrate and the water mass.

The subsystems of Ecosystem Processes also could be dissected
further and examined mechanistically. For example, Cultivation
could be uncoupled and modeled as a system of state, rate, and control
variables such as those illustrated in Figs. 2 and 3. Coupling vari-
ables with Harvesting and Water Column Processes must be identified
before Cultivation can be examined in isolation. They represent in-
puts and outputs indirectly affecting the Cultivation subsystem.

Industrial Processes (I) can be conveniently partitioned into
two subsystems: Separation Processes and Marketing Processes
(Fig. 5). Separation Processes include the physical procedures and
operations involved in the processing of the 35 tons acre- year4
of marine algae projected by Mr. Hall. Marketing Processes include
the commercial packaging, distribution, and advertising of the final
products that are eventually transferred to consumers (e.g., pharma-
ceutical products, animal feeds, fertilizers, and hydrocarbon fuels).
The raw materials that represent outputs from Separation Processes
can be partitioned into Organic Products and Inorganic Products as
subsystems.

The boundaries arbitrarily selected for the system illustrated
in Figs. 4 and 5 are obviously too restrictive to reflect the poten-
tial impact of a new technology on society. The social, economic,
legal, and political ramifications of a project of this magnitude
almost defy comprehension, largely because the current conceptual
models of how the world system operates have stressed suboptimization
over relatively short periods of time--of a decade or so. Now the
life style and values of individuals in the social systems of the
world must be optimized within the next 50 to 100 years. Inefficient
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use of resources and lost time in planning strategies for the future
are no longer tolerable. Systems science and modeling can provide
organization and direction that will increase the probability that
the critical deadlines will be met before rapidly expanding social
demands cause a catastrophic global collapse.
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Engineering of Structures in the Ocean

JOhN II. NATII AND ROBERT A. GRACE

The farming of benthic algae in the ocean will require
structures for plant support and farm activities. Although some
preliminary work has been done on design, construction, and testing
of a potential support platform, many engineering unknowns remain.
This paper presents an overview of the various types of offshore
structures that are now operational--and might be considered for
ocean farms. Fabrication, launching, deploying, and mooring problems
for such structures will be reviewed and the influence of environ-
mental factors such as wind, waves, currents, and earthquakes will
be outlined. A discussion of the general design process involved in
the engineering of ocean structures will focus briefly on types of
platforms for marine farms.

Naturally occurring stands of kelp are harvested off the coast
of California and elsewhere. After processing, components are used
in human foods, industrial products, pharmaceutical products, and
fertilizers. Seaweeds are also processed to yield animal food supple
ments and can produce methane gas to serve as an energy source. The
potential value of macroscopic, marine, benthic algae which might be
cultivated in the ocean under a bountiful supply of solar energy has
promptedserious consideration of ocean farming to supplement food
supplies and conventional energy sources, such as petroleum and natu-
ral gas.

In order to make a significant contribution to energy and food
demands, extensive areas of ocean bottom must be modified to some
degree (34). There is clearly insufficient ocean area within the
10 m and 25 m depth contours, ideal for benthic algae, to support
the production anticipated. The bottom at these depths is seldom
ideal, in terms of firmness and stability, for seaweed attachment.
Thus a solid substrate should be maintained at 10 m to 25 m below
the still water level regardless of the overall water depth.

This paper will provide background on state-of-the-art offshore
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structures that might be considered in ocean farming. They may be
fixed to the bottom and extend through the sea-air interface, may
be floating, may be a blend of these two extremes in the case of

"hybridt'

structures, or they may be built on the sea bed but sub-

merged. Engineering considerations for the design of such struc-
tures for performance and safety in the marine environment are also

involved. There are problems due to corrosion, fouling, fatigue,
winds, waves, currents, ships, and fishing gear. Interaction of
such influences and the various components of the farm, both animate
and inanimate, must be considered. There are problems of materials
selection, sizes of members, types and weights of anchors, as well
as of locating the farm in suitable waters and over suitable bottoms.

The effectiveness of the ocean farming concept will be judged
chiefly upon whether or not items derived from seaweeds can be pro-
duced at a profit. Liquidating the very high capital cost of the
supporting structure will be a primary consideration. This paper
addresses economic questions within the ocean farming concept, but
a detailed review of costs is not possible at this time.

OCEAN STRUCTURES

A brief review of the types of ocean structures now in exist-
ence will indicate what can currently be constructed. The mining
of energy-rich products such as petroleum can return the very high
investment offshore structures require and still produce a profit.
Such structures may be economically questionable for seaplant farm-
ing, but they do illustrate an important construction capability.

Bottom-supported, Surface-piercing Structures

The most common installation of this type is the platform used
for exploration and production in offshore oil fields. Such struc-

tures are usually made of steel and supported by piles driven into
the sea floor. Living and working areas on various decks cap the

platform. Many have been installed in shallow waters around the

world.
The deepest installation to date is in 260 m of water in the

Santa Barbara Channel in California. The Exxon Corporation spent
$67 million for the deep platform installed in 1976. The platform
jacket is 264 m high and the total platform height when topped with
a three-deck structure is 288 m. Total jacket weight is 11,000
metric tons; the base is 71.5 x 52 m with the top 38 x 14 m; the
eight legs are 1.37 m in diameter; and twenty steel piles are driven
as deep as 107 m into the bottom material to pin the structure to
the sea floor.

Burmah Oil Co. operates a steel platform in the North Sea in

161 m of water. The base is 85.5 x 82 m and the deck 61 x 82 m.

The jacket for the platform is 185 in high and the total platform,
to the top of a flare stack, is 295 m high. The jacket alone weighs

22,000 metric tons.
Shell Oil Co. is constructing a structure 372 m high that will

be installed in the Gulf of Mexico. With towers, this platform will
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be as high as the Empire State Building. The platform base dimen-
sions are 116 x 122 m, and the weight will be 41,000 metric tons.

In addition, large structures are built from reinforced concrete.
The enormous size of such structures is illustrated by the dimensions
of the following platform that has been installed in 104 m of water
in the North Sea. The base, set on the sea floor, is a gigantic
cellular concrete caisson 39 m high. In horizontal extent the base
is square and 70 m to a side. The steel platform deck is supported
by two concrete columns each 80 m high.

Single-leg structures have also been installed, e.g., off
Alaska. This approach is being planned for offshore terminal use
for discharge of oil from tankers (23). Such an apparatus can be
articulated at the ocean floor rather than fixed. Stability is
achieved from buoyancy tanks near the surface. Pipes from a re-
finery on shore run to the terminal, and hoses are used to connect
to ships.

A further type of offshore structure is the guyed tower, which
is more lightly built than the customary offshore platforms and
steadied by guy lines attached to heavy anchors. One such system is
currently under test by Exxon Corp. in the Gulf of Mexico. It is
113 m high, set in 91 m of water, and used as a model for a proto-
type to be ultimately installed in waters 450 m deep or greater in
the North Sea (10).

Enormous steel oil storage tanks also have been installed in
various parts of the world. A set of three 500,000-barrel tanks
is located in 49 m of water in the Persian Gulf. These tanks have
an inverted conical base and a cylindrical upper portion that passes
through the water surface. The diameter of the base is 82 m and the
tanks are 64 m high (11). A still larger tank, with capacity of one
million barrels, has been installed in the North Sea. This cylindri-
cal tank, having a perforated wall, is 90 m high and located in 70 m
of water (12).

A final class of bottom-supported structures that extends above
the water surface involves breakwaters and jetties. Although such
installations may be made from steel sheet piling, the usual case
involves the dumping of rock. Depending upon the severity of antici-
pated wave conditions, such structures may be protected by large
concrete units such as dolosse or tribars (32).

Floating Structures
The offshore oil industry is most heavily involved in floating

structures. Work barges are equipped with giant cranes to assist
in installing fixed platforms and other offshore facilities. Pipe
barges are involved in various ways in laying pipe along the ocean
floor.

The semi-submersible is a favorite offshore drilling platform
because of its stability in waves. An upper deck mounts living
quarters but it serves chiefly as a working platform. Primary items
are a drilling derrick, storage for drilling rods, and machinery.
Three or more vertical columns support the deck above the water
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surface on the flotation units, which are below the surface. In

some cases, the floats may be interconnected. Water can be pumped
into or out of the floats to adjust the draft of the platform.
Shallow draft is desired when the platform is towed to location
whereas deeper draft assures better motion stability--as long as
the underside of the deck clears the highest waves. Station keeping

is achieved from mooring lines or dynamic positioning.
Tankers may discharge or take on crude oil at floating mooring

buoys. The design of such installations either involves a circular
unit floating in the sea-air interface or an elongated spar buoy
that floats in a nearby vertical attitude with the bulk of its
length submerged. The spar buoy design even extends to special
research ships that proceed to a desired ocean location in hori-
zontal attitude, then are upended when on station. An example of

such vessels is the 116 m long FLIP, operated by the Scripps Insti-

tution of Oceanography.
Floating breakwaters are another class of structure that may

be of particular use to ocean farming. The past decade has seen a
considerable amount of research on this approach to reducing the
level of wave action in ports and harbors (1).

Hybrid Structures

Combinations of bottom-mounted and floating structures exist.
A jack-up platform has legs that can be raised and lowered with
respect to the deck structure, which floats. The platform is
towed in floating mode to a desired location, the legs are then
dropped to rest on the sea bed, and the deck portion is then jacked

clear of the water.
A second type of hybrid structure involves tension-leg plat-

forms. A floating rig, usually a semi-submersible, is positioned

at a desired location. Vertical tension cables, connected to
anchors on or in the sea bed, are used to pull it deeper into the

water. Such structures are not practical in shallow depths; their
use is generally confined to water 120 m or deeper.

Submerged, Bottom-mounted Structures

There are thousands of miles of pipelines lying on the sea

bed or buried in it. Outfall pipes, carrying sewage or wastewaters

from manufacturing and power companies, comprise an important group

of submarine pipelines. Steel pipelines are the most common; con-

crete is frequently used for large outfalls.
Oil production platforms that rise above the water surface are

subject to wind loads and direct wave effects. There has been a

movement over the past decade to design completely submerged pro-

duction units that rest on the sea floor in deep water. Controls

for such systems can either be internal or external, observable
and adjustable by divers or by small, manned submarines. In the

former case a diving bell is lowered to the production unit, mates

with it, and technicians enter to work.
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The diver habitat is another bottom-based structure. There
have been numerous experiments, e.g., Sealab I and II, Hydro-
Lab (17), and Tektite, wherein divers have occupied a structure
set on the sea bed for a period of several days or more. Although
such an operation is entirely feasible, the offshore oil and gas
industry prefers to transport its divers under pressure each day
from a work barge on the surface to the work site on the bottom in
a diving bell.

The final type of submerged installation involves vertical
cables stretched tightly between a clump anchor on the sea floor
and a submerged float (usually spherical) between the bottom and
the surface. Such systems support oceanographic measuring
instruments.

OPERATIONS

A few factors of engineering importance in the operation of
ocean structures may be useful in this review. In some cases there
is little latitude in locating ocean engineering structures. For

instance, an oil field production platform must be positioned over
or near a previously drilled exploratory well, and submarine pipe-
lines between platforms essentially have predetermined routes.

If there is a choice in the positioning of an ocean structure,
it should be outside of shipping lanes and remote from fishing
grounds where the potential for collision is high. Of particular
importance is information on bottom conditions and on waves and
swell. If possible, an ocean farm structure should be located away
from severe waves. The wave climate involves both the heights and
periods of waves and extends to the duration over which such con-
ditions last.

The nature of the sea bed is critical. This may be less true
for floating structures than for those attached to the sea bottom,
but anchors must have sufficient holding capacity for a platform
when it is subjected to high loadings. A rock bottom, or one with
rock outcroppings, might be completely unsuitable unless receptacles
for anchors were drilled or trenches cut in the bottom by blasting.
The following characteristics are often important: the strength
of the substrate must be adequate to support weight; the material
cannot be subject to extensive erosion under heavy wave action in
the wafer depths involved; the particle size of soft bottoms must be
such that the phenomenon of liquefaction (complete loss of strength
due to pressure buildup) does not occur; and bottom slopes and
material sizes should not be such that slides are possible.

The characteristics of materials well below the bottom may be
as important as those of the surface material. Piles driven deeply
into the sea bed, to provide vertical support for a bottom-based
structure and partial stabilization against horizontal displacements,
can be properly designed only with adequate engineering data on the

bottom material to the depths involved. Seismic profiling, done
from a survey ship, generally must be supplemented by actual drill-
ing and coring at the site.
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It is usually difficult to install even small experimental
structures in the ocean. Enormous logistical problems for complex
deployment operations exist for massive offshore structures. The
submerged research structure described by Grace and Nicinski (14)
consisted of a pipe 5.3 m long and 0.41 m in diameter set on a steel
base composed of structural steel that had horizontal dimensions of
2.4 x 4.9 m. The weight of the entire structure was only 5.5 metric
tons. However, six hours were required by an experienced crew to
transport the structure on a lift vehicle 150 m from the fabrication
shop to a loading dock, to secure the structure against the hull of
a 17 m work boat, and then for that vessel to proceed 1000 m to the
test site in 11 m of water and lower the structure to a predetermined
location on the bottom. Waves prolonged the time taken for the work
boat to get the structure into position.

