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FOREWORD

During the early years of the State Water Pollution Control Board (as named
prior to September 20, 1963} its research program was devoted to problems
affecting fresh water supplies. However, population and industry in California
have tended to concentrate in coastal communities, with the result that approxi-
mately two-thirds of the municipal and industrial water-borne wastes are dis-
charged to saline waters. The magnitude and complexity of waste disposal in
the marine environment are intensified by the recreational and commercial bene-
ficial uses of the reeeiving waters adjacent to metropolitan areas.

In 1954 the State Board sponsored an exploratory investigation of all aspects
of the submarine outfall disposal of domestic wastes. The report on the investi-
gation recommended various areas where oceanographic studies were needed,

On November 1, 1957, the State Board contraeted with the University of
California, Institute of Marine Resources, La Jolla, to conduet a program of
research designed to (a) deseribe the effects of ocean ontfall discharged wastes
upon the survival, growth, and general condition of kelp, (b) measure the sepa-
rate effects on kelp of surh factors as turbidity, siltation, diseases, parasites,
grazers, nutrients, and toxieity, and (e¢) reveal the concentrations of domestic
sewage, industrial wastes, and components thereof m the sea water in kelp beds
which are the maximum that the kelp can tolerate without being damaged. The
study and preparation of the final report extended to Mareh 1, 1963. The project
was under the direction of Dr. Wheeler J. North, Assistant Research Biologist,
Seripps Institution of Oceanography, who was the principal investigator.

The succeeding pages present the comtractor’s final project report dated
April 1, 1963. Background information is given in the report transmittal letter,
Preface and first chapter. The Abstract summarizes the report and the final

chapter is a **Coneluding Discussion '’

Printing and distribution of the report as Publication No. 26 was authorized
by the State Board on August 20, 1963,

The investizations reported herein were econdueted under the sponsorship of
the State Water Pollution Control Board (now the State Water Quality Control
Board), which appointed a Research Consulting Board that met from time to
time with the investirators to diseuss results and to make suggestions. The
investizations and their direction were under the sole responsibility of the
University of California’s Institute of Marine Resources. The conclusions and
recommendations are, therefore, those of the research contractor, and do not
necessarily refleet opinions or policies of the State Water Quality Control Board.
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UNIVERSITY OF CALIFORNIA

INSTITUTE OF MARIMNE RESOURCES
POST OFFICE BOX 109
La JOLLA, CALIFORMIA

LETTER OF TRANSMITTAL

Submitted herewith is the final report, completing Standard Agreement 12C-16
between the State Water Pollution Control Board and the University of Cali-
fornia, Institute of Marine Resources for an investization of the effects of dis-
charged wastes on kelp. The investigation was conducted from November, 1957,
through June, 1962, and the final report was prepared in the ensuing nine
months under an extension of the Standard Agreement. During this time a
study of the biology of the kelp beds was conducted by the Institute of Marine
Resources for the Department of Fish and Game and an investigation of food
chain intermediates in the beds was supported by the National Seience Founda-
tion. Further, the Institute of Marine Resources provided speeial funds as
salaries for additional investigators, equipment, and supplies in support of
all these kelp studies. Close coordination was maintained between the varions
projects and each contributed substantially to the others. Work conducted on
the effects of discharged wastes on kelp proved especially fruitful and has been
eontinued under support from the Keleo Company of San Diego,

Respectfully submitted,
WugeeLrr J. Norti, Project Officer

Mixer B. ScHAEFER, Director, Institute of
Marine Kesonrees
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PREFACE

During the decade of 1940-50, four productive kelp beds ringing the Palos
Verdes peninsula deteriorated to the point where little or no harvesting was
condueted in the area. From 1950 onwards it became obvious that two important
beds off Point Loma were suffering the same fate, and concern was voiced by
a number of interested groups that the declines were in some way connected
with disposal of laree quantities of wastes into marine waters. The kelp resources
vonsist not only of the kelp itself, which is harvested and proeessed for fertilizer,
animal foods, and chemicals, but also the associated animals, particularly fishes,
lobster, and abalone, which find use commercially and for recreation. It is diffi-
enlt to estimate the total direct value of the kelp resources of the two areas
combined, but very likely it exceeds two million dollars annually. Indireet
values are even more difficult to reckon but would raise the fizure considerably
and when added up over the years, the losses hecome indeed substantial.

In recognition of the urgent need for information on the kelp environment
generally and the effects of discharged wastes in particular, a 5-year program
of research, sponsored by the Btate Water Pollution Control Board, has been
conducted by the University of California’s Institute of Marine Resources, The
need for a very broad approach was recognized from the start and many lines
of investigation were pursued intensively, not because they gave promise of an
parly solution to the problem but beeause the information developed was re-
guired and indispensable. Outstanding in this catepory were the studies of
toxieity to kelp of the many substanees found in the various effluents discharged
in southern California. No chemical or efluent was found which was sufficiently
toxic to account for the widespread losses.

The explanation of kelp disappearance is based on subtle changes in the eco-
logical balance of the kelp environment and was not apparent until an adequate
nnderstanding of normal conditions in these submarine jungles had been at-
tuined. A considerable portion of this report, accordingly, is coneerned with
weneral ecology of the nearshore region and with detailed accounts of life
histories of certain eritical organisms, their physiology, and their behavior.

The body of the report has been organized into three main groups, Back-
ground Information, Investigations, and Conclusions, References, Ete. Each of
these general headings is subdivided into sections incorporating closely related
material such as the Historical seetion, Microbiological seetion, ete. The policy
has been to summarize the information in a fairly brief manner but neluding
adequate data to substantiate the conclusions. Detailed accounts of the work
will be published by the various investigators in appropriate journals.

xin



ABSTRACT

Three major kelp arcas exist near sites where wastes
are discharged into the sea. The Pt. Loma beds, 10 or
more miles from the discharge of the City of San
Diego into San Diego Bay, the Palos Verdes beds
which surround the outfall system of the Los Angeles
County Sanitation Districts at Whites Pt., and the
Santa Barbara bed which is immediately adjacent to
the outfall of the City of Santa Barbara. The Pt.
Loma and Pales Verdes beds have deteriorated badly
sinee 1945, historical data indieating that those regions
nearest the sonrces of waste were affected first and
deterioration proceeded in either direction away from
the regions nearest to the discharge. At Pt. Loma an
additional eomplication may have been introdueed by
dredeing in Mission Bay near the northern edge of
the beds. The Santa Barbara bed, however, has re-
mained in a good condition 1f allowanee is made for
the increase of other activities in the nearby harbor
which may have contributed to kelp losses in the im-
mediate vieinity,

Areas of investigation for possible harmiul effects
of discharged wastes om kelp ineluded toxieity, sedi-
mentation, turbidity, grazing, and disease. Toxieity
thresholds were determined for six metallie ions (Hg,
Cu, Cr, Zn, Ni, Ph, in order of decreasing toxicity),
dilution of seawater with fresh water, many organies
(1olunene, benzene, n-hexane, phenol, ortho meta and
para cresol, the detergents Santobrite, Zephiran ehlo-
ride, SDS, and ABRS), and a variety of complex
mixinres (diesel oil, hoiler fuel, chlorinated and un-
chlorinated San Diego sewage, sewage from Los
Angeles County Sanitation Iistricts treatment plant,
General Petroleum oil refinery wastes, and samples
taken in Dominguez Channel near San Pedro). In-
siufficient toxicity was found to aceount for the wide-
spread losses which have ocenrred. No evidence for

X

toxieity effects was observed from transplantation
experiments and field observations. San Diego sewage
actually stimulated photosynthesis when diluted 100 to
1 with seawater in the laboratory. Sedimentation and
disease were not observed to be significant factors in
beds which were dwindling at Pt. Loma and Palos
Verdes during the course of the study.

Turbidity proved to be such a complex question
that effects of outfalls in changing water clarity in
the kelp environment have not been resolved. Amount
and character of plant distribution on the sea floor
indicated that turbidity may be a significant factor.
Grazing was definitely established as important in the
destruction of vemetation at Pt. Loma and Pales
Verdes; in partienlar the activities of two sea urchins
(Strongylocentrotus purpuratus and 8. franciscanus)
appear to be extremely devastating. These animals
van be starved to death in the laboratory in a few
months but dense populations have persisted at Pt.
Loma and PPalos Verdes during the five years of the
investigation, even in areas virtually devoid of vegeta-
tion. The environment has apparently altered in a
way that favors survival of these two species. The
explanation for the persistence of the Santa Barbara
kelp bed follows from the grazing studies beeause
this bed is located on a sedimentary bottom while
these urchins are rocky substrate dwellers and are
rare in the Santa Barabra bed.

When all the nrehins were destroved in a restricted
area at Abalone Cove, Palos Verdes, vegetation inelud-
ing the giant kelp quiekly returned but was eventually
grazed away by ofther urchins migrating into the
cleared area. A favorable method for treating large
areas to eontrol urchins appears to be the use of lnmps
of quicklime (ealeinm oxide) as a fairly specific poison
for echinoderms.



BACKGROUND INFORMATION

INTRODUCTION

The MNearshore Areas of Southern California

The two main types of ecoastal environment found
in the nearshore, open coasts of Southern California
are rocky bottom and sandy areas. Silt or muddy
patches oceur in protected locations or in deeper zones,
but sand and rock predominate at shallower levels.
Probably less than half of the shallow bottom between
the Mexican Border and Pt. Conception is rocky, but
the rock areas are usnally much more productive than
the sandy areas in marine forms of economic value
and, therefore, are probably of greater over-all impor-
tance. Historically, marine plants and animals have
been the most important resouree utilized by man in
the nearshore regions, but within recent times the
waters themselves have assumed signifiecance as a dilu-
tion medinm for sewage, and the water movement are
utilized for dispersion of the waste materials,

A basic coneept in ccolory is that all animals derive
their body substance from plants, either directly by
grazing on vegetation or indirectly as when, for exam-
Me, carnivores eat grazers. The abundance of animals
in a large region must depend in some complex fashion
upon the availability of plant material to supply food
requirements. Plants are not uniform in their con-
stituents or digestibility. Presumably, some tvpes of
plants are more desirable than others because for one
reason or another they may represent better sources
of nutrition for animals utilized by man. In the near-
shore areas two groups of plants are generally found.
Mieroscopie single celled algae—the phytoplankton—
oeenr suspended in the water whereas seaweeds grow
attached to the bottom at shallow depths. Both sandy
and rocky areas often support seaweed growth, but
this type of vegetation is usually much more abundant
on rocks. Phytoplankton, on the other hand, is not
known to exhibit any marked ecorrelation with the
bottom type. The presence of lush seaweed growth on
the rock outerops would be a further source of nutri-
tion for grazers in addition to the phytoplankton in
the water column. This may be a partial explanation
why these environments are more produetive of marine
resourees, but the creviees, caves, and similar irregn-
larities are believed also to attract animals such as
fishes and the lobster and are probably of survival
value to them.