The very large Exxon Santa Barbara Channel platform was fabri-
cated on shore in two parts which were towed separately on barges
to a joining location. They were linked and welded while floating
horizontally. The platform was then towed to the final location,
tipped upright under tight control, and positioned on the sea floor.
Its piles were later driven into the sea bed. The deployment opera-
tion required weeks.

Occasionally structures can be built in the dry adjacent to
the waters they are to occupy. The 500,000-barrel oil storage
tanks referred to earlier were built in the dry, but within a walled-
off area below the level of the water. When each tank was completed,
water was allowed to fill the area. The tank was towed to the final
location and sunk into the desired position. Such operations are
time consuming and expensive.

The traditional means of keeping a ship, buoy, or floating
platform on station is to use mooring lines (or cables or chain)
extending to anchors set well away from the floating plant. The
scope (the ratio of the length of the mooring line to the depth) is
usually from 5 to 12 for most anchors and most types of bottom
material. Conventional anchors are designed to dig into the sea
floor when pulled horizontally. Thus an anchor is set a considerable
distance from the floating structure it is holding. Clump anchors
are also often utilized; these rely completely on dead weight. In

addition, anchors can be explosively imbedded into bottom materials.
Steel cable (wire rope) is customarily used to connect sizable

floating platforms to their anchors. Such cable is usually spooled
on a winch and can be taken up or let out as the platform drifts from
its desired location. Drilling platforms may have eight or more
winched anchor systems; pipe barges might have six; floating dredges,
four.

Floating platforms or ships can also be maintained on station
with dynamic positioning. The desired station is established using
some form of accurate high seas positioning such as satellite navi-
gation. Three acoustic transmitters are placed on the sea bed at
that location in a triangular array. Acoustic receivers on the hull
of the vessel pick up the sound pulses generated. Differences in
arrival times can be translated by appropriate electronic control
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circuitry into the vector error of the vessel's position. Special

propulsers mounted on the hull are then brought into play to return
the vessel to its position. On the Sedco 709 semi-submersible, for
example, there are eight 3000-HP controllable-pitch, azimuthing
thruster units (29). Complete computer control of such systems is

possible.

THE MARINE ENVIRONMENT IN AN ENGINEERING CONTEXT

The oceanographer is a scientist who gathers data on the marine

environment. The ocean engineer uses such data combined with engi-
neering principles to design ocean installations. Wind, waves, cur-

rents, storm surge, gravity (pressure, buoyancy), earthquakes, and
corrosion must be considered in designs. Although some data have been
obtained on winds and waves during great storms, design waves are nor-
mally obtained theoretically from long records of winds. Past data of

wind and waves can be extrapolated in a probabilistic manner to obtain
estimates of rare but possible occurrences (2). Extreme wind and wave
information for different areas along the U.S. coast has been published
(26,31). Severe design storms can be employed (3,5).

Design currents can be estimated from storm winds (4). Steady

currents flowing past a pile for an offshore structure cause vortices
to be shed alternately from one side and then the other. This

oscillatory transverse loading is similar, although of higher fre-
quency, to the oscillatory, in-line loading due to waves. This

cycling of loading in most structures creates fatigue and must be
predictable for safe design. A member cycled many thousands of
times at appreciable stress levels does not have the strength of
the uncycled member.

In the marine environment corrosion fatigue is also a possi-

bility. Corrosion can penetrate into minute cracks opened up during
the member's cycling. A very important class is galvanic corrosion.
When two different metals are electrically connected and immersed
together in an electrolyte such as sea water, there is a flow of
electricity. The anode becomes corroded. Positively charged me-
tallic ions leaving the anode cause the corrosion. Electrons freed
by the release of the metallic ions pass from one metal to the other
along the electrical connection. A galvanic series lists metals by
their tendencies to be anodic with respect to other metals. Cathodic

protection can be provided for a given metal (otherwise anodic)
either by attaching to it a more anodic (less noble) metal (such as
zinc) or by impressing a voltage difference against the natural
galvanic cell potential (18).

The term fouling refers to the growth of marine organisms on
structures or, possibly, within them. There are literally thousands
of such organisms that will attach themselves to structures and
grow. For example, when ship hulls are fouled with barnacles, the
resistance to motion through the water is increased. Cleaning of

the hull becomes a necessity. This can be done either by moving the
ship into a dry dock or by having divers with special tools clean
the hull in the water at dockside. The latter approach, which is
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relatively new, is much less costly and time-consuming than the
former. Growths on fixed structures effectively increase the size
of members. This increases the hydrodynamic loads that must be
resisted by the structure. Attempts to prevent fouling involve
treating the material and/or its surface with a substance that is
toxic to potential fouling organisms. Paints that slowly give up
metallic copper ions in the solution are the most effective. The
usual material for offshore structures is steel, and the overall
protection of such surfaces against corrosion and fouling involves
substances such as epoxy-base paints containing metallic additives.

Predicted earthquakes can provide the most important informa-
tion for design load for structures built in deep water. A primary
effect from earthquakes is the shaking of the foundation, and then
the structure, in the relatively still water. The hydrodynamic
forces on the structure can be very large, but if it is loosely
moored to the bottom the forces are minor. A secondary effect from
an earthquake may be the creation of a tsunami wave when the ocean
bottom deforms drastically, such as a large subsidence. As such
long waves grow in height as they shoal, they can create very large
forces on nearshore structures.

ENGINEERING DESIGN

A major role of the engineer is to predict forces and associa-
ted structural response. In addition, the engineer is usually ex-
pected to locate the structure, and this may involve the interplay of
several disciplines. An engineer is concerned with safety and com-
plying with the few codes that exist for ocean work, with maintaining
reasonable stresses throughout the structure, and with compliance
with local laws and regulations. There is also concern to some
degree with aesthetics. Particular concern is given to the economics
of the construction, location, and operation of the structure. In
engineering design an attempt is made to minimize total annual cost
while still maintaining a satisfactory situation in the structure and
its environment.

The analysis of structural response can be divided into two
categories: 1) static analysis wherein the forces are not assumed
to fluctuate with respect to time; 2) dynamic analysis wherein the
forces not only fluctuate with respect to time but the structural
response is a function of the frequency of fluctuation of the forces.
If the natural periods of vibrations in the structure are well below
the range of periods of the force oscillations, the structure may be
designed with a static analysis. Otherwise, the dynamic amplifica-
tion of the structural response must be considered, and this signif-
icantly complicates the analysis.

Much reliance is placed on mathematics in developing the basic
equations which describe the processes involved. Only a few solu-
tions can be obtained in closed form. Most ocean structural analysis
is highly nonlinear and the engineer frequently resorts to numerical
solution of the basic equations. He is also frequently called upon
to make quick approximations for the purpose of estimates.
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A typical offshore structure, whether fixed to the sea floor or
floating, is a matrix of circular cylindrical members in various
arrangements. The analysis involves the determination, for particu-
lar fixed sizes, lengths, and orientations, of the stresses occurring
in each member. The loads are made up of the weights of each com-
ponent; water pressure forces from gravity, waves, currents, and
earthquakes; forces from guy wires or anchor cables; and wind forces
(30). Comprehensive numerical computer programs have been developed
for such analyses.

Hundreds of good recent papers describing recent advances in
the analysis of ocean structures exist. The reader is urged to delve
into the representative bibliographic references which are provided
at the end of this chapter.

For determining wave forces alone, structures are divided into
those that are small with respect to the wave lengths and those that
are large. Large structures introduce appreciable changes to the
wave field whereas small structures do not. Analysis of large struc-
tures can be carried out by using diffraction theories (13) and com-
puter solution and/or by testing a small model of the structure in
a wave tank.

Water motion under waves involves both velocities and accelera-
tions (7, 8, 9). The Morison equation used to determine wave-induced

forces on small structures considers both aspects (19, 21, 24, 28, 33).
It includes the wake formation effects (velocity-dependent) like the
familiar concept in treating steady flows of real fluids using the
drag force (16). It also includes the acceleration-dependent effects
through adaptation of the inertial force concept for accelerating
ideal fluids. Forces and water motion are connected through force
coefficients. The drag force involves effects of the turbulent wake
behind an object. Analytical approaches break down in such cases.
Thus experiments must be used to establish force coefficients. How-
ever, because of the effects of acceleration, physical modelling is
considerably more complicated than the aerodynamicist's use of small-
scale wing models in wind tunnels for determining drag and lift
forces. There are many other complications in determining wave force
coefficients. One which must be taken into account is the proximity
of nearby boundaries (25, 35, 36).

MARINE PLANT FARM STRUCTURES

A few efforts have been made in the United States to construct
support structures on which kelp is grown. These experiments have
been small. Larger farms exist in Japan, but in protected waters.
In order to design and construct reliable and relatively low-cost
farm systems for the continental shelf in deeper waters, a consider-
able amount of design and experimentation will be required. Coordina-
ted efforts by engineers and botanists will be necessary. For
example, current flowing through the kelp will create forces on the
structure which will need to be considered in the structural design.
The same current will provide nutrients which will be scrubbed from
the water by the plants--to the detriment of those at the downstream
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end. The engineer will need to configure the structure to minimize
forces and the botanist will want to configure the structure to maxi-
mize absorption of nutrients. A systems analysis including these
topics and all others will be required.

Experimental structures to support marine plants have been de-
signed, fabricated, and tested. This research was funded jointly
by the U.S. Energy Research and Development Administration and the
American Gas Association. The California Institute of Technology
and the Naval Undersea Centers in Hawaii and San Diego performed the
work. Although the experiments were aimed primarily at determining
whether kelp could be grown on artificial substrates, with or with-
out artificial upwelling of nutrient-rich bottom water, they also
clearly demonstrated that the substrate structure must be well
engineered to withstand the rigors of the marine environment.

A 3-ha experimental farm 1000 m off the northwest tip of San
Clemente Island, California, was the first attempt. The depth at this
site was about 90 m and the farm was placed in January 1974 (25). The

farm involved 100 to 150 Macrocystis pyrifera plants attached to sub-
merged ropes strung across an anchored structure. In January 1975,
the anchor at one corner of the structure came loose, the farm
floated to the surface, and the whole system was completely destroyed
--presumably by a passing ship.

A much smaller second farm was installed off Corona del Mar,
California, but it simply disappeared after several months. Another
effort off Catalina Island, California, was destroyed by waves in
less than a month. An upwelling experiment was damaged by a Navy
barge which struck the upper structure. Leaks appeared in the up-
welling pipe, and the single kelp plant chafed against the structure
so that its growth could not be evaluated (25).

These problems caused a pause in further work. One of the two
sponsors, the American Gas Association, selected a new contractor,
General Electric Company, which has subcontracted with Global Marine
Development, Inc., to continue work with a fabricated structure
designed but never tested by the Naval Underseas Center. Testing is
to be conducted 6.5 km offshore from Corona del Mar, California, in
water about 300 m deep. The quarter-acre module (QAI4) which has
been proposed looks li.ke an inverted clothes line floating in the
water as shown in Fig. 1. The six arms are tapered poles, 16 m
long, made of prestressed concrete, attached to an extension of
the spar buoy at the center through large gimbaled rings. Connect-
ing the arms are concentric rings of polypropylene line except for
the outermost ring which is wire rope. The QAM is capable of handl-
ing approximately 100 plants attached to the lines at 3 m centers.

The QAN is an example of a rigid member structure. Another pre-

liminary design on a tension grid structure also has been made (20).
It is much like a fish net, which in fact was used for a physical
model test. Kelp bearing lines were stretched across an orthogonal
grid of cables. Positive buoyancy for these cables was provided by
taut-line buoys, and the whole structure was maintained on station
by anchor lines. Such structures should have a built-in system of
redundancy and regular diver inspections of the entire installed
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Figure 1. Schematic of Quarter Acre Kelp Farm Module (QAM) (20).

system must be considered indispensible. The mooring system may
prove a particularly critical problem for such offshore floating
platforms.

The most serious difficulty for any offshore farm structure
will probably involve hydrodynamic loads coupled with strength de-
creases due to corrosion. Hydrodynamic loads come from both cur-
rents and waves with the latter the more important in exposed waters
where offshore marine plant farming would likely be done.

Although farms for marine plants could extend over many square
kilometers of ocean surface, they would be composed of a myriad of
components that would be small with respect to the lengths of design
waves. Drag and inertial force coefficients for such structures
can come only from experimentation. Although wave force coefficients
have been established for very regular, stationary structures such
as the sphere (15) and the cylinder (14,22,28,35,36), irregular
structures and assemblages of elements considered for marine farms
would have to be tested. Although some information on wave-kelp
interaction has been gathered (6), more experimentation is required.
There are two means of proper testing, either using waves in the
sea or using large wave flumes. A small wave flume cannot be used
to test such structures because of the impossibility of satisfying
modelling criteria for both drag and inertia effects at the same
time (27).

Ocean testing usually involves full prototype sizes (14,33).
However, sometimes a scale model can be constructed and positioned
in a desired location which accurately simulates the design condition.
Distinct problems in these procedures do exist (14,15,33). The logis-
tics of carrying out wave force experiments in the sea is difficult.
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and the wave conditions cannot be selected, terminated, or rerun.
Furthermore, many operational problems arise, such as watertightness,
corrosion, passing ships, inquisitive divers, and marine creatures.
Great care and extensive experience are required in carrying out such
work successfully.

One way to partially nullify such problems is to do experimental
work at large ocean engineering institutions on land. The Wave
Research Facility at Oregon State University contains a wave flume
104 m long, 4.6 m deep, and 3.7 m wide. Wave periods from about 1
second to 5 seconds are utilized and wave heights up to 1.7 m can
be generated for a 2.4-second wave (35).

A most promising approach will be to combine the large flume
and ocean testing technologies. Final proving of design in the sea
can be attempted after thorough preliminary laboratory testing of
the many alternatives.

SUMMARY

There has been considerable experience in the offshore oil
industry and in the U.S. Navy with large, complicated structures
placed and successfully operated in the ocean. The construction
of offshore marine plant farms composed of many component structures
of moderate size and collectively covering a large ocean surface
area is probably feasible from the engineering data available. How-
ever, such structures must be economical so that societal profit can
be realized from the venture. Therefore, careful engineering design
must be proposed and tested for economy, reliability, and safety.
This calls for the exercise of analytical and experimental tools.
It will not be a simple task, and adequate resources must be made
available if such a venture is to be a success.
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The Ocean Resource Challenge

EDWARD N. HALL

Traditionally, human history has been divided into Eras.
Frequently these have been related to religious events, political
transformations, and decisive military actions. In this chapter,
to highlight certain critical aspects of today's society, human
history will be treated as embracing three Eras: Pre-Agricultural,
Careless, and Steady State. During the half million years or so of
Pre-Agricultural society, humans were food-gathering creatures or-
ganized into wandering tribal groups which interacted only to a
very limited extent. Within the tribal groups, primitive techniques
employed for food gathering assured extremely low populations which
in turn permitted environmental stability through the interplay of
natural control phenomena. In such a world the large land area re-
quired for the survival of each person held the total human popula-
tion to less than 10 million.

About ten thousand years ago the first great technical achieve-
ment of mankind, agriculture, transformed human societies, allowing
stable human communities, occupational specialization, great popu-
lation increases, a sharp rise in intellectual pursuits, and a pro-
found enhancement of engineering activities. As a consequence, a
worldwide human population much in excess of 100 million could be
supported.

During all but the last hundred years, man has lacked the
skill to ruin the earth or any substantial part of it. The scale
of his activities was so miniscule relative to those of natural
phenomena that the equilibrium of the biosphere was not threatened.
Of the 100 billion tons per year of carbon dioxide produced by oxi-
dation of organic matter on land, man's contribution was insigni-
ficant. Moreover, the greatest cities built during these thous-
ands of years rarely exceeded 50,000, or about 5,000 persons per
square mile. The lack of engineering skills essential to the erec-
tion of high buildings, the distribution of water, the collection
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and disposition of waste, telecommunications, and rapid transporta-
tion prevented ill-considered and excessive urban growth. A most
significant indicator of mankind's gentle impact on the established
equilibria of the earth during most of the first two eras of human
history is the magnitude of energy transformation which prevailed.
To the middle of the 18th century, mean energy conversion rates at
a tenth of a kilowatt per person were rarely exceeded by any society.
At a population approximating 100 million, this could amount to no
more than a total of i07 kilowatts worldwide, an insignificant frac-
tion of the 2 x i014 kilowatts of solar flux impinging on this planet.
Limited by technical ignorance, the social subsystems of mankind
during the Pre-Agricultural Era and the prevailing Careless Era
have remained intensely parochial. Nations and cities contended
with supply and disposal problems and ignored the impacts of such
activities on their global neighbors. The long and successful tra-
dition of careless conduct, plus the social, economic, and ethical
values engendered by it, constitutes one of the greatest threats to
the perpetuation of the human species on this earth today.

The Careless Era a long transient bridging the Pre-Agricultural
and the coming Steady State Era, is drawing to a close. Steady State

is the best humanity can look forward to. Sy the end of the 21st
century, barring an ecological catastrophe, this may be approached
with a world population of about 20 billion and energy conversion
needs and aspirations approximating 6 x i0-8 BTU annually--about 16
times today's figure. Food requirements can be expected to rise by
a factor of 5 to 10 and demand for non-fuel minerals by something less.
Satisfaction of energy needs appears most pressing, because success
in generating more energy can facilitate satisfaction of burgeoning
food and mineral aspirations. Failure may well preclude such an
achievement completely.

Few alternative energy conversion technologies capable of assum-
ing a substantial percentage of the burden currently borne by fossil
fuels can be perceived. Each has attractive and unattractive aspects.
All valid candidates must be pursued to maximize the probability of
success in meeting the unprecedentedly massive demands for new energy.
The time remaining for this accomplishment is short--less than 50
years if major social disruption is to be averted. This chapter is
devoted to an exploration of one potential new technology--the use of
energy-rich raw materials in benthic marine algae on an unprecedented
scale. The enormity of the biomass crop needed for the new technol-
ogy and the magnitude of the area needed to support it direct atten-
tion to the ocean above the continental shelves. Moreover, success
in exploiting the continental shelves would be one means of redressing
the consequences of man's unbalanced activities on land and sea.

Proposals for alternatives to the energy conversion system of the
world, which is supported predominantly by fossil fuels today, are
bedeviled by unrealistic accounting procedures. Improper allowances
for depletion associated with fossil fuels render alternative systems,
for which true depletion or replacement costs are included, economi-
cally non-competitive at this time. To contend with this apparent
handicap, huge subsidies of extended duration will be required, or
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the products of the renewable systems will have to be distributed
through more commercially valuable channels than fuel alone for
several decades to come.

THE PLANETARY RESOURCE INVENTORY

The development of agriculture started mankind on a long path
toward population growth and affluence. The slope of the growth
transient was increased sharply during the 18th and 19th centuries
with more efficient chemical-to-mechanical energy transformations,
shifts to electrical energy, and accelerated exploitation of massive
quantities of fossil fuels. Fossil-fueled engines gave man the means
to disturb naturally controlled equilibria that had prevailed since
the earth was young. Today, the ten-thousand-year transient which
comprises what I would name the Careless Era has nearly bridged
the period of exponential growth and inevitably will soon shift
into an Era best called the Steady State.

Earth is a bounded region in the universe. Within it, nothing
can increase exponentially indefinitely. Human populations must
ultimately be limited by the critical materials found on earth of
which they are composed. Energy transformation rates similarly must
be limited by the heat transport properties of t1ie atmosphere, the
effective solar flux reaching the surface of the planet, and the
ability to maintain tolerable surface temperatures. Such open-ended
activities as mineral and fuel extraction and waste disposal must
become closed cycle activities regulated to achieve an equilibrium.
For example, Alvin Weinberg of Oak Ridge estimated that the phosphor-
us in the crust of the earth is sufficient to sustain no more than
20 billion people at one time! Phosphorus may not turn out to be
the limiting element for man, and Weinberg's estimate could be wrong
by as much as several hundred percent still without altering the
pattern of mankind's future significantly. The choice is a Steady
State society or disaster as the limits of resources are reached.

To explore the potential of a Steady State world, Weinberg's
figure has been reduced to 15 billion as a concession to the other
forms of life which might be allowed to exist with humanity. If

this number is correct within broad limits, the next century should
witness the greatest deceleration of population growth, plus the
most rapid acceleration of energy conversion rates and mineral ex-
traction in history. Such a scenario is more likely than the false
perspectives derived from open-ended exponential figures so comonly
cited today regarding growth of population, energy transformation, and
waste disposal, as well as food and mineral consumption. Fig. 1

shows an idealized pattern of exploitation and population growth.
Recognition that critical activities are not accelerating at rates

indicated by open exponentials but are changing into a steady state
pattern requires that plans be made for the future rather than to
simply regard it with dismay. The general character of a stable human
society varies little in models even with wide variations in key para-
meters. A crude model based largely on the postulated chemical com-
position of the earth's crust, on trends of energy consumption by the
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Figure 1. An idealized perspective plotting the concomittant world-
wide increases in population, mineral extraction, fuel extraction,
and solid waste disposal from the beginnings of recorded time to the
present and extrapolated to the year 4000. The open-ended exponen-
tial growth of population and exploitation of resources cannot con-
tinue beyond the brief, current transitional or Careless Era.

wealthy, and on the observed rates of saturation of American society
by energy-transforming gadgetry, is displayed in Table I.

STPATEGY FOR A STEADY STATE INVENTORY

If satisfaction of food, mineral, and energy requirements of
the human population moving into the Steady State Era can be regard-
ed as the most important objective confronting mankind today, atten-
tion should be directed toward supplying energy requirements first.
The model anticipates that population will increase by a factor of

4. Global per capital energy conversion requirements also seem to
be rising by a factor of 4. Thus, worldwide energy demands can be

expected to rise by a factor of 16. While the direct effect of
population increase can be expected to be the same on food and miner-
als, it is probable that per capita increases will be less drastic.

Increased food requirements should be partially met by diversi-
fied and improved food quality and distribution. Improvements in
plant food taste, texture, and appearance can be expected to reduce
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Table I. Possible equilibrium parameters for a future Steady State
Earth and the United States of America in 2100 A.D.

EARTH

Population -- 15 Billion

Power Consumption @ 13 kw per capita = 2 x 1011 kw

Total Daily Solar Flux = 2 x 1014 kw

Total Annual Energy Conversion Requirement = 6 x 1018 BTU

UNITED STATES OF AMERICA

Population -- 500 Million

Power Consumption @ 13 kw per capita = 6.7 x l0 kw

Total Annual Energy Conversion Requirement 2 x iol7 BTU

dependence on animal foods. As food chemistry creates vegetable
products which cannot be distinguished from meat, meat production
may diminish, decreasing plant crop requirements. The conversion of
cellulosic materials into food without the relatively inefficient con-
version by metabolism of domesticated animals should alleviate further
the problem of increasing the world's food crops. The greater di-
versity of diet which can be expected if poverty is reduced should
lead, moreover, to a more effective use of protein foods by humans
as amino acid profiles more closely approach metabolic requirements.
Food production will still have to increase 5 to 10 times to ensure
a nutritionally satisfied worldwide society during the Steady State
Era. This will require substantial increases in rates of worldwide
energy transformation to support the necessary intensive agricultur-
al activities. A substantial energy increase will be essential to
meet future food needs.

Predicting the world's essential mineral needs and aspirations
is more difficult. U.S. Geologic Survey estimates indicate exhaus-
tion of reserves for many of our essential minerals including ores
for iron, copper, zinc, and lead within 30 to 50 years. However,

the significance of the term "reserve" must be recognized. Reserves
are generally considered to be masses of minerals which can be re-
covered economically using today's techniques. In almost all cases,
the amount of such material available through alternate techniques,
frequently requiring higher energy expenditure, can be greatly in-
creased. Substitution of plastics, glasses, and special fibers can
lead to a marked reduction in projected demand for conventional
critical materials.

Despite the favorable factors, failure to act promptly to allevi-
ate massive shortages in food, minerals, and energy could result in
utter chaos. Fig. 1 indicates the unprecedented magnitude of the
undertakings required and the limited time available.
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Figure 2. An idealized conception of the duration of energy sources available for earth in a future
Steady State Equilibrium. The hazards of each source are summarized in non-quantitative bars.
Tides, geothermal, wind, and ocean thermal sources require further assessment. The population is
extrapolated to be 15 x io; the power consumption to be 13 kw per capita, and the total power
demand to be 2 x 1011
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Failure to meet mounting energy requirements will lead inevitably
to a deficiency in food and mineral requirements as well. The inex-
orable and rapid deterioration of the current world's major energy
resource, fossil fuels, will make energy recovery from that source in-
creasingly expensive. The task of changing the world's rapidly ex-
panding energy conversion system from reliance upon fossil fuels to
some other energy source is so enormous that vigorous efforts to
satisfy the massive energy requirements of the future must be under-
taken immediately.

MODES OF ENERGY GENERATION

Fig. 2 is an effort to portray, in simple terms, the pros and
cons of the major modes by which man may satisfy his energy aspira-
tions in the future. The most optimistic picture one can draw from
geology is that the world can expect little more than another two
centuries of primary reliance on fossil fuels (Fig. 2). Even this

assumes that polar deposits of gas and oil will prove much larger
than currently known and will be economically recoverable, that more
coal will be recovered from future deposits than in the past, that
tertiary oil recovery will be economically feasible on a massive
scale, and that the enormous deposits of oil shales and sands known
to exist will become economically exploitable. A less optimistic
prediction is that known fossil fuel deposits will last 50 to 75 years
(2,7). Furthermore, continued heavy reliance on combustion of fos-
sil fuels will expose human society to the hazards of "greenhouse"
and "greenhouseplus." Greenhouse, here, refers to an increased sur-
face temperature of the earth resulting from fossil fuel combustion.
The relative opacity of the carbon dioxide in the atmosphere to trans-
mission of infra-red radiation in the frequency range of the earth's
albedo is largely responsible. Greenhouse-plus results from combus-
tion of the enormous amounts of fossil fuels at an accelerated rate.
This will increase the concentration of carbon dioxide in the earth's
atmosphere and thus further exacerbate the initial greenhouse effect.
Ignorance of long-term solar changes and the complexity of the earth's
atmospheric system preclude any estimate of how rapidly the earth's
surface temperature would rise, but rise it almost certainly will.