In assessing the nutritive role of plants, two coneepts
are generally aceepted as being of fundamental impor-
tance : standing erop (the amount of plants present),
and productivity (the amount of plant tissue produced
in a given time). An excellent illustration that em-
hodies the principles behind these eoneepts is provided
by an individual’s bank account. The bank balance
represents, of course, the difference between the incom-
ing and the outgoing funds and, although these figures
are related, knowledge of these does not necessarily

(1)

yield reliable information about the balance. The
standing ecrop iz inereased by production of more
plant tissue, but factors such as the activity of grazers
and storm damage tend to reduee it

Ecological interest has tended to center in compu-
tations of produetivity since this is a measure of the
amount of material becoming available as food for the
animals of an area. The standing erop, however, may
be an important consideration to coastal fauna. Re-
turning again to the bank account analogy, the size
of the balance does not serve as an indieation of the
amount of intake and outgo of money, but a large
balanee does provide a buffer against emergencies.
Areas where large standing crops of seaweeds exist,
therefore, may be expected to display greater stability
in the composition of animal population. This might
logically result in larger populations of long-lived
animals since the faunal communities of seaweed-rich
areas may not have to contend with the short-period
fluctnations in food supply that may oceur when
phytoplankton forms the chief nutritive source.
Among the marine animals utilized by man the long-
lived varieties are by far the most important, although
many of these forms apparently depend to a consider-
able extent on plankton for food sources.

In summary, the rocky seetions nearshore are much
more produetive in animals of importanee to man than
the sandy sections. Three reasons have been listed:
first, the rocks themselves with their irregular shapes
are attractive to animals; second, the rocky areas
often support much more seaweed growth than oceurs
on sandyv areas and this inereases the production of
plant material that forms the basis of all animal food ;
third, the large standing erop of seaweed in the rocky
areas may contribute to the stability of these environ-
ments, especially with regard to the longer-lived
animals,

The Kelp Beds

One of the most prominent seaweeds of southern
California waters is the giant kelp, Macroecystis. On
exposed coasts it usually ocenrs only where secure
attachment to the bottom ean be obtained and, there-
fore, is largely restricted to rocky areas. Inm many
protected loeations, however, plants are able to main-
tain a fixed position on sandy or mud bottoms.

It is well known that plants depend on sunlight for
the energy to synthesize the substance of their tissnes.
Light is absorbed and seattered by seawater so that
surrounding licht intensity becomes dimmer with in-
creasing depth. In consequence, growth of seaweeds
tends to diminish at greater depths, and below 100 ft.
attached plants become quite sparse, even in clear
water.

A most important feature in the growth of the
giant kelp plant is the way the plant extends up

toward the surface into the zones of bright illumina-



EFFECTS OF DISCHARGED WASTES ON KELP

Figure 1. Diagrommatic represantation of an adult giont kelp, Macrocystis pyrifera. A. Holdfost. B. Primary sfipe. C. Remaing of old stiper. D. Spore-
bearing reproductive blodes. E. Young frend, F. Senile frond. G. Main ghipe bundle, H. Growing tip of & mature frand.

tion (Figure 1), This enables the plant to maintain a
large portion of its photosynthetic tissue at the sur-
face and creates, as it were, an intertidal zone of plant
productivity in deep water. As might be expected, this
produces a hizh standing erop. Our measurements of
the approximate range of standing erops in kelp beds
indicate that the values are indeed very hizh. From
these considerations, then, we would expect that kelp
beds should have a food potentinl which could result
in much greater populations of animals than might
ordinarily be able to subsist in the area if kelp were
absent.

Many seaweeds can coneeivably contribute to ani-
mal nutrition in areas where the plants do not orow.
Wave aetion and other natural factors remove sea-
weeds from their attachment. Some of the drift is
cast upon the beach, but probably of greater impor-
tance is the fact that drift has often been observed
on the sea floor in areas much deeper than the kelp
normally grows, Hence, it presumably moves seaward

across the continental shelf, The extent to which drift
seaweed is nsed by animals as food iz not known, but
many orazers eat the dvift material. Macroeystis often
comprises a substantial portion of drift and presum-
ably is of importance in this form to many animals
which do not inhabit the kelp beds.

Resources of the Beds

Twa ecrops are gathered by man from the kelp
areas: the plants themselves are harvested and proe-
essed for their ehemical content and for use as food
additives or fertilizer; many of the animals such as
fish, lobster, and abalone are collected for food both
commereially and for recreation. In years favorable to
kelp growth the southernm California beds formerly
covered an area somewhat in excess of 100 sq. mi. or
200 sq. km. (Fig. 2). If we assume a modest value for
the average density of plants in these beds, we arrive
at o eonservative estimate of the standing erop of kelp
as about two million tons, Tt is known that kelp is able
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to produce new growth equal to two or three times its
own weight annually =0 that the kelp tissue available
on a vearly basis as food for animals very likely
ereatly exeeeds two million tons, It was estimated that
the P't. Loma beds alone in good years produced re-
sonrces valuing about 1 million dollars annually (San
Diego Marine Consultants, 1959,

Natural Factors Causing Kelp Bed Deterioration

During this investigation we have observed both
large and small scale disappearances and reappear-
anees of kelp and there can be no doubt that nearly
all the beds undergo profound fluetnations in size.
Grazing animals, water movements, diseases, and un-
favorable growing conditions are apparently all very
important in their influence on kelp. Several {'lhi]!"r"'\
resulting from operation of such faetors have heen
well doenmented. Examples are furnished by the
Tampico wreck study, and by the unfavorably high
water temperatures. For our present discussion it is
sufficient to note that these destructive forces exist
and the amounts of kelp which they sometimes oblit-
erate make the activities of man seem rather puny.
From what we have been able to observe, however, it
appears that over a period of several years in areas
such as Baja California (where man's influence is
much reduced) beds may fluctuate in size but they

tend to return to what might be called an average
value. In considering any changes in kelp areas near
large eities it is important to remember that natural
forces do canse large seale fluctuations, but losses tend
eventually to be replaced.

HISTORY OF SOUTHERN CALIFORNIA KELP BEDS

It has been well documented that even under un-
disturbed conditions the state of a kelp bed may be
extremely inconstant. When historical trends are
:~iu1l;_"hl :lI]Ll thi" dutil at th!ui are not pll'-ntiful, it i..,
necessary to be eautious in interpreting resulis, and
only elearly defined patterns are here considered, This
historical study is not intended to provide a detailed
deseription of the State of a kelp bed at a riven time,
but rather to furnish a broad picture of sufficient ae-
curacy to indieate long-term trends.

Methods

Two sources of information proved to be the most
useful in supplying historieal data on the state of the
beds, but unfortunately both tvpes have limitations
which must be taken into consideration. Over the
vears the Department of Fish and Game has main-
tained records of the tons of kelp harvested from the
different beds, and these statisties provide some meas-
ure of the health and productiveness of the kelp in a

Figure 2. Chart of the sauthern Californio region showing the oficial Department of Fish and Game
numerical designations for the kelp bods of fhe ares.
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given loeation. Aerial photographs of the coast are
also very useful in indicating the presence of kelp
and, when the photographs are taken from a vertical
position, maps showing the extent of the beds can be
traced.

The beds with which this report is chiefly concerned
are loeated mear large cities where the proeessing
plants of the harvesting companies are located. Be-
cause of their proximity these beds are the most eco-
nomieal to harvest and it is reasonable to assume that
the harvesting statistics refleet the maximum utiliza-
tion of the avea’s resources consistent with good busi-
ness policy. Where the bed extends close to shore, how-
ever, boat operations ean become hazardous and the
area may never be subjected to entting, Likewise a
thin stand of kelp may not be comsidered worth the
effurt to gather and the absenee of any harvesting
returns from an area may not be indicative that plants
have entirely disappeared. There is no practical way
to eonvert harvesting vields into figures which would
indicate the size of a bed or the density of the plants.

Aerinl photographs ean be misleading because
atrong eurrents can drag kelp beneath the surface,
wiving the appearance of a barren oeean. Waves,
slicks, submerzed rocks or reefs, and sun refleetions
can also render the interpretation of photographs
diffieult and the presence of other floating seaweeds
such as Egregin and Cystoseira sometimes leads to
confusion, although these forms are usually restricted
to shallower water. Some indication of the density of
plants may be gained if the kelp canopy is not too
thick, but once a continuous cover is formed it is no
longer possible to estimate the numbers of individual
plants. Rather sparse coneentrations of plants are
able to form continuous canopies, so, in reneral, aerial
photosraphs eannot be depended on for reliable in-
dications of plant density. To develop completely re-
liable imformation about a bed, subsurface examina-
tiom by diving teehnigues is necessary. For the purpose
of this report, however, it is felt that the use of har-
vesting returns and available aerial surveys, in com-
binatiom with various other isolated fragments of in-
formation, are adequate to develop a useful picture
of the general history of the kelp beds in the vicinity
of submarine outfalls,

The charts of the beds prepared for this report
were traced from aerial photographs, or in the ease
of the 1911 maps, the tracings were made from Cran-

dall’s charts (W. C. Crandall, 1912). Reduetion of
the tracings to a standard page size was accomplished
by use of a camera lucida and the accuracy was
checked with a ruler by several measurements per
chart. Computation of areas was made by placing the
tracing over a grid and counting the squares con-
tained within the kelp areas. In tracing the photo-
graphs, fine detail, such as eonvolutions in the edge of
a bed eaused by individual plants, was omitted sinee
the effect on the total area was negligible. Major gaps
or holes or isolated patches of significant size, how-
ever, were always taken into account.