The United States and 41 other nations are now heavily committed
to light-water-fission-nuclear power plants (5). In this country, 66
nuclear plants are licensed to operate with a capacity of approximate-
ly 42 gigawatts, somewhat more than 8% of the nation's total electri-
cal capacity. The United States is apparently committed to building
228 of these stations with a combined capacity of 226 gigawatts.
Commitment by the other nations is of the same total magnitude.

The massive commitment to light-water-fission-nuclear systems
should not be construed to indicate that a single adequate replace-
ment for fossil fuel combustion has been identified. As indicated
(Fig. 2), uranium fuels for these systems promise to last about as
long as hydrocarbons. (These numbers are disputed, with some groups
claiming that economic uranium supplies can be expected to last be-
yond a thousand years.) The greenhouse effect due to increased energy
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conversion rates would equal that due to prospective hydrocarbon
operations. However, the adverse effects of greenhouse-plus would
be absent, since atmospheric carbon dioxide would not be increased.
Additional hazards associated with such systems can be perceived as
indicated. The relatively simple separation of plutonium from spent
fuel of such power plants could lead directly to widespread nuclear
arms proliferation. The full effects of seismic and other poorly
defined stresses on the integrity of containment vessels and emer-
gency shutdown systems are not known. The security of nuclear materi-
als at plant sites and during transit is endangered by the risk of
would-be highjackers and traffic accidents.

The fission breeder (Fig. 2) refers to approaches similar to the
fast-neutron-liquid-metal system heavily stressed in United States
energy planning during the last 10 years. Because of the much im-
proved neutron economy of this system as contrasted with light-water-
fission devices, electrical energy output per pound of uranium or
thorium should be improved many fold. Consequently, reliance on such
systems could provide man with adequate energy resources for perhaps
ten thousand years. Unfortunately, the deficiencies associated with
the simple fission systems pertain as well to the breeder reactors
under consideration. Moreover, the amount of radioactive material
which will have to be transported annually will increase materially,
further aggravating the social hazard.

Fusion is a most attractive alternative (4). If one assumes that
the cycle can be operated by a deuterium/deuterium reaction with the
raw materials derived from sea water, the energy demand postulated
in the model could be supported into the indefinite future. The only
obvious hazard would be the greenhouse effect which could cause a rise
in the earth's temperature and lead to the melting of the polar ice
caps. Despite clear definition of postulated data and mechanisms, no
controlled useful energy has been developed by a fusion system. The
mechanisms proposed imply that the smallest units capable of fully
demonstrating feasibility would be 3 gigawatts or larger, about three
times that of the largest of today's central power stations. The
necessity of performing experimental work at this level constitutes
a significant handicap. Table II shows some problems currently
associated with nuclear systems.

This discussion of nuclear energy conversion systems is not in-
tended to inhibit efforts to develop such systems. The stark picture
portrayed in Fig. 1 and Table I suggests that neglect of any reasonably
promising approach to satisfying the world's energy demands would be
ill-advised. However, limitation of the nation's efforts to solve its
prospective energy problems to nuclear options alone would be equally
ill-advised.

SOLAR ENERGY--A PROBLEM OF ENTRAPMENT

Solar energy represents a promising partial alternative to a fu-
ture nuclear power-driven world. Conversion of solar flux to biomass

to fuel is one approach requiring no quantum improvement in scien-
tific or engineering skill to allow economic implementation. Major



Table II. Consideration of the impact of the attainment of the Lawson criterion on fission and
fusion reactors1i 2

Proposed System

Thermal Efficiency
Cooling Water
Requirements

Neutron Economy
Insuff. Reserves

High
Capital
Costs

Radioactive
Hazards--Siting
& Construction
Delay

Disposition
of Radioact.
Waste

Difficult
Development

Light Water
(f)

Reactor 2 3 2 3 2 0

High Temperature
Gas Reactor 0

(a) '1)
3 1 3" 2 0

Liquid-Metal Fast-
Breeder Reactor 1

2(a) 3(f)
2

2(b)

High-Temperature Gas-
(c) 'f)

Cooled Breeder-Reactor 0 0 2 3' 2 1

Fusion Reactor 0
0(d) 0(g)

0
3(e)

1'Figures indicate magnitude of engineering problems as follows: 0-None, 1-Significant, 2-Severe, 3-Critical.
2Letters indicate remarks as follows: (a) For High Temperature

Gas Reactor Capital Cost Kwhr Cost

Steam Cycle $330/ky 8.5 mills
Closed Brayton 2751kw 7.6 mills

(b) sea wolf problems' remain; (c) rate of doubling is critically low from 7-15 years; (d) rate of doubling is
excellent--about 1 month; (e) could improve greatly within 8 years; (f) reactor inventory of 2-10 tons of hazardous
radioactive material; (g) ¼ gram of radioactive material in reactor.

0
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C)
CJ



366

Controlled Ocean Farm

Algae

U
Artificial Substrate

ttom

EDWARD N. HALL

ganic Elements 21 Tons

Mannitol 6.0 Tons-

Alginates 6.0 Tons-1

Protein 4.0 Tons

Fat 0.5 Tons

Fiber 2.0 Tons

Pelleted Animal (
Feeds

Industrial Uses: <
Paints, Fire Extin-
guishers, Food, Cos-
metics, Oil Tertiary
Extraction, etc.

Pharmaceutical &
Industrial Uses

Sorbitol--Food, Candy
Humectant, etc.

l3
Solar Flux--l.5 x 10 BTU/sq.mi./yr.

300 Wet Tons/Acre
Harvest ) 35 Dry Tons/Acre

2% Solar Efficiency

Separation

Synthesis,
Ferment at i

Inorganic Elements 14 Tons

CI

4-f =
Na SO4

4-1-

Ca

-I-f

Mg

Indus trial Chemicals,
Fertilizers, etc.

Pet rochemicals---Relieving
Demand for:

CH , (CH ) , etc.
4

Hydrog'nat ion, Synthesis,

Reformat ion

1
Hydrocarbon Fuels

Figure 3. A conceptual flow chart with some approximate parameters
relating to the cultivation and processing of a marin plant biomass

created by controlled mariculture.
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elements of one such system are illustrated in Fig. 3. The fuels so
produced promise continuing exploitation of the enormous investment
in infrastructure associated with energy conversion, transmission,
and use.

The scale of the undertaking required to exploit the solar flux
is reflected in some simple figures. If we assume a world population
of approximately 20 billion and a daily per capita energy conversion
rate of 13 kilowatts (the present USA rate is 10 kilowatts), world
requirements will amount to 2.7 x 1011 kilowatts or 8 x 1018 BTU
annually. While this is an immense figure, it constitutes less
than .2% of the solar flux (2 x lo- kilowatts) impinging on this
planet. One must assume that man's ingenuity is sufficient to cope
with such favorable terms, even though massive areas of the earth may
be required for entrapment because of the diffuse nature of this radi-
ation. If the population of the United States is projected to be 500
million, at the per capita consumption equal to that assumed for the
rest of the world, our national energy requirement will be 2 x 1017
BTU per year, or about three times the present value.

Estimating the mean insolation on the United States to be 1.5 x
1013 BTU per square mile per year, at 100% conversion and transmission
efficiency, the area to satisfy the projected gross requirement would
be 15,000 square miles. Assuming that a net efficiency of 20% can be
realized by photovoltaic devices, the area needed would be 75,000
square miles or roughly that of a medium-sized state such as Nebraska.
Capital, maintenance, and operating costs of such a system would be
substantial. Alternatively, the use of green plants to convert solar
into chemical energy with a comprehensive efficiency (sun to plant to
fuel) of 1% would require 1.5 million square miles to meet the nation's
needs. Improvements in cultivation, processing, and genetics could
perhaps raise this to 5% with a reduction in the area needed to .3
million square miles. It should be noted, moreover, that the energy
developed by this approach would be chemical and take the form of
hydrocarbon fuels. Capital and operating costs of converting such
energy to forms desired by mankind have traditionally been a small
faction of those associated with electrical systems. For this approach,
capital and operating costs associated with the primary conversion ele-
ment, the farm, which is critically massive in terms of area, could be
expected to be relatively low. Nevertheless, in the USA such an area
would constitute 20% to 100% of all the land now devoted to agriculture.

The massiveness of such an undertaking can be appreciated by com-
paring the tonnages of hydrocarbons prospectively required by the
United States to the tonnage of the world's major crops today. Cur-
rently, the sum of the world's crops of wheat, rice, corn, potatoes,
and barley is 1.5 billion tons. This constitutes about 60% of the
world's total food for human consumption. To support the projected
energy requirements of the United States alone, more than 5 billion
tons of hydrocarbon would be needed. Obviously, greatly improved
agricultural techniques, dramatically enlarged areas of cultivation,
or both, would be required.

The enormity of the annual biomass crop required to assume the
energy burden currently borne by fossil fuels demands that all
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promising approaches be investigated. Five sources of fuel are
apparent: 1) conversion of agricultural wastes, 2) conversion of
urban wastes, 3) fresh water plants, 4) terrestrial plants, and
5) marine plants. The attractiveness of the first three, enhanced
by their providing solutions to pressing pollution problems, is dimmed
by the fact that they can satisfy but a small proportion of the world's
future energy needs. The fourth candidate is promising and signifi-
cant, but limited by competition with agriculture for arable land.
The fifth approach, cultivation and conversion of marine plants to
convenient fuels, though limited at present by lack of specific knowl-
edge can promise not merely to help satisfy burgeoning energy require-
ments, but to alleviate difficult problems stemming from food and
mineral shortages, as well as pollution.

Great increases in human population, as well as growing per capi-
ta rates of energy exchange, during the 20th century have distorted
long-term worldwide distribution of key materials. Typically, ferti-
lizers, essential minerals, and organic residues, extracted or culti-
vated, are leached out of land areas and deposited in the sea.
Consequently, great areas of ocean are becoming contaminated and
terrestrial resources of essential raw materials are being depleted.
Cultivation, harvesting, and processing of selected marine plants
appears the most readily achievable means of redressing this balance,
since it has been demonstrated that marine organisms concentrate
within their tissues many essential materials found in huge and grow-
ing quantities, but at totally uneconomic concentrations, in the
world's oceans.

The massive diversion of arable land to energy generation through
biomass could be reduced if a substantial part of the new crop were
raised in the sea. Moreover, sea farming as contrasted with land
farming guarantees constant availability of the major plant nutrient--
water. On many areas of the extensive continental shelves of the
United States, because of natural upwelling, phosphate is relatively
abundant, potash is always in excess, and much of the nitrate require-
ment is present a good part of the year. For this reason as well as
the ease of anchoring and the minimization of transport and harvesting
costs, farm sites on continental shelves should be sought as a first
priority. Deficiencies of nutrients in the areas under cultivation
could be compensated when necessary by fertilizing with nitrates and
phosphates recovered from processing operations. Past experience
indicates that over extended periods, potash and phosphates may exceed
needs and could be marketed for terrestrial crops. In areas of nitrate

deficiency, incremental needs could be met by a Flaber process conver-
sion of a small fraction of the harvested crop.

Sea farming could alleviate mankind's perpetual need for essential
fertilizers--nitrates, phosphates, and potash--without which terres-
trial agriculture would decline to the limited yields per acre common

in the 19th century.
Continued heavy reliance on fossil fuels combustion will invite

inadvertent, unfavorable climatic changes caused by the greenhouse

effect. Heavy dependence upon fission or fusion will invite the same
problems by increasing the heat transport requirement through the
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atmosphere. Dependence upon contemporaneous photosynthesis to meet
man's need for energy, however, should have little or no gross effect
on the earth's surface temperature since heat released from combustion
of plant products will balance the solar energy absorbed by the plants.
Carbon dioxide released by combustion of photosynthetic products or
their derivatives will not increase the carbon dioxide in the atmos-
phere, since roughly equal amounts will be continually synthesized
into new fuels.

CONVERTING TO A RELIANCE ON BIOMASS

Conversion of this nation's energy system from primary re],iance
on fossil fuels to one capable of satisfying human aspirations indef-
initely will be a massive undertaking, which, to avoid persistent and
crippling dislocations, should be accomplished in the next half century.
Unless new promising approaches are investigated, evaluated objectively,
and vigorously pursued, the advantages of our early appreciation of
urgency will be lost and disaster will result. In this time of techni-
cal uncertainty, excessive support for any single approach to the detri-
ment of viable alternatives must be avoided.