Historical Charts

Charts for Santa Barbara, Palos Verdes, La Jolla
{echosen as a control) and Pt. Loma are presented
in figures 3 through 26. Where a kelp area amounting
to less than 509 of the total for the chart was miss-
ing, owing to lack of a photograph, the eorrespond-
ing area from the previous chart was traced onto the
missing section. Such entries are denoted by dotted
lines and occur in figures 16 through 19. With the
exception of figures 17 and 19 (Palos Verdes 1945
and 1953) these areas were less than 209 of the total.
In some years certain beds extended slightly bevond
the limits shown on the fizures, but the total extent of
the beds was taken into aceount when computing
areas (Figs. 3, 4, 9, 11 and 13).

In general, the trend for all beds studied mdicated
a shrinking in size (Table 1). There are upward flue-
tuations, however, and if adequate data were avail-
able for all years a great many such reversals of the
trend would undoubtedly appear. The 1911 data was
derived from charts of the beds prepared by W. C.
Crandall by means of a surface survey from a boat,
using sextant angles for plotting positions. From the
appearance of the maps, it would seem that only the
major contours of the beds were developed. Even so,
it is doubtful whether this would canse an extreme
error in estimating the size of the beds, and it is rea-
sonably certain that the Pt. Loma, La Jolla, and
Santa Barbara kelp areas were considerably larper at
that time as compared to recent years. It is note-
worthy that the beds nearest an outfall (beds 2, 12,
and 13) tended to disappear or deteriorate severely
while the beds farther away (beds 3, 11 and 14) re-
tained their eanopies to later dates.



EFFECTS OF DISCHARGED WASTES ON KELP

POINT LOMA
1911

Figure 3. Chaort of the PI. Loma kelp beds in 1911. The entire areo
of the beds, including o smell southern section not shown, wos esfimoled
at 5.95 iquare miles.

POINT LOMA
1949

Figure 4. Chart of the P, Loma kelp bed: in 1949. The enfire area of
the beds, including o imall touthern tecfion Aol shawn, was etfimoted
az less than 2,11 squore miles.

2.4 POINT LOMA
k2 1955

Figure 5. Chart of the P{. loma kelp beds in 1955 The areo of the
bads woas sstimated as 1,78 square miles.
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e POINT LOMA
. 1956

Figure 6. Chart of the P1. lomo kelp beds in 1956, The area of the

beds woai etimoted o3 0.78 squore mile.
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MILES
LA JOLLA
k11

o POINT LOMA
1956

Figure 7. Chort of the Pi. Loma kelp beds in 1958. The area of the Figure . Chort of the Lo Jolla kelp bed in 1911. The arsa of the
beds was esfimated as 0.81 sguare mile. enfire bed, including o smoll southern section ned shown on the map,
was efimaied o5 1.8% squore miles.

LA JOLLA
1948

iz : POINT LOMA
"3 1959
13 .
““

Figure 8 Chart of the Pt Loma kelp beds in 1959. The area of the

Fi 10. Chart th ;
bads wor attimated oz 0,15 squars mils. igure art of the La Jollo kelp bed in 1949, The area of the

bed was etimated os 0.58 sguore mile.
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LA JOLLA Ve LA JOLLA
1935 PP B 1954

Figure 13. Chart of the La Jolla kelp bed in 1958. The orea of the
entire bed, including some isoloted plonfs af the ssuthern end of the
bed, wos edimoted os 0.37 square mile,

Figure 11. Chart of the Lo Jolla kelp bed in 1955. The area of the
entire baed, including o small southern section not shown on the map,
was esfimated os 0.77 squore mile.

e —— L — e ]

EEE MILES
By
£s &)
£c5
LA JOLLA ag® LA JOLLA
1956 g 1558
=

Figure 14. Chart of the Lla Jolla kelp Bed in 1959. Map war faken

from on oerial survey which Ffoiled fo reveal ony kelp. From swrfoce

and diving operafions, however, it is known thot o smoll omount of
kelp was present in the orea,

Figure 12, Chorf of the Le Jola kelp bed in 1955, The ares of fhe
bed wos estimoted or 0.47 squore mile.
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Whites Point

PALOS WERDES
1511

Figura 15. Chort of the Pales Verdes coest in 1911, The arec of the
kelp beds shewn wos esfimated o 2.42 squore miles.

Wnites Polnt

PALOS VERDES
jLri ]

Figure 16. Chart of the Palos Verdes coost in 1928, The area of the
kelp beds shewn was ettimoted o less than 2.89 square miles,

PALOS VERDES T~
1945 o
———

Figure 17. Chart of the Pales Verdes eoast in 1745 The orea of the
kelp bads shown wos estimoted ag less than 1.83 square miles.

Whites Point

PALOS VERDES
1347

Figure 18. Chart of the Polo: Verdes coort in 1947, The area of the
kolp bed: shown wos estimated as less than 1.05 sguare miles.
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Whibez Poani

PALOS WERDES
1853

Figure 19. Chart of the Polos Verdes coost in 1953, The areo of the
kelp beds shown was exfimoted a3 greater thon 0.44 sguore mila.

= Whittes Poing

PALOS VERDES
1955

Figure 20. Chaorf of the Palos Verdes coost in 1955 The orea of the
kelp beds shown wor estimated os 0.24 square mile,

Whitez Point

PALOS VERDES
1857

Figure 21. Chart of the Polos Yerdes coosf in 1957, The area of the

kelp beds shawn wos estimoted of 0.13 square mile.

_Whites Paoint

PALOS VERDES
1334

Figure 22. Chart of the Polos Verdes coost in 1958, The area of the
kelp beds thewn wes estimaoted o5 0.05 square mile.
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Pumgang Station
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Whibes Poinl &
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2 @ SANTA BARBARA
PALDS VERDES @ 1948
1955
Figure 23. Chart of the Folos Yerdes coost in 1959, The area of the Figure 25. Chart of the Sonfe Borbora coosft in 1949, The areo of
hrp beds shown wos esfimoted as less than 0.01 squUare mila. the l:l.-fp bed shown was estimated as 0.013 iguare mile.
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Figure 24. Chaort of the Sonlo Borbora coost in 1911, The ares of Figure 26. Chart of the Sanfo Borbora coagt in 1959, The orea of

the kelp bed shown wos esfimated os 0.32 square mils, the kelp bed shown waos estimoted a: 0.032 square mile.
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Table 1

Histarical variation in oreas of certain kelp beds,

Area in
Location Year sqiare miles
Palos Verdes 1911 242
1928 < 2 80*
1945 = 1.63
1947 <105
1953 <0.44
1956 0,24
1957 0.13
1958 0.05
Santa Barbara 1911 0.32
1949 0.013
1956 0.068
185658 0.036
Point Loma 1857 5.95
1911 5.95
1934 3.65
14941 2.64
1942 3.40%e
1949 <211
19556 1.18
1956 .78
1058 0.61
La .Jolla __ 1911 1.89
1934 26
1941 25
1949 0.58
1955 0.77
1956 047
1958 0.31

=" Where “lesa than” (<) symbols are used, a portion of an area
was missing from an aerial photograph and the REelp bowmd-
ary from the previous chart was traced in and used for =
real estimation. Since these Instances occurred where Kelp
was in o dizappearing trend {(with the possible exceptlon of
Palog Verdes, 1828) it has béen agpumed that the “leas than™
symbol s justifiad,

== Wohnus, unpublished data.

Harvesting Returns

The tonnages of kelp harvested from the varions
beds each month are reported to the Department of
Fish and Game for collection and information. The
actual values are confidential, but relative values may
be freely used as long as they do not reveal the
absolute tonnages harvested. We have converted an-
nual harvesting returns for several beds to percentage
values. For any given bed a value of 100 was as-
signed to the year of the largest harvest; other years
were computed as percentage ratios of the largest
harvest (Table 2).

It ean be seen that beds 1, 2, 3, 11, 12, 13, and 14
show a definite declining trend while beds 4 and 22
have apparently maintained their productivity within
what may be considered the approximately mormal
range of fluctnation. Bed 1 was off the Tijuana River
mouth, beds 2 and 3 are at Pt. Loma, bed 4 is at La
Jolla, beds 11, 12, 13, and 14 fringed the Palos
Verdes peninsula and bed 22 is a large bed extending
in either direction from the City of Santa Barbara

(Pig. 2).

A similar conelusion appears from these statisties
as was found from the charts: beds 2, 12, and 13,
nearcst an ontfall ferminus, virtually ceased produe-
tivity before beds 3 and 14, farther away, were no
longer harvested or declined seriously. Bed 11, near
the mouth of Los Angeles harbor, was apparently not
harvested heavily in recent times, although the charts
show kelp to be present up to 1953,

The Submarine Quialls

A mamber of outfalls discharee wastes into marine
waters in southern California, but most of these are
small or remote from kelp areas and any influence
they might exert on kelp or its environment is prob-
ably localized or of small magnitude. Time did not
permit studies of small outfalls and if any effects
exist they will have to be defined in future studies.
Aecordingly we will deal only with the larger dis-
charges, or with those outfalls which are located near
kelp beds of commereial importance, We have chosen
to deseribe the discharges of the City of San Diero
into San Diego Bay, the Los Angeles County Sanita-
tion Districts at Whites Point, the City of Los An-
geles into Santa Monica Bay, and the City of Santa
Barbara into the Santa Barbara Channel. The San
Diego and Los Angeles city outfalls are located much
farther from the nearest beds than either of the other
two (Figs. 27 and 28).

The average daily volumes of effluents discharged,
in millions of gallons per day, are presented in Table
3. The trend for all discharges has been in the direc-
tion of inerease, although there were years when the
average flow st ayed constant or even decreased
slightly.

POINT LOMA

g
QUTFALL

FPACIFIE ODCFAN

0 4
| 1 1 J

_ STATUTE MILES
“% Vanished kelp

Figure 27. Chart showing the geogrophicol relotion of the Pt. Lomo
kelp bads te the City of San Diego's submarine outfall.
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Table 2
Percentage yeorly harvest from various beds. The year of maximum yleld wes foken as 100,
Bed number
Year 1 2 3 | 11 12 13 14 22
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The secondarily treated eMuent from the plant of
the City of San Diego is discharged into the bay from
two open pipes at a depth of about 30 ft, The sewage
is clarified and chlorinated before release, and in re-
cent years averaged from 80 to 100 parts per million
suspended solids. In addition teo this discharge, the
bay receives a small discharge of raw sewagze from
the City of Coronado and the Naval Amphibious Base,
and a discharge from the Chula Vista treatment plant,
An unknown and variable amount of sewage is con-
tributed to the bay by naval and other vessels at
anchor. Industrial wastes are discharged by fish can-
neries, a kelp processing company, and a reduoetion
plant. Aireraft industrial wastes are no longer
dumped mto the bay. The volume of San Diego Bay
hag been estimated as about 70 billion gallons and
about 15 billion gallons are exchanged with the ocean
during an average tidal evele.

The Los Angeles County Sanitation Districts’ dis-
vhiarge at Whites Point has undersone a number of
changes sinee operations first commenced in the area,
A 60-in. id. pipe 4500 ft. long was placed in serviee
m 1937, In 1947 an additional outfall, 6400 ft. long
and 72 inches in inside diameter was placed in serv-
iee, These ontfalls were modified by diffusers in 1954
and 1953 respectively. The 60-inch line was bulk-
headed at the terminus and holes were drilled in the

pipe for 378 ft, along its length, The 72-inch line was
fitted with a Y-shaped diffuser with legs 216 ft. long.
The average depth of discharge of the 60-ineh ountfall
wis 108 ft., that of the 72-inch outfall, 155 ft. In
1106, a #-inch pipe was placed in service, discharging
through a Y diffuser with 1200-ft. legs at an average
depth of 2083 ft. The length of the outfall, excluding
the diffuser, was 7900 1. With diffusers it has been
computed, from ammonia coneentration measure-
ments, that the average maximum sewage concentra-
tions at the ocean surface over the point of discharge
represent dilutions of 170 to 1 with the 60-inch line,
30 to 1 with the 72-inch and 400 to 1 with the 90-inch
lines. Suspended solids average somewhat less than
J00 ppm.

In addition to the outfalls at Whites Point, there
are a number of discharges into nearby Los Angeles
Harbor. Industrial wastes are derived from fish can-
neries, the oil industries, vegetable oil plants, creo-
soting and pile treating, metal working shops, and
shipbuilding and repair facilities. Domestic wastes are
discharged by small private sewage disposals, from
ships and boats, and from the Terminal Island Sew-
age Treatment Plant serving San Pedro and Wil-
mington. The latter facility has an outfall discharging
some T mgd on the average into the outer harbor,
The effluent contains about 150 ppm suspended solids.
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Efffvent valumes in millions of gollons per daoy.

Han L. L.A. Hanta
Year Diego County ity Rarbara
1968 44 220 267 5.0
1967 __ _-_ 43 195 256 £.7
[T T T T 1583 2449 : 3]
955 __ L "89 180 244 1.3
1954 39 176 239 4.1
1953 38 154 230 3.9
ALl DR 147 219 31
121 - . 125 204
1950 ERI 1] 114 194
1949 25 10k 1595
1948 28 52 1584
11y S e 5 | by 178
e - DY 53 161
18945 A e L D2 160}
19444 0.7 h2 162
1943 52 47 145
1942 -2 35 143
T Sacesa. 4 1:44
1940 _. 29 133
1939 25 130
1938 . 23 131
| Fb e a0 131
DG 2 aein 19 114
1935 15 113
1934 17 107
Y l L 4
1887 1894 1926

It is estimated that Lios Angeles Harbor contains
about 80 billion gallons of seawater and the average
tidal evele causes an exchange of about 16 billion
gallons with the oeean.

The City of Los Angeles discharees wastes at the
Hyperion Treatment Plant near El Segundo. In 15804,
a G00-ft. long, 24-inch diameter cast iron pipe was
installed. In 1904, a 940-ft. long, 30-inch diameter
pipe was added to the facility. In 1908, a 940.-ft. long,
3-inch diameter wooden stave pipe was put in, which
was followed by a 54-inch diameter wooden stave pipe
in 1918, laid on a trestle 2000 ft, long. In 1925, a 5000-
ft. long, 7-ft. diameter concrete pipe was installed, and
this remained in serviee until 1949, At this time a 1-
mile long, 12-ft. diameter eoncrete pipe discharging at
a depth of 60 ft. was put into use. In 1957 a sludge
outfall was placed in use, discharging at a depth of
about 320 feet, In 1960, effluent was diverted to a new
pipe 12 feet in diameter, five miles long, with two
diffuser legs each 4,000 feet long, discharging at about
2000 feet depth. Treatment of the effluent was insti-
tuted in 1925 when fine sereening was utilized to re-
move gross solids. Primary treatment was commenced
in September, 1950, followed by secondary treatment
in May, 1951, and high rate activated sludge treat-
ment in 1952, It was estimated in 1952 that about
14% of the total flow was contributed by industrial
sourees. About 27% of the suspended soluds, however,

EL SEGUNDO

L.A.CITY QUTFALL

SANTA
MONICA
BAY

PALOS VERDES

0 5

1 1 J_I_J_J

STATUTE MILES
L.A. COUNTY OUTFALL

Figure 28. Chart showing the geographical relotion of the Palos
Vardes kelp beds fo adjocent submarine outfalls.

are contributed by industry and the final efluent aver-
ages about 70 to 80 ppm of this eonstituent.

The Santa Barbara outfall was placed in service in
1926 and the sewage was screened. No flow meters
were available in the treatment plant until August,
1951, when a new plant commeneed operation. The
econnected population in 1926, however, was :i]1]1]‘[::‘{i-
mately 20,000 and it is roughly 50,000 at the present
time, The ontfall is about 3,000 ft. long and discharges
at a depth of some 40 ft. The effluent receives primary
treatment and is  chlorinated during swimming
weather, approximately March 15 to October 15, plus
any days that are unseasonably warm. The yearly
average suspended solids content varies around
1M ppm.

Dredging as an Ecolegical Factor

Mission Bay, The historical charts show that kelp
beds have receded and disappeared along eight miles
of the Point Loma peninsula, from Mission Bay south-
ward and from San Diego Bay northward. One com-
mon denominator at opposite ends of the region of
kelp disappearanee is dredging, which has been con-
dueted on a similarly vast seale in San Diego Bay
and in Mission Bay. Early surveys (1851-37) show
that natural gaps existed in the kelp opposite the en-
trances to Mission Bay and San Diego Bay before
these estuaries were modified by man, Their subse-
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quent modification for use as harbors is a factor that
must be considered in any interpretation of the reces.
sion of the intervening kelp. Dredging in Mission Bay
is by far the largest artificial change that has been
made near the northern end of kelp bed No. 3.

Sinee World War 11, twenty-seven million cubie
vards or 5.45 billion gallons of mud have been dredged
from Mission Bay (Table 4). This amount of dredging
is equivalent to the uniform removal of a 6.6 ft. depth
of mud from an area of four square miles. One result
of this operation has been the econversion of four
square miles of nnmavigable mud flats into an attrae-
tive marine park with a water depth of about zeven
feet at low tide. This development has oecurred almost
entirely since World War I1. Dredging plumes have
heen ohserved on occeasion extending at least one mile
seaward from the bay entrance, and these dredging
plumes have been photographed from the air, As
Table 4 shows, dredging in Mission Bay has been
most intensive from 1957 onward. The dredging
method has been improved meanwhile by condueting
it within diked-off areas. The closed-evele method
reduces silt contamination and it has eliminated the
visible dredging plumes outside the bay entrance. At
equal distances within Mission Bay and San Diego
Bay, vear-round measurements of water transparency
have revealed lower water transparency in Mission

Table 4

Mission Boy dredging, 19481941
{fram dota provided by Messrz. F. 5. Blankenship and L. D. Phillips,
Resident Engineers, Mission Boy Aguatic Park).

Curleie s uf

Year woll reunaved
1946 i o et e e Y 231,300
1947 : S el T e R L R L
1948 - : . 2,573,600
B || S SR T o= 466,000
1T el e M N e = 1,273,900
d | e i i 3,200,000
1Lt S 3,893,600
1960 : x 957 400
1961 g e ey o S R T R 2. 307 200

Total 104661 2o 0 L0, T8 5 4 27,089,900

Bay (San Diego Marine Consultants, 1959). Closed-
cyele dredging was being conducted in Mission Bay
during June-August 1961, while the water was being
routinely sampled at four stations as a part of this
study. Although the water always had a turbid ap-
pearance, the suspended matter consisted of plankton
rather than of soil particles—if silt particles were
contributing to the turbidity, they were of sub-miero-
seopic dimensions,

The finest silt in Mission Bay is loeated furthest
from the entrance, in the lagoon separating Cabrillo
Island from Highway 101 on the mainland side. There
18 811t in this region which never settles. The transition
from the liquid to the solid state there involves a very
gradual increase in solids, water depth in this section
being diffieult to define. The bottom of Mission Bay

plsewhere consists of soft mud, and retention of the
7 foot water depth necessitates maintenance dredging.

Early topographical changes in this area were the
diversion of the San Diego River from San Diego Bay
to Mission Bay, and subsequently to the flood eontrol
channel, which is an artificial structure. The topo-
graphieal changes within Mission Bay that have been
effected by dredging and filling up to the present time
are shown in Figs, 29, 30, and 31. The size and location
of the basin has remained approximately the same. Tt
was originally separated from the ocean by a sand bar
projecting southward for two miles, Point Medanos,
and this natural feature has been retained. Crown
Point is also natural, and a few acres of tidal mud
flat have remained undisturbed in the Seripps Wild-
life Preserve, just west of De Anza Point. This mud
flat iz stabilized by marshy vegetation. Mission Bay
otherwise is completely artificial (Fig. 31).