The problem of conversion is further complicated by the question-
able bookkeeping procedures of the fossil fuel age. Maintenance of a
stable society over extended periods requires that obsolescence, attri-
tion, and depletion be accounted for appropriately. Despite the rou-
tine (and occasionally notorious) appearance of depletion allowances
on the balance sheets of hydrocarbon extraction companies, the term as
used is not consistent with good accounting practice. Appropriate
sinking funds permit construction of new buildings when deterioration
has rendered old structures uneconomic. The depletion allowance for
the fossil fuel extractor, however, permits the write-off of the value
of the real estate, the tools with which extraction has been accomp-
lished, and the labor involved, but does not cover renewal of the re-
source. If the mean time required by nature to reproduce the resource
of coal, oil, or gas at the site of extraction were assumed to be only
20,000 years, which is much lower than actual, an investment in that
site at the start of natural production, of $1.00 at 1% interest com-
pounded annually, would be worth 2.68 x 1086 dollars at the end of the
regeneration period. Even if the process of oil, gas, and coal forma-
tion were continuing today at the same rate and at the same sites
as in past eons, depletion allowances would have to be astronomical
to ensure continuing availability of these fuels. In short, the price
we pay for naturally occu'rring hydrocarbons does not include a true
and full allowance for depletion and renewal but is maintained at a
level far below its worth as a continually available good.

This anomaly exercises a profound influence on thd course the
nation must follow during the next half century in establishing truly
renewable energy resources. The price of energy derived from such a
system will reflect the actual costs of depletion. It cannot be
expected to be competitive with naturally occurring hydrocarbons.
Unless massive efforts are initiated now to develop such renewable
resources, however, there will be an interim period of vast disruption
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during which adequate supplies of reasonably priced energy will be
available neither from new undeveloped systems nor from the old non-

renewable natural sources. This dilemma can be resolved in two

general ways. Vast subsidies can be provided over several decades
permitting the development and growth of new systems until they are
competitive with naturally occurring hydrocarbons. Or, new energy
systems can be developed, which for several decades will be oriented
primarily toward production of more valuable products than energy.
Then, as capital and operating costs drop during the transition period
with increasingly larger-scale efforts and experience and as the costs
of natural hydrocarbons rise, a relatively painless transition may be
effected. Ocean farming offers the potential for non-subsidized
development, coupled with a steadily increasing competence to pro-
duce massive energy resources when required. It also offers 1) a
reasonable probability of economic self-sufficiency, 2) the potential
for exploiting huge new areas without infringing on regions currently
devoted to conventional agriculture, and 3) more freedom from the
constraints imposed by latitude and altitude when engaging in the
cultivation of terrestrial crops.

Because the carbohydrates involved in the metabolic and struc-
tural systems of red and brown algae are easily extractable as mater-
ials of substantial economic value, sale of these and their deriva-
tives (Fig. 3) could contribute significantly to support of ocean
farm development during the protracted interval before fuels derived
from them would be competitive. The alginic acid and related chemi-
cal structures of brown and red algae are similar to cellulose, the
major constituent of terrestrial vegetation. The linear polymetric
structure of cellulose, its close association with chemically in-
tractable materials, and its high molecular weight render it awkward
and expensive as a raw material for many chemical syntheses. More-
over, alcohol sugars, the common stored form of carbohydrate in many
algae, are about as easy to extract and purify as the starch typically
stored by most terrestrial plants. For those terrestrial plants such
as sugar cane and sugar beet, in which the stored carbohydrate takes
the form of mono and di rather than polysaccharides, extraction costs
are lower, but market values of the alcohol sugars and alginates sub-
stantially exceed those of the conventional sugars and starches.

The initial development of sea farming for products of higher
value than energy involves a lapse of time before economic competi-
tiveness with other forms of energy can be assured. This deferred

energy approach may appear strange and unattractive. However, during

the extended interval of energy non-competitiveness, the increasing
substitution of biomass for natural gas and petroleum as a petro-
chemical feed stock should progressively release conventional fuel
to help meet the nation's energy needs. Moreover, any resolution of

the energy dilemma without recourse to such an approach is difficult
to conceive. It seems probable that ocean-farm energy-conversion
procedures will become competitive sooner than fusion systems. Few

alternative systems, however, are likely to defray many or perhaps
all interim development expenses during the period before energy
competitiveness has been achieved.
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THE NEW MARICULTURE

Although men have for millennia cultivated and harvested certain
algal crops, largely for fertilizers and feeds, the biology of ben-
thic Intertidal and subtidal plants, coupled with the geometry of
the earth's continental shelves, assures that crops will be made-
quate to meet human needs, unless radically new cultivation techniques
are developed. If substantial contributions are to be made to human
society, marine crops will have to be raised on carefully designed
substrates in areas of the sea where depths are too great to permit
reproduction and growth of selected plants (8). Cultivation of crops
on such substrates constitutes a profound departure from all previous

mariculture experience and will require considerable development and
analytical effort.

Conversion of marine crops into useful products will involve
extensive chemical transformation. Techniques frequently proposed
on the basis of ancient tradition and practice characteristic of
underdeveloped societies, such as those of India and China, generally
involve aerobic or anaerobic fermentation (6). While such procedures

are appropriate when applied to heterogeneous or uncontrolled mate-
rials, such as urban waste, direct chemical synthesis as stressed by
the petrochemical industry would seem preferable where feasible. Re-

action dwell times, and consequently land areas and capital costs
associated with processing, are greatly reduced by such an approach

(1,3). This is particularly appropriate when large concentrations
of pertinent organic products and raw materials can be extracted
from plants in a relatively pure state at reasonable cost.

A development strategy leading to commercial exploitation of
marine crops may now be described. Promising candidates for culti-
vation should be selected on the basis of nutritional requirements,
potential symbiosis, solar energy conversion efficiency, harvest-
ability, toughness, and chemical composition. Sites can then be
identified along the continental shelves at which established up-
wellings provide a flow of nutrients approximating the needs of the
selected plants. Design, development, and tests of substrates capa-
ble of withstanding severe storm conditions at selected sites on the
continental shelves must be pursued vigorously. Achieving success-
ful designs combining mechanical adequacy with extremely low long-
term costs is as necessary as identifying ideal plants and culture
sites. A full knowledge of the mechanical properties of the plants
selected, to permit analysis of interactions between water, substrate,
and plants, also will be essential. Inevitable transfers of water-

borne spores, as well as hazards associated with disease, predation,
and toxin susceptibility, make unlikely the dependence upon only one
species in the plantations. Experimentation with several species on
several experimental substrates should indicate appropriate mixes of
species. An effective program aimed at commercial exploitation would
therefore include research tasks covering analysis and design of sub-
strates, cultivation tests, harvesting, processing, product defini-
tion, marketing, and studies of legal and societal considerations.
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Task 2 -- Cultivation

Cultivation research will require emphasis on biology, species
selection, hydrodynamics, and plantation siting. Promising subtidal
and intertidal species capable of remaining totally submerged in-
definitely should be thoroughly examined. Programs of hybridization,
selection, and genetic engineering should be established. The follow-
ing criteria should be included in species selection:

2. Growth Rates. The projected mass of plant that can be har-
vested annually per acre should be known. This would be expressed
as a function of light intensity, temperature, nutritional condi-
tions, plantation configuration, age, and other pertinent parameters.

2. Nutritional Requirements. Survival, growth, and quality
in terms of concentration of specific constituents should be enpha-
sized. Effectiveness of appropriate compounds of nitrogen, phosphor-
us and minor and trace materials must be examined under varying envir-
onmental conditions. Plant nutrient uptake as related to age, har-
vest cycle pattern, nutrient concentration, temperature, flow and
turbulence, light intensity, composition and concentration of toxins,
and plant condition should be understood. Trace elements must be
included in this analysis.

3. Pathology. Procedures to understand relevant diseases and
their frequency and symptoms as affected by significant parameters
include concentrations of disease organisms, responses of the plant,
temperature effects, nutritional and age effects, as well as disease
response to light intensity.

4. Toxin Susceptibility. Vulnerability to toxins, such as
heavy metal ions, and pollutants must be examined. Means of contend-
ing with these by chelation, genetic selection, and hybridization
should be examined.

5. Irnplantability. The establishment of colonies of plants
on artificial substrates must be studied. The time and effort re-
quired for establishment and maturation of plantations should be
estimated and assessed.

6. Harvest Analysis. Based on nutrition, illumination, temp-
erature, age, season, and other significant variables, a harvest
strategy must be established. Investigation of procedures to assure
minimum loss of valuable products during and immediately following
harvesting should be pursued.

7. Predation. Identification of predatory organisms and po-
tential crop damage should be related to environmental conditions,
harvesting cycle, plant age, and health. Measures to contend with
predators should be explored.

8. Long-Term Surv-Cvability of Plantation. Such qualities as
reproducibility, productive life expectancy, deterioration of pro-
ductivity with age, duration of juvenile phases, and symbiosis must
be considered.

9. Mechanical Survivability. The limits of mechanical stress
which the plant can bear must be explored. This research should
include efforts to determine tensile strength, modulus, and moments
of inertia on plant parts in various excitation modes. Plastic
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plant simulators should be fabricated which will then be subjected
to a spectrum of storm conditions while associated with experimental
substrates in a facility like the Environmental Fluid Dynamics
Research Facility at Oregon State University. Responses to a broad
spectrum of storm conditions which might require years of explora-
tion to determine under natural conditions could be explored in
months. The effect of variations in substrate design, depth, den-
sity of planting, patterns and intensity of turbulence and wave
action, and rates and gradients of currents on survivability should
be estimated.

10. Coastal Conrpatibility. Compatibility with shipping, fish-

ing, and recreation should be known. The design and depth of sub-
strates, the tendencies of structures to foul beaches, and aesthetic
methods of exercising effective surveillance must be examined from
the point of view of both the biologist and the social ecologist.

11. Plantation Location. Locations of plantations should be
determined from studies of coastal shelf extent and bottom charac-
teristics, nutrient availability, storm frequency and intensity,
currents, temperatures, anchorability, climatic effects, and the
effect on fishing, recreation, and navigation. Climatic effects

refers to inadvertent climate changes which might be induced by the
presence of extensive marine plantations at the selected sites.

12. Hydrodynamics. Studies will focus on the ability of arti-
ficial substrates to survive under wide ranges of anticipated sea
states and to accommodate plant requirements over long periods.
Diverse construction materials and designs must be thoroughly ex-
plored. Strength, durability, densities, anchoring problems, and
costs should be studied. Structural stresses should be analyzed
on various substrate designs under varying current and storm condi-
tions. Conclusions should be confirmed by testing with the appropri-
ate technique of fluid dynamics. Plant losses associated with
stresses such as chafing or tearing related to substrate designs,
planting patterns, and storm conditions should be estimated. Tenta-

tive conclusions should be tested by plant simulators attached to
experimental model substrates in a fluid dynamics laboratory. The

degree of turbulence attenuation in specified plantation areas
should be estimated and tested. Flow patterns through various pro-
posed plantation configurations should be explored. Effectiveness
of various plantation designs as functions of external currents,
macro and micro turbulence, and varying nutrient distributions
should be tested. Nutrient concentration profiles should be moni-
tored in three dimensions. Similar investigations should determine
the flow and absorption of nutrients as affected by the manner of
introduction, turbulence, temperature, density differentials, and
the composition and concentration of nutrient supplements. Anchor-
ing and depth stabilizing techniques must be explored in the labor-
atory as well as under actual operating conditions. Methods of
chemical and biological monitoring of plantation waters should be
surveyed and tested. Nutrient introduction techniques should be
explored.
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Task 2 -- Harvesting

Harvesting techniques should be developed and tested to estab-
lish costs and equipment requirements, and to obtain design criteria
for specialized equipment to be used at sea and along the coast.

1. Yields. Maximum harvest yields should be established as a
function of planting density, plantation configuration, and cutting
time, frequency, and depth.

2. Handling. Investigations should be conducted in crop handl-
ing and treatment during harvesting to minimize transport of sea
water and loss of economically valuable products. Maximum carbo-
hydrate and protein yield should be sought. Early development and
test of specialized harvesting equipment on natural beds of selected
plants should be undertaken.

3. Equipment. Harvesting equipment and techniques should make
maximum use of expensive machinery. Site selection and harvester
designs should permit year-round use of such equipment by concen-
trating on different geographic areas as seasonal conditions permit.

4. Weather. Conditions of weather must be correlated with
growth to schedule operations ensuring both high yield and maximum
safety.

Task 3 -- Processing and Marketing

Processing and marketing are based on the composition of plants
harvested, the spectra of potentially marketable products, and the
current value per acre of selected mixes of major components and
their derivatives at prevailing prices. The elasticity and satura-
bility of markets for these products should be determined. Market-
able derivatives and chemical intermediates associated with these
products are illustrated in Fig. 3. This is but one example of an
almost infinite number which can be postulated.

1. Product Mixes. From such data, a series of product mixes
composed of feeds, fuels, fertilizers, and specialty chemicals
should be developed to increase income progressively in the future.