Ran Dicgo Bay. The area of San Diego Bay is 4.6
times greater than that of Mission Bay, and although
the total dredeing activity in San Diego Bay has been
at least as large, the resulting topographical changes
have been less comspienons beecause of its greater area
and depth. Dredging in San Diego Bay has been in
progress for decades. San Diego Harbor was mainly
developed before World War [I, and subsequently,
dredging there has been less extensive than in Mission
Bay. The U. 8. Navy, 17, 5. Corps of Engineers, San
Diego Harbor Department, and the municipalities of
Chula Vista, National City, and Coronado have all
conduected dredging operations in San Diego Bay
sinee World War II. It would be necessary to obtain
data from all these sources in order to define the
actual magnitude of this activity, For the purposes of
this study, an approximation seemed adequate. Mr.
Jolm Lieberman, Chief Engineer, San Diego Harbor
Department, has provided a rough estimate of 10-15
million eubic yvards sinee World War 11 One note-
worthy development during 1960-62 has been the con-
struction by dredeging and filling of a new artificial
island 8000 feet long, near Broadway Pier. It is not
posgible to define the relative importance of sewage
disposal, dredging, and heavy ship traffie in San Diego
Bay on kelp deteriovation in bed No. 2 alongside the
harbor entrance. Deedging has at least been a common
denominator at opposite ends of the region of kelp
disappearance. There is a suggestive similarity be-
tween the excessive rainfall and runoff during 1941
and the physical alteration of the neighboring estu-
aries by dredging,

Oceanographic and Meteorelogical Data

A wealth of data exists coneerning the oceanogra-
phy of southern California waters. It is, however,
entirely bevond the scope of this report to attempt
to present anything but an abstract of a small fraction
of the available information. We are, therefore, select-
ing for presentation those factors which may be of
greater importance in their influence on the well-being
of kelp beds. These factors include temperature, rain-
fall, winds, and wave heights.

Temperatures much above 18°C may affect kelp
adversely, the effect inereasing with the length of time
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MISSION BAY, 1953

MILES

L T . |
g 1

Figure 30. Missian Bay in 1953. Mote obsence of fidal flats, eonstruction of Tierra del Fuege, De Anza Point, thres small

insulas off Point Medanas, entrance channel, flaed confrol channel and Brldkani islande, four arfificial pen-



EFFECTS OF DISCHARGED WASTES ON KELP

MISSION BAY,

POINT

PACIFIC OCEAN
pOINT MEDANOS

EMTRAN

Figure 31,

EL CARMEL

GLEASON

1962

QUIVIRA

NORTH

17

e
ut®
s i

W
.
-
a®

v GAME PRESERVE

1 DE ANZA
g = COVE
=
=

Mimion Bay in 1942. The mud bonks have been eliminafed in the construction of Cabrilla lland, Quivira Besin and San Gobrisl Cove

have been consfructed near the boy enfrance, and the waler depth is now maintained af seven feef or mare. The sfations routinaly

sampled through June-August, 1951 ore shown oz No. XIV-XVI,



18 EFFECTS OF DISCHARGED WASTES ON KELFP

the high temperature is maintained. The higher the
temperature the shorter the time required for
deterioration.

There also appears to be considerable geographic
variation in the degree of sensitivity of kelp to warm
water, From our observations of the past three vears
it appears that frequently beds will deteriorate in the
warm waters of late summer and early autumn but
with the renewal of cold conditions, generally in mid-
to-late autumn, a vigorous regeneration oecurs and
the beds remain healthy until the following summer,
unless other factors such as severe storms create dam-
age, It is important, therefore, to consider not only
the maximum temperatures of the year but also the
duration of the warm-water period as well as the du-
ration of the cold-water period. We have, accordingly,
arranged the data so as to provide as muech of this
information as possible. Average monthly tempera-
tures (taken near the water surface at the end of
Seripps pier) for each year were grouped into four
classifications, those below 15°%C, those between 15 and
1582, those between 18 and 21°, and those greater than
21°. Graphs were drawn for each classification as a
Funetion of the year, for the period 1916 to 1959 (Fig.
32). The years 1917-19, 1929-31, 1936, 1939-41, 1954,
and from 1957-59, have been periods when the tem-
perature distributions might have been injurious to
kelp. The years 1916, 1920-22, 1932-33, 1948-49, and
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Figure 32. Graphs of average manthly sea surfoce femperatures af the
end of Scripps piar, showing the yeorly fraquencies of seledfed ronges.
Data furnished by the Scripps Institution Bothythermograph section.
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1953 were periods when temperatures were eold and
prolonged.

Water clarity may be an important factor affecting
the mearshore environment. Storms tend to stir up
loosely compacted material from the bottom and de-
crease the clarity temporarily. If the storm is accom-
panied by appwvlable rainfall over the land, runoff
into the sea results in deereased water el&mty The
annual rainfalls for Los Angeles vary by nearly a
sixfold factor (Fig. 33) from a high of 32.76 inches
in 1940-41 to a low of 5.58 inches in 1958-59. With the
exeeption of the three wvears 1951-52, 1955-06, and
1957-58, rainfall has all been below average (15 inches
for 82 seasons) during the 15-vear period 1944-59.

At S8an Diego, rainfall has varied over a sevenfold
range from 3.41 inches in 1953 to 24.93 inches in 1941.
The years sinee 1943 have also been dry, only five
vears (1944, 1951, 1952, 1957, and 1958) exceeding
the 53-vear average of 10.7 inches.

The wind data for the southern California area are
of interest because of the influence of winds on eur-
rents and waves, The effects are complex, however, he-
cause of the variability of the winds and because the
influence results from several characteristics such as
magnitude, direetion, and distance and time over
which the wind blows. Much of the meteorological data
is colleeted well inshore or under cireumstances where
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Figure 33. Yearly precipitalion recorded by the U. 5. Weather Bureou
aof the San Diege and Los Angeles stations.
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land topography may modify some of the character-
istics of the wind. It is likewise difficult to extract
parameters from the mass of wind data which will
typify with reasonable certainty natural faetors
which are known to influence the welfare of kelp beds.
Storm eonditions frequently remove much kelp from
the beds, sometimes causing entire beds to disappear
(Brandt, 1923; ZoBell, 1959). An indication of the
numbers and violence of storms each vear would be
useful information and wind veloeities are of value in
this connection. !

Wind observations have been made from the end
of Beripps pier daily since 1925. Up until 1956 the
wind wvelocity each morning at about 0800 was esti-
mated from observation of the condition of the sea
surface, The notations were converted by means of
the Beaufort seale to nnmerical values, Sinee 1956,
quantitative data has been obtained for the daily de-
termination, by means of an anemometer.

During the period 1925-40 a recording anemometer
was operated at the end of the pier and average daily
wind velocities were determined. We have used these
as a check on the daily 0800 measurement and the
results are sufficiently satisfactory to allow several
conclusions to be made (Fig. 34). The data are pre-
sented grouped into three classifications: velocities less
than 4 knots, 4 to 10 knots, and velecities greater than
10 knots. Frequently conditions are ealmest in the
early morning and stronger winds may prevail as the
day wears on. It would be expected, therefore, that
the 05800 graph.wonld lie above the daily average
graph of Fig. 34 at the lower veloecities, but the re-
verse condition should exist at higher wind velocities.
These predictions are borne out by the data with the
exeeption of the period 1925-31 for the greater than
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Figure 34. Graphs of 0800 and daily average wind velocities, showing
the yeorly frequency of selected ronges. Dota from Jocobs and the
Scripps Insfitution Bathythermogroph section.

10 knot veloeity classification. This rather large varia-
tion resulted from an unusually high number of ob-
servations of winds greater than 16 knots recorded
at 0800. Sinee these represent velocities which are well
above 10 knots and therefore would be diffienlt to
mistake, even by qualitative observations, it is likely
that the period may have been anomalous in display-
ing foreeful winds early in the morning.

An additional test of the 0800 data may be at-
tempted by noting whether fluctunations evidenced in
the quantitative average measurements tend to corre-
late with the qualitative observations as well. Perfect
correspondence could hardly be expected, but a fair
degree of similarity is apparent except for the un-
usual period noted above in the greater than 10 knot
graphs. The year 1935 is one of poor correspondence
for both the less than 4 knot and the 4-10 knot graph,
but otherwise the eurves are in reasonable conform-
ance, It seems safe to assume that the daily 0800 wind
observations are reliable for limited conclusions,

The period from 1925 to 1940 appeared to be one
characterized by a relatively large number of days
of higher velocity winds., Starting at about 1940 the
frequency of higher velocity winds declined or was
extremely low until 1950.51, From this time till 1958
the higher veloeities exhibited an upward trend or
an irrecularly inereasing fluctuation which attained
approximately the pre-1940 levels (exeepting the un-
usually hizh values for the 1925-31 period). It would
appear from the wind data, therefore, that the decade
of the 1940°s was increasingly favorable to kelp, up
through 1950, at which time conditions were at their
optimum.

Wave data are available for recent years, but like
winds, waves have many characteristics and no infor-
mation is available as to those aspects which are of
importance in uprooting the plant holdfasts. Storm
conditions, however, are known freguently to accom-
pany the appearance of considerable drift seaweeds
of many speecies, Storm-generated waves can travel
great distances, henee it 15 possible that a storm may
influence the welfare of a kelp bed without ever being
in the immediate vicinity, Kelp is undoubtedly influ-
enced by wave surge, vet the set of the enrrent nearly
always determines the direction in which kelp will
tend and the waves appear only to have a minor
influence in this connection. Quite possibly the dam-
age caused by storms results from a combination of
wave surge and eurrents.

Shepard and colleagues {unpublished data) have
collected a great deal of information concerning waves
at La Jolla and the surrounding region during the pe-
riod 1945-55, The orbital velocity of the water particles
in a deep water surface wave is a function of wave
height, period, depth, and wave length. Shepard s data
include breaker height and period at the end of the
Seripps pier and the two characters do not necessarily
correlate. We have chosen wave heights for presenta-
tion here, but future research may reveal that the
period or some other characteristic may be of equal
or greater importanee in determining the destruetive
capacity of a wave. With the exeeption of 1947, the
period 1945 through 1950 was relatively ealm, but
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after that date there appears to be a tendeney for the
frequency of larger waves to increase (Fig. 35). The
largest waves recorded averaged 15 feet im height and
were observed on 5 December 1951,

Wave height and other characteristics will vary
from one spot to another depending om the local
bottom fopography and the nature of the proteetion
afforded by adjacent land masses. Consequently, the
Seripps pier wave data cannot necessarily be said to
be representative of other loeations, but the year-to-
vear comparison of wave height frequencies probably
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has a more general application. This statement re-
ceives support from other unpublished measurements
by Shepard and colleagnes of wave heights observed
intermittently during 1945 and 1946 at selected points
from Pacific Beach to Oceanside, a distance of some
20 miles. Perfeet correspondence of fluetnations was
not obtained, but most of the major variations of wave
heights were observed at the different stations. It is
also of interest to note that the wave data bear some
resemblanee to the wind data from Seripps pier. Both
indicate that the later 1940% were of more calm char-
acter than the early 19507,

Discussion

Both the charts and the harvesting returns show a
drastic decline in the arca and vield of the Pt. Loma
and Palos YVerdes beds before or around 1950; beds
2 12 and 13, (nearest an ontfall) tended to be af.
fected seriously before beds 3 and 14 (lying farther
from an outfall) deteriorated badly. Bed 3, the north-
ern section of the PPt lLoma bed, maintained a de-
vreasing yield throngh 1958, The charts of the Santa
Barbara region show a decrease of kelp area within
the last two deendes in the vieinity of the outfall
terminns, but the change is small compared with the
large size of the whole bed of which this location
forms a part. Consequently, the kelp losses are not
refloeted in the harvest statistics. There has undoubt-
edly been an influence on the kelp in the immediate
vieinity of the harbor by the boating and construction
activities and no conclusive eorrelations are justified
about any detrimental influence the ontfall may have
had on the welfare of the kelp in the area, It is note-
worthy, however, that kelp has persisted in the im-
mediate vieinity of the ontfall sinee its installation.

The La Jolla bed, assumed to be in an area rela-
tively free from the effeets of wastes, showed a de-
ereased area and yield in recent vears when compared
to the pre-1920 data, but in recent times the down-
ward fluctuations have been maore restricted except
for the recent warm water years (1957-59). Observa-
tions made during this latter period revealed consid-
erable damage in the bed arising presumably from
warm temperatures,

All the outfall statisties show a steady rise in efflu-
ent volume over the yvears. The Los Angeles County
Sanitation Distriet’s discharge very nearly doubled
in the period 1946-1949, but this was the only in-
stance of & marked increase in effluent volume during
the eritical period of kelp disappearance.

Dredging in Mission and San Diego Bays may ex-
plain some of the kelp disappearance from both ends
of the long P't. Loma bed. Excessive siltation, however,
has never been noted in either area.

_The oceanographic and meteorological data offer
little positive explanation of the long trend of kelp
decline with the exeeption, noted above, of the unfa-
vorable temperature conditions from 1957 to 1959,
1951-52 are possibly unfavorable years from the as-
peet of rainfall and runoff, and the decade of the
1950° has been poorer than the 1940’ from the as-
pects of wind and limited wave data, as far as the wel-
fare of kelp is concerned.
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ECOLOGY OF THE KELP ENVIRONMENT

General Ecology of the Rocky Nearshore
Enviranment in Southern California

Introduction. In terms of biomass of living mat-
ter, rocky surfaces are usually the richest substrates
of nearshore environments. Barren rock surfaces are
uncommon in shallow subtidal waters, and the pres.
ence of uncolonized stones or ledges usually indicates
intensive grazing, frequent smothering or scouring
action by sand, or unstable location of the rocks. Ses-
gile animals compete with plants for attachment areas
and the layer of living organisms on rocky bottoms
may be six inches or more in thickness, with many
species encrusted or otherwise superimposed upon
each other. Under certain circumstances the attached
communities are primarily plants, while in other eir-
cumstances sessile animals predominate. The awvail-
ability of light is often of overriding importance in
this connection and the highest standing erops of
plants generally oceur in shallow waters, Some well-
illuminated habitats are, however, characteristically
eolonized by sessile animals to the virtual exelusion of
plants, (intertidal mussel beds, for example) so that
light does not necessarily preclude faunal colonization.
Without light, however, attached plants soon disap-
pear, and m eaves or beneath overhanging surfaces
animals are usually dominant,

Competition for light occurs among seaweeds, just
as among terrestrial plants, and the species of greater
stature are in a position to shade the shorter individ-
uals. Taller plants, therefore, tend to achieve domi-
nance and the familiar processes of ecological succes-
sion oeeur. As the bottom becomes densely shaded, the
smaller plants tend to disappear and the composition
of the sessile animal community may change; the last
remaining short seaweeds usually become heavily
covered with enerusting animals such as bryvozoans.

The Climax Convmunity, In southern California
waters, at depths from 8 to 25 or more meters, the
common climax eommunity of rocky bottoms is dom-
inated by the giant kelp, Macroeystis. As a juvenile,
this species is subject to shading by its neizhbors, but
it soon develops a thin, vinelike stipe, bearing the
leaflike blades and buoyed hy gas bladders ealled
pneumatoeysts; elongation of the stipe allows the
tissues to be earrvied upwards and on reaching the sur-
face a horizontal extension oceurs to form a canopy
(Fig. 1). Canopies can achieve sufficient density to
reduce light intensities a hundredfold. Figure 36b
shows reduction of light by a canopy where the kelp
tissue was at a relatively sparse concentration of
about 2 stipes per m2,

The influence exerted by Maerocystis on the biology
of its surroundings may be seen in a gquantitative
study which was made on a small patch of kelp at
Bird Roek, La Jolla, California, where a region under
the dense Macrocystis canopy was compared to an
adjacent area just outside of the shading influence,
The canopy, about 100 x 300 meters in extent, had
been under eontinuous observation since the time of
its development, about a year prior to the study.
Beneath the canopy vegetation was sparse (Fig. 36a)

and many of the existing plants bore evidences of
extensive grazing damage and were frequently heav-
ily encrusted with animals. Tmmediately outside the
sharply delimited canopy a luxurious erop of red
and brown algae flourished (Fig. 37) and it was
possible to seleet and sample two sites within 30
meters of each other. The more obvious grazers oh-
served were common to both sites and imecluded the
abalone, Haliotis fulgens, the sea urchins, Strongylo-
centrotus purpuratus and 8. franciseanus, the wavy
top, Astraca undosa, the turban, Norrisia norrisi, and
the opaleye, Girella nigricans. No guantitative attempt
was made to determine if the concentrations of the
various grazers was different within the two areas.
but no obvious differences in concentration were ob-
served, These herbivores possess sufficient mobility so
that if one area were significantly more attractive,
migration from one site to the other would have been
entirely possible during the course of a year, Quali-
tative observations indicated that marked changes in
vegetation and sessile animals eoincided elosely with
the edge of the canopy throughout the bed and there
is no strong reason to believe that causes other than
the shading effect of Macrocystis and uniform grazing
were responsible for the guantitative differences which
were found in the algal standing crop.

The areas chosem for guantitative sampling were
20 x 20 m on a side and ten sample gquadrats of one
m#, positioned randomly within each of the larger
areas, were collected by the method described by
North (1959) and deseribed below (page 41). Tt
should be emphasized that the loeation of each sample
was determined by use of a table of random numbers
and the results are therefore free from any bias or
tendency for the divers to select a given type of
environment when laving down the quadrat. Both of
the sites displayed a similar bottom topography and
were at approximately the same depth of 10 m,

The standing erop of seaweeds (exeluding adult
Macrocystis, and the eclosely encrusting Lithotham-
nien), was approximately seven times as great in the
open area as under the kelp canopy (Table 5). All
major components of the open water flora were re-
duced or absent in the shaded environment. 1f Maero-
cystis is included, however, the standing crop of plant
material was three to four times as great in the bed as
outside. In the open area the only seaweed of appreci-
able length was the feather-boa kelp, Egregia, the rest
attaining heights of less than a meter. Egregia was
not common in the area, however, henee the over-all
effect of Maerocystis was to inerease the standing crop
of seaweed material and alter its distribution through-
out the water column., causing a reduction near the
bottom but inereasing the quantities existing at higher
levels, similar to terrestrial forests.

Different eategories of seaweeds were not influenced
in the same way by the Macrocystis canopy. The last
column of Table 5 shows the ratio of the standing
erops in the open area to those of the shaded area
and was taken as an indication of the influence shad-
ing had had on the various categories, A series may
be constructed going from little effect to severe effect,
as follows:
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Figure 36a. Pholograph of sompling site under o Macrocystis conopy of Bird Rock. A healthy Mocrocysiis is of leff center and o heavily grozed
plant is of right eanfor. Bore stipes of Pterygophora colifornica, aobeut ' m long, con be seen surrovnding the healthy Macrocystis. The mojor por-
tian of the boifem is covered with the encrusting bryozean, Zecbotryon pellucida, wswelly ottached fo coralline algos.
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Figure 36b. Light intensities vnder and ouiside of o very dense Maocrocystis canopy on the west side of Cedros ltlond, Mexico, as o funclion of
distance from the edge of the cancpy. Light data by Michael Meushul.

Figure 37. Photogroph of sampling site just ouliide of o Mocrocystis conopy af Bird Reck ond separated from the locotion of figure 36 by about
30 m. At the right side there ir olmodf complefe coveroge by brown seoweeds, Il'um'lmp oul as ane moves fo the leff, revecling o rich underdfory of
réd olgoe. The principal brown algoe shown are Prerygophora califernice, Cy o cemund . and Lamineria farlowii. The principal red algoe

are Coralling officinalls and Inlilllu arbigniana.
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Table 5

Compariton of the standing ¢raps of the chief attached plants ond sessile animals fram twe locations separated by ebeut 30 m from each other. Cne
site was woll bensath o dense Mocracystis conopy, which hod been in existence for opproximotely o year, while the other site extended out
fram the adge of the conopy and woi free from amy shoding effecti. Meon values, ronges, ond frequencies were computed from
ten samples of orea 1 m', positioned randomly within the sampled location.