2. Market and Product Shift. Current study strongly indicates
that early farms will be operated most profitably by maximum produc-
tion of specialty pharmaceuticals and chemicals such as mannitol,
alginates, and their derivatives. As the markets for such materials
become more nearly saturated, a shift to straight chemical synthesis
where possible in order to yield higher percentages of feeds, fuels,
and industrial chemicals will become more attractive. Early prof it-

able operation of ocean farms should thus be possible. As thecost
of natural hydrocarbons increases and ocean farming and processing
techniques become more refined, direct contributions to the fuel
supply in the form of higher alcohols or hydrocarbons should become
substantial.

3. Processing Techniques. Processing techniques and equipment
must be selected, location of equipment determined, and the capital
and operating costs associated with designated products must be ex-
plored. Where fermentation procedures seem appropriate, as for
instance in the treatment of residual cellulosics after removal of
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the less refractory carbohydrates, aerobic versus anaerobic fermen-
tation or procedures involving both must be considered. Employment

of fixed enzymes as an alternative to microbial digestion should be
explored.

4. Petrochernis try. Every effort should be made to apply the
established procedures of petrochemistry such as hydrocracking and
reformation to minimize cost and land needed for factories. Experi-

mental processing equipment will have to be designed, fabricated,

and tested. Processing equipment specifications will have to be

prepared. Tentative product specifications and tests based upon
perceived requirements, coupled with processing and raw material

limitations, will have to be developed.
5. Wastes. The nature and control of sludges with respect to

nutritional and toxological qualities must be studied, and, if feas-
ible, composition and processing specifications established. The

use of these materials as pelletized feeds and fertilizers should be

explored.
6. Equipment. Process equipment should be designed with ver-

satility to allow adaptation of farm and processing plant output to

varying market demands. Processing and sale of intermediate products

should be studied.
7. Microbial Digestors. Improved plant and microorganic

strains involving selection, mutation, and genetic engineering should

be developed.

Task 4 -- Product Definition

Engine fuels, animal feeds, and fertilizers will have to be

tested. The potentials of competitive products must be carefully

assessed and compared. Legal and custom-imposed restraints on trans-
portation and use of prospective products imposed by the governmental
agencies such as the ICC and FDA, etc., will have to be studied and

accommodated.

Task 5 -- Legal and Societal Considerations

Site jurisdictions and navigational constraints will need to be
established in close conjunction with the governments of the coastal

states concerned. Federal government, navy, and coast guard rela-

tions must be considered. Through public relations and educational
activities concerned populations must be made aware of ongoing and

planned activities.

SUIVRVL4RY AND CONCLUSIONS

Needless to say, the many tasks and subtasks exemplified here
will require the detailed analysis of many minds and establishment
of a very large and integrated research effort of significant cost.
The major perceptual problem facing the leadership of the nation1s
current energy program is one of scale. The needs are so enormous

and the solutions must be so innovative and radical that many shrink
from the steps that must be taken to ensure that the nation and the
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world with it does not founder. Time is not with us. Unless major
research and development programs for developing alternative sources
of energy are begun promptly, society may later lose the economic
strength to mount them at an appropriate scale at all. We indeed
face "the moral equivalent of war." Wars are not won without courage
and the will to exploit a salient when it is discovered. One has
been discovered that science clearly has the opportunity to exploit
if provided the resources and the leadership.
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Legal Considerations in the Maritime Setting

RICHARD P. BENNER

An array of international, federal, state, and local laws
and legal doctrines faces the culturist who wishes to use the marine
biomass of the Pacific Northwest for production of food or energy.
This chapter is intended as an introduction to the quagmire of laws
and regulations that must be understood and obeyed if a new industry
is to be established on the ocean bottom.

The oceans and tidal waters until recently have not been sub-
ject to man's dominion. Man always had been able to use the oceans,
but only temporarily, for navigation, fishing, and recreation. The

oceans and tidal waters became a "commons't for the use of all the
dominion because, in the words of Lord Hale in the 18th century,
those waters were not "maniorable" and were uniquely suited for com-
mon use.

This situation changed rather suddenly in the twentieth cntury
following the industrial revolution and the development of the nation-
state. Today there are many more users of the oceans, many more uses,
and consequently many more conflicts. The complexity of law results
in part from the large number of users and the failure of law to keep
pace with technology. The idea of the oceans and tidal waters as a
"commons" has endured. Arvid Pardo of Malta stirred the international
community in the 1960s with his exhortation that the oceans and seabed
were the "common heritage of mankind" and ought not to be exploited
for the benefit of any one nation. There is a corresponding tradition
in American law to respect tidal waters as common property. Common
law left over from colonial times holds that coastal states hold title
to submerged and submersible lands and the waters above them in trust
for use by all citizens of the state. The difficulty that the man-
culturist faces is that he generally needs exclusive use of what has
been traditionally viewed as a common resource. The use he wishes to
make of the common resource is not among those for which the resource
has been traditionally protected. In short, the culturist is on the

377
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frontiers of the law, bucking tradition and the inertia of legal sys-
tems. Fewer than half a dozen states in the U.S. have mariculture
laws. Oregon is not one of them. The United Nations Law of the Sea
Conferences have not been able to resolve the international conflicts
standing in the way of new law governing use of mineral and living
resources in the oceans. To find a way through the maze of over-
lapping jurisdictions and laws, one must determine first where the
mariculture is going to take place and second what the activity is
going to be.

WHERE IVL4RICULTURE IS TO TAKE PLACE

There are two general rules that apply to the location of the
activity.

1. There is no place where no law applies, so there is no use
in trying to find it.

2. Federal law applies everywhere to U.S. citizens. For
example, a U.S. citizen cannot take a marine mammal from any waters
without a federal permit regardless of national jurisdiction.

Scientists abhor boundaries as nature abhors a vacuum, but
lawyers thrive on them and lawyers write the laws. Boundaries large-
ly determine which government has jurisdiction in an area. The num-
ber of permits required for any activity in coastal waters is an
inverse function of the number of miles from the U.S. baseline or
"Inland Waters." Figs. 1 and 2 illustrate the boundaries encountered
in determining jurisdiction.

High Seas

Everything from the territorial limits of the U.S., 3 miles
offshore, to the territorial limits of any other nation is considered
High Seas (Fig. 1). International law applies and states that the
High Seas are common property over which no nation can exercise sover-
eignty. Freedom of the High Seas includes navigation, fishing, laying
of cables and pipelines, and overflights. These freedoms are not ab-
solute. Fishermen make temporary exclusive use of certain areas and
obstruct use by others. France and the United States have restricted
areas for nuclear testing. But there have been no claims of owner-
ship. Deep Sea Ventures, Inc., a subsidiary of Tenneco, may provide
the first test of private ownership by claiming a seabed area in the
Pacific for mining manganese and nickel.

Continental Shelf

Although the High Seas are common property, the seabed under-
lying the High Seas may not be. This creates a paradox. According
to the 1958 Convention on the Continental Shelf, a coastal nation
can exercise complete jurisdiction over exploration and exploitation
of the natural resources of its continental shelf. The coastal
nation cannot exercise complete sovereignty, but the control it can
exercise is very close to that. The U.S. exerts its control through
the 1953 Outer Continental Shelf Lands Act. Some coastal states also
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Figure 1. Illustrated are the boundaries of the High Seas, the
Exclusive Fishery Zones, and the Continental Shelf which are en-
countered in determining governmental jurisdiction.

have made claims to the outer continental shelf beyond the 3-mile
territorial sea, but the Supreme Court has repeatedly rebuffed them,
most recently in U.S. V. Maine in 1975.

A coastal nation can exercise control seaward from its coast
to a depth of 200 meters, or beyond to any depth permitting exploita-
tion (Fig. 1). In other words, the limits to control by a coastal

nation are undetermined. If Deep Sea Ventures demonstrates that it
can raise manganese nodules from the ocean floor, the Convention of

the Continental Shelf will be obsolete. By means of such new tech-
nology, the U.S. can exercise control over the entire floor of the
Pacific to the exclusion of other nations. The mariculturist should
be aware, therefore, that his activity on the High Seas may be sub-
ject to U.S. law if it includes any exploitation of the seabed
beneath.

The Exclusive Fishery Zones

Exclusive fishery zones have not yet been completely counten-
anced by international law. The 1958 Fisheries Convention authorized
declaration of conservation zones without specifying distances. The

U.S. declared a 12-mile zone in 1966 over which the U.S. would exercise
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Mean Low Water
---------t
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Figure 2. Illustrated are the boundaries of the Upland, Submersible
Lands-- "Tideland," and Submerged Lands which are encountered in
determining governmental jurisdiction.

complete control of all types of fishing. Foreign fleets must have
permission to fish in the zone. The zone was, in fact, only 9 miles
wide when measured from the previously recognized territorial limits
of the U.S. The U.S. now exercises complete control over all fishing
within a 200-mile zone measured seaward from U.S. territorial limits
(Fig. 1). The 1976 Fishery Management and Conservation Act, which
established the wider zones, also declares U.S. control over anadrom-
ous fish originating from U.S. water throughout their migratory range
except when the fish migrate into the territorial sea or conservation
zone of another nation.

So, within the fishery zone, the mariculturist faces both inter-
national and federal laws. He may also be subject to state laws if
he takes certain species. Decisions on the Skiriotes case dealing
with sponges off Florida's coast and on the recent case dealing with
crabs off the Alaska coast recognize the authority of coastal states
to manage fisheries of unique importance if there is no conflict with
federal law.

The Contiguous Zone

The U.S. contiguous zone extends 9 miles beyond territorial
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limits (Fig. 1). The 1958 Convention on the Territorial Sea and
Contiguous Zone gives coastal states limited jurisdiction over cus-
toms, immigration, sanitary, and fiscal matters. The contiguous zone
is still High Seas subject to international law, but the coastal
nation controls the seabed and much activity on the surface.

The Territorial Sea
The territorial sea of the U.S. is a 3-mile-wide strip measured

seaward from the coast line (Fig. 1). The U.S. exercises complete
sovereignty over the seabed, the surface, and all mineral and living
resources. Foreign nations have very limited rights within the U.S.

territorial sea. Foreign ships do have the right of innocent passage
and are entitled to adequate warning of navigational hazards. The

federal government shares sovereignty with coastal states. The fed-

eral government had authority under the Constitution to exercIse full
control over the territorial sea and owned the seabed uritil 1953.
Well-organized representatives of the coastal states forced an un-
willing Congress to relinquish the U.S. title and most of its control
to the states in the Submerged Lands Act of 1953, after oil was dis-
covered of f the California coast. The Submerged Lands Act gave the
coastal states title to the seabed under the Territorial Sea and the
right to manage all mineral and living resources, but the federal
government reserved its full commerce, defense, and foreign affairs
powers under the Constitution. In reality, coastal states have only

the illusion of sovereignty. Very little can happen in or on the
territorial sea without the approval of at least one federal agency.

There is a new element, however, which allows the coastal states
to make the most of their "limited sovereignty." The 1972 Coastal
Zone Management Act said federal actions in a state's coastal zone
must be consistent with the state's coastal management program to
the maximum extent practicable. For example, the Army Corps of
Engineers cannot grant Deep Sea Ventures, Inc., a permit to build a
mineral extraction facility 2 miles off the southern Oregon coast
if such an activity does not conform to coastal program.

The Inland Waters
Inland waters are waters landward of the baseline used to

measure all of the other zones. Bays, estuaries, rivers, streams,
and lakes generally are classified as inland waters and are free
from international law but are still subject to the full panoply of
state and federal laws (Fig. 1). Generally, the state owns the

land under navigable waters. In most states, including Oregon,
tidelands, or submersible lands as they are called in Oregon law,
can be sold to private persons. However, tidelands sold by the
state are encumbered with a trust or easement in the public to con-
tinue navigation, fishing, and recreation over them. In other words,
the private owner can use his tidelands only in ways that are con-
sistent with those uses or that don't unreasonably interfere with
them.

Both state and private tidelands are also subject to the
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"navigational servitude" which is really the exercise by the federal
government of its navigation, commerce, and flood control powers
under the Commerce Clause of the Constitution. The Army Corps of
Engineers can dredge through tidelands to deepen a navigation channel
without permission, though the Corps may have to compensate. Since
tidelands in inland waters can be privately owned, mariculturists
working in this area must deal with common law property doctrines.

THE EXCLUSIVE USE OF SURFACE ON THE HIGH SEAS WITHIN THE U.S.
FISHERIES AND CONTIGUOUS ZONES

With a general background understanding of the various zone
boundaries and jurisdictions, it should be useful to examine scenarios
relating to specific activities and locations in the zones especially
relating to Oregon waters. For example, a mariculture operation re-
quiring exclusive use of an ocean surface for a floating structure
anchored to the seabed 10 miles off the Oregon coast would be on the
High Seas outside U.S. territorial waters, but within the U.S. ex-
clusive fishery zone and contiguous zone and would be anchored to
the U.S. continental shelf (Fig. 1).

International Lcvws

Because the High Seas are controlled by international law, a
violator risks being taken to the World Court. No sovereign claim
is possible, and the operation cannot interfere with navigation,
fishing, overflight, or the right to lay pipes or cables.