' Under canopy Mot under canopy Mean not
under canopy
Mean
Range Mean Range Mean
Claseification Frequeney E/mi g/ m? Frequeney £/m? g/m: under canopy
Phagophyoeae
Cysloseira_ _ _.__._. 1.0 22-281 1] 1.0 18, 1-436 200
A BRI ) 0 0 0 0.1 01 0.4 el
Eimenia. . ... B 0.1 -22 z 0.3 J3-1865 405 200
Laminaria. 0.2 0-52 . 6 1.0 2.3-1758 539 90
Juvenile
Macrocysis. ...~ - -. ] 0 0 0.8 P -=hH 0.9 S
Plerygophora. .. __ . 1.0 0.4-517 124 0.7 1634258 1263 10
Rhodophyeeae y
Fleshy i 0.6 0-25 (1] 1.0 0. 5476 222 a7
Caleareous reds. . 1.0 114-306 200 1.0 281040 (68 3
All algae*™_______ ] 285-1058 4640 1.0 R10-0688 3145 7
Sessile animals. _ . 1.0 193-923 S0 1.0 1290049 S06 1

* P—=present but less tham 0.1 g.
** Does not include adult Macrocystis or Lithothamuion,

Cystoseira—Pterygophora—Fleshy Reds—
Laminarin—Eisenia—Caleareous Reds

With the exception of Fisenia (which was safficiently
infrequent so that its position in this series may be
inaceurate), the series corresponds satisfactorily with
the results of Leighton's laboratory studies of algal
preferences shown by 11 common grazers; Cystoseira
and the caleareous reds such as Corallina and Bossiclla
were low on the scale of algal preference while Lami-
naria and (Gigarting (a typical fleshy red) were high,
and they indicate a general decrease in algal growth
rate due to shading, combined with a preference hy
marime herbivores for eertain speeies. All of the major
components of the flora collected at the two sites are
common seaward from the loeation, out to depths of
30 m or more, hence it is believed that shading was
probably not the sole factor responsible for altering
the bottom wvegetation. (Photometer readings at the
two sites indicated that the canopy reduced bottom
light intensities from two- to three-fold in the region
450-500 my, compared with the open loeation.)

Differences were also found in the charaeter of the
sessile and enerusting animals at the two sites. No ont-
standing variation was found when comparing total
weights of these animals in the two sets of samples,
but marked differences appeared when considering
individual species. The chief enerusting animal be-
neath the canopy was the bryozoan, Zoobotryon pellu-
cida, averaging 44% by weight of all animals in this
category (frequenmey = 1.0); this species, however,
only averaged 2% by weizght of the encrustations
oceurring in the samples taken outside the ecanopy
(frequeney = 1.0). A tunicate, Cystodyles sp., was
second in importance beneath the canopy (19% by
weight with a frequency of 0.8) but aceounted for
1% of the weight of enerustations recovered from

outside the eanopy [ frequeney = (1.3). No sueh clearly
dominating species were found in the samples from
the open location. The causes of these effects om the
encrusting forms are not understood. Qualitative ob-
servations indicated that Zoobotryon and Cystodytes
were indeed very abundantly distributed everywhere
beneath the canopy, but were much less common in
the open, henee the results are not thought to have
arisen from sampling error,

Five of the open water samples were from positions
displaying a heavy cover of the shorter brown algae.
There was no elear-cut indication of a reduction of
the short red algae in these five samples, suggesting
that any shading by the shorter brown algae does not
have the considerable influence demonstrated by the
Macrocystis canopy with its continuous cover at the
water surface. Kitehing (1941), however, working
with Laminaria associations, reported a light limiting
effect of this bottom community.

Deterioration of the Climar Community. A num-
ber of natural factors are known to affect Macrocystis
adversely. Elevated temperatures, storms, and grazing
animals have all been observed to eause extensive and
sometimes fatal damage to individual plants and in-
deed to entire beds. Light sereen capable of altering
bottom vegetation ean, however, be maintained by the
canopy from only a sparse seattering of large plants;
(2 stipes per sq. m being the minimum density thus
far encountered for thick cover). Eventually, however,
plants inevitably die so that, where openings in the
canopy develop and sufficient light penetrates to the
buttlum to affect the growth of other seaweeds as well
as juveniles of Macroeystis, the cyele of suecession
starts onee more. During a 2 year surveillance period
of a La Jolla deep water bed the latter portion of such
a cycle was observed to oecur. Out of 45 plants tagged
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Table &

Martality and variations in size among 45 togged adult Mocrocystis plonts ot La Jolla, Caolifornio, chaerved for approximately two years.
Depth of site was 20 m. Values are the numbers of stipes per plant.

Date of Survey
Plant No. 12/11/69 | 5/26/60 | 8/31/60 | 10/3/60 | 12/26/60 | 4/7/61 5/31/61 T/21/61 | 913561 | 11711/61
1 68 50 43 a1 15 gone X X x x
2 fid a9 a2 i 3 29 15 (i gone X
3 121 143 140 113 87 Gl gone X X X
4 42 = a5 21 2 gone x x % X
] == i = 2 34 25 o0 a7 65 44
] 34 gE = 24 13 gomne x X X X
i 0 S = 26 ] gone x x X X
B = e == 48 14 o= gone x X x
9 — = o, 49 19 11 13 12 B 11
10 5 o e 16 24 18 gone X X %
11 — g s 16 14 0 13 15 16 12
12 B £, 24 22 14 4 16 11 11
13 o = 16 = 11 11 [l s gone
14 i 5 = 17 13 ai 7 8 13 ]
15 . : e 46 a0 40 41 39 28 15
16 5 42 = Tl 60 13 40 a% 47 a7
17 z = e iy 37 32 5 A gone x
18 - - = 72 = 11 10 18 gone X
19 = E =2 a6 23 & b 7 B i
20 St i EE 15 10 3 g x X X
21 ia S e 4 1 gone X X X X
22 is i g 13 13 Eone X X X X
i — e A 23 34 5 BOTIE % 1 x
24 B C EE 86 32 gone x - X X
25 7 s e 19 gone x X % % X
26 % o A 27 4 3 EOTE X X X
27 ik s ek B4 56 25 20 EOne x X
28 e e A 45 24 13 Eone X X X
20 - st 50 n 50 27 o0 gone x x
a0 <35 e a9 27 b 16 15 16 20
a1 - e s 13 4 b pone x x X
a2 e i =3 14 2 iy gane x x X
33 ax e 55 36 18 =4 14 | 19 18
a4 i x 41 26 L7 12 E B 16 i
a5 =5 15 ] 5 is 1= = goni %
a6 = -y ] 8 L tag lost == a2 ¥ o
ar o 2 254 26 17 17 14 e 13 8
38 s o 18 B 13 flag lost e il =L
39 a3 e = 10 tag lost e ic £l
40 i . . 12 tag lost Tk e e
41 il 34 = v i a3 0 3 s 5 3
42 a4 2 i 33 28 27 28 it 26 10
43 40 L s 20 14 M) e | B 24 13
44 b1 . i 64 i 42 32 Eome X
45 26 28 - 28 18 16 17 Lo X
No. of Plunts
Remaining +5 £ il A% 45 44 Fi-33 25-24 26-22 20-16 19-15
Avg. stipes
per plant 59 47 a8 a6 2 20 19 0 20 16

during this time only 15 remain (Table 6) ; the others
have sueceumbed to grazers (principally Astrala
undosa and Strongylocentrotus franciscanns) or were
torn loose by storms, Since the summer of 1961, ju-
venile Macrocystis plants have been observed develop-
ing in profusion in this bed, principally in the arecas
where the greatest mortality of adults oceurred.
Sueh a transition from a typical elimax community
to a bottom supporting luxurious growths of short
seaweeds does not always oceur direetly, It is not
uncommaon to find beds disappearing apparently due

to the activities of much larger and more extensive
concentrations of srazers than noted in the La Jolla
study above. The sea urchins, Strongylocentrotus fran-
ciseanis and 8, purpuratus sometimes beeome tremen-
dongly abundant, and after the kelp has gone, these
grazers apparently prevent other plant species from
developing and the substrate remains qunite barren.
If sufficient detritus is brought in by currents so that
the herbivore population is saved from complete star-
vation, an alzal-free substrate may persist for many
vears, Such a population has been under continunous
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Table 7

Plant mertalities observed at different locations and times. Holf lives were computed by assuming o uniform logarithmic mortality rote and
are given enly to facililote comparisen of the different sifes.

No. of tagged plants

Duration of | .

Depth observations,| } Half life

Location of bed m Period of ohservations months ~ Btart Finish months
Tuartle Bay, Mexico. «ccccoomooaaao-. 15 PV B R [ P Gls 11 _ﬂ i
Punta Cabras, Mexico. . ... ... 3 Nov.=Dec., 1981, . .- ococcoeaa-s 114 100 il 4
B o, e e e 15 Dec.~Jan., 1950-00. . . .- ccovvua.- 1 5 A6 £
e ) Tan- ey, LR L s 414 12 g 10
6T | R e e R e e e e O Sept=Dec., 1961 . ... 3 10 i 8
i ] o I T S TR = S 20 Dec., 1950=Now., 1961 . . . ____. = 41 15 16
Santa Barbara-Gavieta area_________| 10 Sept., 1960-Jan., 1961 .. _ ... __ 3lg 29 28 80
Eanta:Barbara. ..o iiiaoiooiis 1] Bopt.=Dec., 1981 . ... oo 25 1060 08 (L]

observation for six wyears at Papalote Bay, Baja
California.

The time required for completion of the eyele of
suecession varies from one bed to another and appears
to depend on environmental eircumstanees. A short
evele of about 2 years has been found in a bed at
Papalote Bay, Mexieo; the kelp in this area has been
observed to vanish and reappear three times sinee
1957. The area is exposed to strong southern swell and
in addition the plants appear to be especially sensitive
to warm water. Characteristically, clear water, as well
as extensive upwelling, may favor rapid recolonization
of the area by juveniles, once the adults have dis-
appeared.

At the other extreme, kelp beds in the vieinity of
Santa Barbara, California, appear to have a long
period cyele. The area is well protected from weather
and the heaviest seas we have ever ohserved there
consisted of waves 2 to 3 feet in height and a period
estimated at less than 5 seconds. The plants develop
large holdfasts, up to several meters in diameter, and
these serve to anchor the bed securely in a muoddy
bottom. Juvenile plants usunally start by attaching to
worm tubes or shell fragments. The usual benthic kelp
grazers, sea urchins, wavy top snails, and other gastro-
pods, which are typically found in rocky habitats, are
missing or rare in the Santa Barbara bed. Freedom
from losses to grazers and to storms, therefore, may
explain the low plant mortality rates observed in this
region (Table 7)., The bed, for this reason, evidently
has a long period cycele of disappearance and reappear-
ance. It has dwindled in area but in recent times has
apparently become stabilized at a reduced size (Table
1) and the only recorded instance of a total disappear-
ance was an extensive loss in 1917 due to high water
temperatures, deseribed by Brandt (1923).