As observed earlier, neither of these principles is absolute.
Many nations have temporarily subjected areas of the High Seas to
their dominion. Mariculture is arguably among the uses protected
by freedom of the High Seas as is fishing. As long as the area
taken for use is not too large and interference with other High
Seas uses is not unreasonable, it appears that mariculture has a
place in the existing international scheme. However, mariculture
is new. It is not one of the traditional uses of the High Seas.
Commentators have expressed the hope that if a conflict between
mariculture and another High Seas use reaches the World Court, the
decision should be based on which use provides the greatest benefit
to mankind rather than some notion of historical priority.

Deep Sea Ventures, Inc., has claimed a seabed area 1/2 the size
of Ireland in the Pacific. Deep Sea Ventures, Inc., will not be
without competitors for long. Hopefully the impasse at the Law of
the Sea Conference will break before control of the seabed becomes
more complicated by such ventures.

Federal Laws

In the U.S. exclusive fishery zone, fishing, if not done by a
U.S. citizen, requires a permit from the Department of Commerce.
Taking any "unique species" subject to state jurisdiction outside
state boundaries may also require a state permit. Sponges and crabs

are, therefore, best avoided. Endangered species and marine mammals
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are also protected by federal legislation requiring permits from
the Interior and the Marine Mammal Commission. The U.S. contiguous
zone is subject to U.S. customs, immigration, fiscal, and sanitary
laws. A permit from the Environmental Protection Agency (EPA)
under the 1961 Oil Dumping Act is necessary to discharge oil. To

discharge any other "pollutant" such as fish waste or anything but
sea water, another permit from EPA under the 1972 Federal Water Pol-
lution Control Act is required. If a facility will obstruct navi-
gation, and even a single piling will, a permit from the Army Corps
of Engineers under the Rivers and Harbors Act is needed.

The jurisdiction of the Corps outside U.S. territory was un-
successfully challenged several years ago in the unusual case of
U.S. V. Rag. Lewis Ray and Acme Contractors decided to turn two
submerged coral reef formations 4 1/2 miles off the coast of Florida
into a sovereign nation known as Atlantis, Isle of Gold. Ray and
Acme began dredging sand from the seabed and covering the reefs to
bring them above sea level. The Corps sought to enjoin their activi-
ty because they had failed to obtain a permit. The Corps disliked
the prospect of a sovereign nation in the middle of its jurisdiction.
The government also charged Ray with trespass. Ray answered that he
couldn't be charged with trespass by the U.S. because the U.S. did
not own the reefs. They were outside U.S. territory. As to the
Corps' jurisdiction, Ray argued there wasn't any outside the U.S.
territorial sea.

The Court of Appeals agreed with the government on both counts.
The Court said the 1958 Convention on the Continental Shelf gave the
U.S. the exclusive right to exploit the resources of its shelf. Any-

one besides the U.S. would have to get a permit from the U.S. to
exploit shelf resources. The Court pointed to the 1953 Outer Contin-
ental Shelf Lands Act. The Act expressly extended the Corps of
Engineers' jurisdiction to prevent obstructions to navigation by
artificial islands or fixed structures on the continental shelf.
So a permit from the Corps is required, even though the U.S. does
not own the seabed under its contiguous zone. And even though the
U.S. does not own the seabed, a lease from the Department of the
Interior under the Outer Continental Shelf Lands Act is necessary
to anchor any facility to the seabed.

Under the 1975 Deepwater Port Act the Secretary of Transporta-
tion can proclaim a safety zone around a deepwater port installation
to prohibit activities which might interfere with operations. The
Secretary of Commerce can establish a marine sanctuary under the
1972 Marine Sanctuaries Act for preserving ecological or aesthetic
values and prohibit inconsistent activities within the sanctuary.
Finally, if proposed mariculture involves a major facility or activi-
ty significantly affecting the human environment, an environmental
impact statement (EIS) will be required. The federal courts have
required impact statements for all federal leases of the seabed for
extraction of oil.
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State Laws

If a mariculture operation is planned outside Oregon's territori-
al limits, it is largely free of state regulation unless the fishing of
anadromous species is involved. For the same boundary reason, there
is no local law to apply.

THE EXCLUSIVE USE OF SURFACE WITHIN THE U. S. TERRITORIAL SEA

International Laws

If an anchored mariculture device is planned within the Terri-
torial Sea, it is completely controlled by the coastal nation.
International law applies only to the right of innocent passage and
the measures necessary to assure adequate publicity to obstructions
in navigation.

Federal and State Laws

The primary difference between activity in the Territorial Sea
and activity within the Fisheries and Contiguous Zones is that with-
in the Territorial Sea the state and federal governments share sover-
eignty. The state of Oregon owns the seabed and natural resources
of the Territorial Sea and holds them in trust for the people of
Oregon. Exclusive use of any portion requires a lease from the
Division of State Lands under the Oregon leasing law, ORS Chapter
274. No lease is required from the federal government.

Actually, it is not entirely clear that a floating pen anchored
to the bottom does require a state lease. Oregon has no law which
expressly requires a lease for exclusive rights to a surface area
of Oregon waters. Chapter 274 governs only sale and lease of sub-
merged and submersible lands. But the Division of State Lands has
taken the position that exclusive use of a surface area is a de facto
exclusive use of the seabed under the surface area and requires a
lease. Even if the Division is challenged on that position, any con-
tact with the seabed by permanent anchors, for example, is likely to
trigger the lease requirement.

Oregon law authorizes lease of the seabed under Oregon's terri-
torial sea for harvesting kelp (ORS 274.885 et seq.). Oregon law
also authorizes the Fish and Wildlife Commission to issue permits
for operation of salmon hatcheries (ORS 507.700 et seq.). But there
is no Oregon mariculture law dealing with other plant or animal
species or with rights to areas of water surface. Those involved in
mariculture might well assist in drafting a mariculture law for
Oregon, perhaps following the Florida model.

With the exception of a possible federal fishing permit, activi-
ty in the Territorial Sea also remains subject to all of the federal
laws mentioned in the first example. But in addition, a permit from
the Oregon Division of State Lands is required if the facility in-
volves dredging or the deposit of 50 cubic yards or more of material
pursuant to the Oregon Fill and Removal Law (ORS 541.605 et seq.).
Any discharge other than fresh water or seawater requires a permit
from the Oregon Department of Environmental Quality (DEQ). However,
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the U.S. Environmental Protection Agency has delegated its permit
issuing authority to Oregon, so a permit from the state and federal
government for the same activity won't be necessary unless the dis-
charge is oil.

If the mariculture installation requires some structure on or
the removal of material from the "ocean shore," a permit from the
Oregon Department of Transportation under the Beach Bill will be
needed (ORS 390.605 et seq.). The "ocean shore" is the area of wet
and dry sand along the coast between extreme low tide and the line
of vegetation. The Department will issue a permit only if it finds
the activity will not interfere with public safety, aesthetics, and
recreation.

THE EXCLUSIVE USE OF SUBMERGED AND SUBMERSIBLE LAND ON AN ESTUARY
WITHIN INLAND WATERS

If the mariculture is to be further inland than the first two
hypothesized fixed pens and were to be installed on the submerged
and submersible lands of an estuary and if canals and fills must be
established, the facility will be within inland waters and outside
of international jurisdiction. Ownership of estuarine tidelands can
reside in the state, in the federal government, or in a private per-
son. The mariculturist will have to procure a lease from someone.
It is important to remember that the lease, or title should the tide-
lands be bought, is subject to the public trust and cannot be used
in a way which unreasonably interferes with public uses of waterways.
The lease or title is also subject to the federal navigational servi-
tude under the Commerce Clause of the U.S. Constitution and can be
taken at any time for navigation, commerce, or flood control purposes.
Holding and improving tidelands is risky.

International Ls

There is no international right-of-innocent-passage law for
inland waters. Only in a rare case would mariculture in an estuary
invoke any doctrine of international law. However, persons may be
held liable for damage to foreign nationals caused by release of
mutant species into the ocean.

Federal Lcvs

Federal laws cannot be avoided. Any structure on or over tide-
lands will require a permit from the Army Corps of Engineers as an
obstruction to navigation under the Rivers and Harbors Act. Until
recently the Corps viewed its authority under that Act narrowly and
required a permit only if the structure actually interfered with
navigation. But the Corps' role has been expanded by a statute and
court decision to cover fills all the way to mean higher-high-water
on the Pacific Coast and even to affect fills of diked marshland
in San Francisco Bay (Fig. 2). Permits are necessary from the Corps
for depositing dredge or fill materials into navigable waters under
the Federal Water Pollution Control Act (FWPCA). Congress defined



386 RICHARD P. BENNER

"navigable waters" much more broadly in this Act than courts have
defined it under the Rivers and Harbors Act. Congress reasoned that
the way to stop pollution of the nation's waters was to get to its
source. It defined "navigable waters" to include all waters. The
courts have responded by holding that dredge and fill activities in
mosquito canals, mangroves, and saltmarsh all the way to the line of
salt water vegetation require a Corps permit under the FWPCA. Dis-

charge of any pollutant, including hot water, into navigable waters
as defined above requires a permit from the Environmental Protection
Agency. This can be the same permit obtained from the Department
of Environmental Quality.

Some locations may be within an estuarine sanctuary established
under the Federal Coastal Zone Management Act. Oregon has the only
estuarine sanctuary thus far, South Slough of Coos Bay. A site may
be within a wildlife refuge under one of the dozens of federal acts
establishing refuges, or it may be within a "waterfront safety zoneT
declared by the Secretary of Commerce under the 1972 Ports and Water-
ways Safety Act. Work within any of these areas must be certified
by the appropriate federal agency.

State Laws

Any dredge activity or fill greater than 50 cubic yards requires
a permit from the Oregon Division of State Lands. The standards for

obtaining a fill permit are high. The state, even if it does not own
the tidelands, holds an easement over the tidelands in favor of the
public. The Division will issue a fill permit only if it finds that
the fill does not unreasonably interfere with state policy to preserve
its waterways for navigation, fishing, and recreation; that the fill
accords with sound principles of conservation; that the fill is con-
sistent with existing waterway uses; and that the fill conforms to
the local comprehensive plan. The Division interprets those standards
rigorously, and, in the North Bend airport case, required return of
the spoils island, which had been used to extend a runway, to tidal
influence as mitigation for what it found to be unreasonable inter-
ference with the productivity of the Coos Bay estuary.

Of course, any mariculture which might produce energy anywhere
within Oregon's territorial limits requires a permit from the State
Department of Energy.

Local Laws

Activity in Inland Waters is also subject to the control of
cities, counties, and special districts. Every major estuary on the

Oregon Coast is within a port district. Ports have authority to
regulate activities on waters within their boundaries, including the
construction of docks, wharves, and piers. The purpose of the regu-

lation is to keep the waters open for navigation. A fixed pen or
other structure over navigable waters in a port district will require
a permit from the port.

Every estuary is also within either a city or a county. In

many states and under Oregon law, cities and counties have primary
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land use planning jurisdiction. Senate Bill 100, the Oregon Land
Use Planning Law, requires every city and county to adopt a compre-
hensive plan and zoning ordinances for implementing the plan. All
land and water areas must be included. Once a plan and zoning ordin-
ance are adopted, any person establishing a mariculture facility must
comply even if the site is leased from the state. Compliance gener-

ally means obtaining a permit from a city or a county.
The local comprehensive plan assumes greater importance in

Oregon law than may seem apparent. A key objective of Senate Bill
100 was to coordinate the many state and local plans and actions
affecting land use. To this end, Senate Bill 100 created the Land
Conservation & Development Commission (LCDC) and directed it to
establish statewide goals for land use planning in Oregon. The
goals are implemented at the local level in city and county compre-
hensive plans. Any state agency or special district whose plans
or actions affect land use must also follow the goals. In other
words, the Division of State Lands must apply the goals when it re-
views an application for a fill permit. Therefore, goals become
the statewide standards and local plans are the implementing
measures. Once LCDC reviews a local plan and finds that it complies
with the statewide goals, actions of state agencies will be measured
against the plan. No state agency can act or issue a permit which
does not comply with a local plan that has been approved by LCDC.
For example, the Division of State Lands cannot issue a permit to
fill an area of Coos Bay estuary if Coos County's comprehensive
plan does not authorize fill at that location.

Those interested in engaging in maricultural activities would
be best advised to start at the local level to ensure that cultural
plans comply with a city or county comprehensive plan. If the pro-

ject does comply, that doesn't guarantee success in obtaining all
permits, but if the project does not comply, the culturist certainly
cannot obtain other state or federal permits.

SUMMARY AND CONCLUSIONS

There are a few bright spots amid the imposing matrix of state,
federal, and local laws outlined here. Congress and many state
legislatures, including that of Oregon, have recognized that a vast
regulatory structure discourages even the most persistent entre-
preneur. Two of the more significant recent efforts, besides Senate
Bill 100, to bring some sanity into this maze should be mentioned.

Congress added what is known as the "federal consistency" clause
to the Coastal Zone Management Act of 1972 to give assurance to coast
al states that actions by federal agencies would not undermine a
state's coastal program. The federal consistency clause states that,
to the maximum extent practicable, each federal agency conducting
or supporting activities directly affecting the coastal zone shall
do so in a manner consistent with state programs approved by the
Secretary of Commerce. Thus, the Army Corps of Engineers cannot
issue permits to dredge or fill which do not conform to Oregon's
coastal program. Also, since cities and counties have the primary
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responsibility to implement Oregon's coastal program, federal activi-
ties must conform to the local comprehensive plan to the maximum ex-
tent practicable. Both state and federal laws accord a very high
status to the local comprehensive plan. Again the entrepreneur should
begin his plans in cooperation with local authorities. Another help-
ful development is that Oregon now has a "one stop" permit system.
Under a new 1975 law, any person can submit one application to the
Executive Department requesting issuance of all state permits. If

the activity complies with applicable laws, the applicant receives
the permit in a single procedure.

LCDC adopted coastal goals in 1975. The coastal goals which
became effective January 1977 are the primary elements in Oregon's
coastal zone management program which was approved by the Secretary
of Commerce on April 6, 1977. Like the original statewide goals,
the coastal goals will be implemented by coastal cities and coun-
ties. Plans and actions by local governments and state agencies
which affect land use must comply with the coastal goals. There are
four goals and each may affect a mariculturist's activity. The
Shorelands Goal requires cities and counties to protect shorelands
of special ecological significance and other shorelands valuable as
sites for water dependent uses, such as port facilities or mariculture.
The Estuarine Resources Goal requires LCDC to classify all estuaries
on the Oregon Coast according to the most intensive use permitted.
Within each estuary cities and counties must establish discrete units
for management at different levels of activity, consistent with the
overall LCDC classification. The goal limits fills in estuaries to
those uses which must be adjacent to the water and requires mitiga-
tion where harm is done to estuarine productivity. The Beaches and
Dunes Goal limits development of unstable sand areas and prohibits
most construction on active foredunes. The Ocean Resources Goal
requires analysis of long-term costs and benefits and information
collected by agencies with jurisdiction in Oregon's Territorial
Sea. Little input has been made to these developing goals by those
interested in the maricultural activities reviewed in this volume.

If the restrictions appear overwhelming, trust that the law is
there to help. If there is any doubt about the competence of the
law to resolve conflicts among users of ocean and tidewater resources,
the precedent shown in the following quote, found in a law review
article, offers reassurance.

Once, (says an author; where I need not say)
Two Travellers found an oyster in their way.
Both fierce, both hungry, the dispute grew strong,
While, scale in hand, Dame Justice passed along.
Before her each with clamor pleads the laws
Explains the matter and would win the cause.
Dame Justice, weighing long the doubtful right,
Takes, opens, swallows it before their sight.
The cause of strife removed so rarely well
"There take (says Justice) take ye each a shell.
We thrive at Westminister on fools like you.
It was a fat oyster--live in peace--Adieu."
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Hybridization of kelpa, 178
Hydrocarbons, 276
Hypnea, 233,245

rnusciforrnis, 233

Iceland, 259
Illuminance, 2
Immigration rate variables, 317-318
Import rate variables, 322
Industrial processes subsystems, 330-332
Industrial systems, 329-333
Inertial Currents, 44
Inland waters, 381
Inorganic Ion Metabolism, Synergists

of, 295
Inorganic products subsystems, 331-332
Ireland, 263
Iridaea, 142,233,242,245

cordata, 118,321-323,326-327
life history, 142

Iron
availability, 225
deficiency experiments, 223

Isozonarol, 280

Kelp

bed fluctuations, 185-187
biology, 184
collection, 188-189
hybridization, 178
mass culture, 189
restoratIon, 187-200
transplantation, 188-191

Kjellmanniella gyrata, 141
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L-m-kainic acid, 280
Lnninaria, 117,141

hyperborea, 257
Laminarin, 283
Laminine, 280
Land Conservation & Developmen

sion, 387
Lands, submerged & submersible
Layer, 257
Layer

bottom, 22
bottom turbid, 24
mid-water, 22
mud, seasonal fluctuations
surface, 21
turbid, 20

Light, 125
Line Islands, farm development
Lipid depressants, 295
Lithothamnion, 265

INDEX

t Commis-

377,385

in, 24

in, 204

M-l1, 131
Macrocystis, 140,209,282

diploid phases, 171
gametogenesis, 167
greenhouse-rearing techniques, 16
growth, 173-176,221
growth rates, 221-226
haploid phases, 169-171
life history, 167-179
manipulation, 176-179
species, 174-176,183
spores, 169-170,184

Management strategy, 316-317
Manganese, 225
Mannitol, 4,283
Mannuronic acid, 273
Manufacturing, 309, 312-313
Mariculture, 371-375
Marine agronomy, 205-206
Marine plants

domesticated, 163-169
production and utilization, 330

Marine terraces, 10
Marine vegetation, functional aspect

of, 165
Marketing algae, 374
Marketing processes subsystems, 331-
Markets, 304,305

international, of seaweed, 308
Metabolism, inorganic ion, synergist

of, 295
Methane, 283
Micronesia, farm development in, 204
Micronutrients, 76

"available" and "non-available",
renewal of, 227-228
upwellfng of, 227
vertical distribution of, 216-221

Mid-water layer, 22
Modeling

community, 323
ecosystem, 324-329
population, 317-323
steps of, 324-325

332

Molybdenum availability, 222
Monitoring kelp beds, 194-195
Monopolies, production, 203
Monsoon, 96
Morison equation, 343
Morphology, 9,10,11
Mortality rate variables, 317-318
Mud facies, 17
Mud layer, seasonal fluctuations in, 24

Natality rate variables, 317-318
Natural product chemistry, 213
Navigable waters, 381,386
Navigational servitude, 382
"Neish effect", 131
Neoayardhiella, 233,245
Nets

growth rates from, 148
seeding of, 145

Net-tank hybrid cultivation, 131
New Drug Application, 291
Nitrate, 59,120

concentrations in surf, Copalis
Beach, 87

dependence on upwelling, 87
depletion in stratified water, 81-87
depletion in surf water, 87
In association with high salinity, 87
in Puget Sound, 122

Nitrite, 120
Nitrogen, 5
Nitrogen fixation, 164
Norway, 259

drift-weed, 256
Nutrients, 2,57-77,124,236,241-244

Columbia River, 58
flux, 72
in surf at Copalis Beach, 87
trace, 76
transport, supply, 72,75

Ocean
engineer, 341
farming, 4

Offshore structures, 335
Onshore-offshore circulation, 44
Oregon

coastline, 8
estuaries, 15
margin, 25

Organic products subsystems, 331-332
Organisms, benthic, 18
Oxygen, 59

Particles, suspended, 21
221 Passage, right of, 381

Patchiness, 69
Patterns, ripple, 19
Petersen grab, 261
Petrochemistry, 375
Pelvetia, 254
Philippines, 209
Phosphate, 59

seasonal variation at
in Puget Sound, 122

Copalis Beach, 87



Photographs, bottom, 18
Photoperiodism in marine algae, 252
Photosynthesis, 129

contemporaneous, 369
daily, 129
net, 129
rate variables, 319

Phycoerythrin, 243,244
Phyilophora, 207
Planetary Resource Inventory, 359-360
Plants

exploration, 213
fresh water, in relation to fuel

source, 368
marine, in relation to fuel source, 368
terrestrial, in relation to fuel

source, 368
P1 at farms

for marine farms, 335
semi-submersible, 337
tension-leg, 338

Pleistocene deposits, 29
Plume

Columbia River, 21,63
surface, 16

Population, 317-323
biomass, state variables, 319
modeling, 317-323
number, state variables, 317-318

Porphyra, 117,141,163,257,259
Potassium chloride, 282
Pre-Agricultural Era, 357-359
Predation rate variables, 322
Process capacity, state variables, 326-327
Production

marine plant, 330
monopolies, 203
of extractives by countries, 304
rates, 237-241,244,245

Productivity
marine crop plants, 134
terrestrial crops, 134

Prostaglandins, 274
Pterocladia, 265
Pycnocline, 22

Radiation, solar, 128
Rate variables

emigration, 317-318
exports, 3i9,320
fecal losses, 322
grazing, 319-322
human exploitation, 319,320
immigration, 317-318
imports, 322
mortality, 317-318
natality, 317-318
photosynthesis, 319
predation, 322
respiration, 319,320

Razor clams
a source of regenerated nitrogen, 88
association with surf diatoms, 87

Regeneration, coral, 213
Reserves, exhaustion of, 361
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Respiration rate variables, 319,320
Rbodrnenia, 257

Right of innocent passage, 381
Ripple patterns, 19
Ripples, 19
River discharge, 30
Rivers and Harbors Act, 383

Saaorhiza, 254

Salinity, 45-46,9,95,1l9
association with nitrate in summer, 87
range in surf at Copalis Beach, 87

Salt production, 257
Samoas, farm development in, 204
Sand

deposition, 95-96
facies, 16
rivers of, 95

Sargasso Sea, 164
Sea

drugs from, 292
level, 39,49

Seasonal variations, 58,59,63
biomass, 121
currents, 39,40,41
density, 46
mud, 24
sea level, 49

Seaweed
as fertilizer, 257
as food, 257
cultivation, 237-241,244,245
data, program for obtaining, 312
dredge, 258
extractives, 303
farming, 306
industry, 4
international shipments and markets, 308
meal, 257
resources, 306-312
shipments, 308
source, importance of, 306
world production of, 311
yields, 134,257,263,266,311

Sediment, 95
composition, 16
continental shelf, 16
facies, wave influence on, 18
fine, dispersal system, 20
sources, 15
supply, 15

Sedimentation, 30
rate of, 17

Seeding of nets, 145
Separation processes subsystems, 331-332
Sewage treatment, 234,235,243,246
Silicates

at Copalis Beach, 87
in river drainage, 87

Social systems, 329-333
Society Islands, farm development in,.204
Solar radiation, 128
Spores, 128
State variables

population biomass, 319
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State variables--Continued

population number,317-318
process capacity, 326-32 7

Steady State
Era, 357-359
Inventory, 360-363

Steroids, 296
Storm surges, 49
Stratification, 45-47
Stratigrsphy, 9
Structures, Ocean, 9

anchors, 340
bottom-supported, 336-337
cable, 340
continental shelf, 25
corrosion of, 341
engineering design, 342-343
fatigue of, 341
floating, 337-338
floating breakwaters, 338
fouling of, 341-342
hybrid, 338
laws relating to, 385-386
mooring of, 340
offshore, 335
operational problems of, 346
physical modelling of, 343
submerged, bottom-mounted, 338-339
surface-piercing, 336-337
wave forces on, 343,345

Submerged Lands Act of 1953, 381
Substrates, 371

artificial, 117,140
circulating artificial, 131

Subsystems
cultivation, 330-332
ecosystem processes, 330-332
harvesting, 330-332
industrial processes, 330-332
inorganic products, 331-332
marketing processes, 331-332
separation processes, 331-332
water column processes, 330-332

Sulu Archipelago, 208
Suspended

material, 15
particles, 21

Sweden, 259
Swell, 50
Synclinea, inner shelf, 28
Synergists of inorganic ion metabolism,

295
Systems

ecological, 316-333
economic, 329-333
hierarchical, 315,325,330,331
industrial, 329-333
marine plant production and utili-

zation, 330
social, 329-333

TAMBALANG strain, 206-212
Tank, designs, 118
Taxonomy, 213

Temperature, 2,45,46,59,119,251
range at Copalis Beach, 87
salinity related to, 47

Tension-leg platforms, 338
Terraces

coastal, 29
marine, 10

Territorial sea, 381,384
ThaZassiosira pacifica, 87
Thermocline, 22
Tidal currents, 44-45
Tidelands, 381
Tides, 49,251
Toxicity in deep water, 222
Trace metals, 76
Transplantation, kelp, 188-191
Turbidity, 20,21,48,95

Ulva, 261
Undaria, 140
Undercurrent, 40
United Kingdom, 262
Uplift

of the continental shelf, 28
rates of, 29

Upwelling, 5,57-77
event, 68-69,76
in relation to farm sites, 368
of micronutrients, 227

Urban wastes, as a fuel source, 368
USSR

Arctic, 259
Baltic, 261

Variables, SEE Rate variables, State
variables

Vegetation
competing, 194
marine, functional aspects of, 165

Vitamins, 76

Wakame, 140
Washington State Department of Natural

Resources, 140,144
Waste disposal, 4
Water

column, density stratification of, 30
column processes, subsystems, 330-332
motion, 123
Northeast Pacific, 57,58
temperatures, average, Europe, 252

Water Pollution Control Act, 383
Waves

and wind, 50
forces related to structures, 343
influence on sediment facies, 18
influence on structures, 335
internal, 47
stirring, 31
surface, 19

West Germany, 262
Wind, 40,43,44
World population, 2
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Zinc, 222 Zonation, European rocky shore, 254
Zonarol, 280 Zooplankton, 47
Zonation, West European, 252 Zostera, 261
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