The Macrocystis Plant

Life Cyele. The giant kelp, Macrocystis pyrifera,
ordinarily grows im 20 to B0 feet of water along the
southern California coast, but the vertical range is
greater in certain places. The adult plant consists of
several distinet portions (Fig. 1). It elings to the
substrate by means of a tangle of rootlike structures
known as a holdfast. Rising from the holdfast are a
number of stalks called stipes, which bear the leaves

or blades of the plant. The blades are attached to the
stipe by means of gas-filled bladders called pneumato-
cysts. Kelp tissue is denser than seawater and the
pneumatoeysts are needed to give the fronds buoyaney
ia frond is an entire stipe plus its attached pneumato-
evsts and blades). The number of blades attached to
a given stipe may be as many as 250 in a8 mature
frond. The tip of the stipe bears the apical blade
which is the chief growing arvea of the frond. If the
distal part of the frond bearing the apical blade be
eut off or otherwise destroyed, it is thought that no
more blades can be produced on the fronds. In such
circumstanees it is known that elongation of the stipe
can eontinue, The reproduetive structures of the adult
plant (called the sporophyte) are blades known as
sporaphylls and they usually oceur just above the
holdfast. The sporephylls liberate tremendous num-
bers of microscopic spores, apparently thronghout the
year, some of which eventually settle down and de-
velop into microseopic plants called gametophytes
(Fig. 48). The gametophytes consist of only a few
cells and are sexually dioecious, that is, either a male
or a female. The female gametophyte produces an egg
which is fertilized by a sperm from the male and the
fertilized egg develops into the sporophyte, which at
maturity, is the large form that we think of as ‘‘kelp.”’
Almost no information exists as to the conditions nee-
essary for the suceess of this complicated reproductive
eyele in nature. About half a year elapses from the
time of liberation of the spores to the development of
a sporophyte about 18 inches high (Brandt, 1923;
Menshul, 1963 ).

The life span of an adult sporophyte is variable:
under favorable conditions they are perennial. The
growth habits may vary considerably and a significant
shift in growth habit appears to occur somewhere
between La Jolla and San Clemente so that at Palos
Verdes we are dealing with a different variety or race
of Macrocystis than exists at Point Loma,

The growing points which rive rise to new fronds
appear at the base of the plant, A given plant may
produce hundreds of fronds during its existence ; ap-
parently the stipes become seneseent and deteriorate
but are continually being replaced by voung growth
from below. This vegetative reproduction is rapid in
contrast to the slow sexual reproduction.
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Figure 38. Life hisfory of the giant kelp, Mocrocystis pyrifera.
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There is evidence (Clendenning and Sargent, 1958a,
Parker, personal communiecation) that organic matter
synthesized in one part of the plant ean be transported
many yards to another section to provide the neces-
sary material for growth.

Funetions of the IMfferent Parts. The scimitar-
shaped terminal blade has long been known to serve
an organ-forming funetion, being the source of the
embryvonie blades, internodes, and other parts of the
complete frond. Cessation of terminal blade activity
near the surface apparently is uneonnected with re-
reduced pressure, since young terminal blades have
retained this funetion for months in shallow labora.
tory tanks. Since blade production eventually ceases
in favorably cold water, cessation of blade produetion
does not necessarily involve high water temperatures,
thourh the latter can eliminate all growth.

Meristematic and embryonie tissues are character-
istically weak. Means of protecting these soft tissues
vary widely in different organisms—in giant kelp
fronds, the terminal blade serves this funection by
shielding the meristematie, organ-forming tissue that
is borne on its mmmer side. The terminal blade also
has the capacity for regeneration, at least under labo-
ratory conditions, Cutting off the tips of growing
fronds, in our experience, does not kill the fronds or
induce their rapid deterioration, and does not prevent
the development of blades and internodes that have
already been formed. So long as the water is cold,
disintegration of ecut frond tips proceeds slowly.

Vegetative blades are the main site of photosynthe-
sis and aceount for two-thirds of the complete frond
weight., They also bear a wide variety of sessile and
motile animals. Their deceptively thick appearance
arises from corrngations. Average thickness in all the
blades we have examined has only been about 0.30
mm, and 0.35 mm in canopy blades, Blade thickness
is uniform across the blade, but decreases about five.
fold along the length, ie., 1.0 mm or slightly higher
in the attachment zone, and 0.2 mm at the blade tip.
For this reason, sloughing of distal parts results in
relatively small losses of organic matter per unit area.

The blade eorrugations inerease the area available
for the absorption of light, C0. and other nutrients,
Attending produetion of eddy eurrents and micro-tur-
bulence in the flowing sea water presumably increases
nutrient supplies, the corrugations serving a ‘‘serub-
hing ™" funetion. The corrugations also strengthen the
blade and provide extra surfaces and shelter for hblade
animals, probably increasing their food supply in the
same way as for the blades.

In static sea water in the laboratory, photosynthesis
in the surface blades becomes severely CO.: limited.
Constant renewal of the water is essential for hirh
rates of photosynthesis in kelp beds.

Relations to Encrusting Animals

Effects of Membranipora (a bryvozoan) encrusta-
tions of the blades have been examined experimen-
tally. Within established kelp beds, this association
is a fairly successful one, Membranipora having mildly
favorable as well as harmful effects. Shading effects
seem to be of little eonsequence becanse of the open

lattice-structure of the colonies, at least in well-lighted
surface water. Protection against eanopy grazers (gam-
marids and isopods) seems to be afforded by Mem-
branipora. By its respiration, Membranipora contrib-
utes extra C0. for the hlades. The protoplasm of the
Membranipora colonies can impede CO. traffic to the
blades but this is unimportant when the blades are
senile before becoming heavily enerusted, as is often
the case. Heavy encrustation of blades having high
photosynthetic eapacities, however, reduces their pho-
tosynthesis, In our experience, Membranipora does not
sink fronds having pneumatocysts of normal buoy-
aney. Pectens, however, will sink entire fronds with
attending implosion of their pneumatocysts. Neither
of these animals use the blades as food. Canopy blade
grazers (gammarids and isopods) usually do not ex-
ceed 001% of the blade weight, whereas pectens and
Membranipora often equal or exceed the blade weight.
Blade encrustations are associated with a great variety
of motile animals which have been thoroughly investi-
gated by Mr. Bruee L. Wing (Wing and Clendenning,
1959). Although Membranipera is usually relatively
harmless within established kelp beds, it is often harm-
ful to young transplanted kelp plants, as in the raft
and transplantation experiments described in progress
reports, and oceasionally has been observed to cause
frond sinkage in the field,

One of the ecologieally important properties of kelp
beds is the shelter which they provide throughout the
water columm. An average of 15 square meters of
sheltering kelp surfaces are provided per square meter
of bottom in good kelp beds, the extreme range for
the examined kelp areas being 4-40 m®/m?=,

Organic Productivity

Annual organie matter synthesis by good kelp beds
is typically four times greater than that of miero-
scopie algae in open coastal sea water (Clendenning,
1960). Average standing crops of Macrocystis may
exceed the phytoplankton more than one hundredfold
on a weight per unit area basis, but the difference in
primary production rate is very much smaller. Photo-
svnthesis in Macrocystis is limited to a shallow surface
layer of tissue, whereas every living phytoplankton
cell is photosynthetie, Life durations of Maeroeystis
blades and fromds are measured in months, rather
than in days or hours as in the ease of phytoplankton.
It is for these reasons that annual organic matter
synthesis by phytoplankton per unit area approaches
that by Macroeystis, though the standing erop of kelp
is enormously greater, Phytoplankton populations im
kelp beds are maintained by water renewal. Impor-
tance of microscopic algae as food sources in kelp
beds is illustrated by Membranipora, which feeds on
captured phytoplankton and often becomes as heavy
as the kelp blades. Some food-chains in the kelp beds
begin with Maerocystis, others with phytoplankton.
Through the joint eontributions of Macrecystis and
phytoplankton, primary food supplies are exception-
ally high in giant kelp areas. It might also be said
that internal food chains operate within giant kelp
plants, one part feeding another by translocation.
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Field photosynthesis measurements on bottom kelp
blades showed that young fronds attached to the base
of large plants ean grow when there is insufficient
light for their own net synthesis of organic matter.
Submarine light requirements, therefore, are different
for new vegetative fronds developing at the base of
established plants vs. new plants arising sexually.
Growth of young bottom fromds by transloeation of
nutrients explains how Macrocystis maintains a con-
tinuous supply of young fronds under dense canopies.

Chlorophyll ¢ has now been isolated from Macrocys-
tis for the first time (Haxo, and Fork, 1959). Posses-
sion of this pigment increases the kelp plant’s ability
to absorb blue light in deep water. The other known
photosynthetie pigments in Macrocystis are chloro-
phyll a and fucoxanthin, How these individual pig-
ments change in concentration with depth and age of
the kelp plants is not as yet known.

Ontogenetic, dinrnal and seasonal changes in photo-
synthetic activity have been studied in kelp blades,
and their photosynthesis has been measured through-
out the water column in the ocean, with supporting
laboratory work. In a spatial sense at least, ontogenetic
changes in photosynthetie capacity throughout giant
kelp fronds are very large. The blades are arranged
in linear age-sequences along distances of 60-100 feet.
Seasonal changes arise from damaging summer tem-
peratures plus adaptive changes to water temperature.
We have obtained no evidenee of dinrnal changes in
the photosynthetic capacity of Macroecystiz blades,
though these commonly occur in phytoplankton. The
possibility still exists of internally eontrolled rhythms
of growth, ete., in entire Macrocystis plants.

Entire plant studies have revealed the *‘morpho-
plastie'’ nature of the blades, pneumatocysts and -
ternodes, whose mature shapes and sizes all undergo
very large changes along each frond. The kinds of
cells and tissues in the blades, pneumatocysts and
stipes are very similar, but with different spatial
organizations. The pnenmatocyst is essentially stipe
tissue with a gas space in the medulla or core, and
the blade is made of the same tissues, flattened and
corrugated. Coiling of the deeply immersed stipes
develops only as the fronds approach the surfaee.
The eoils adapt the long fronds to wave stress, but
the histological mechanism by which the stipe eoils
are formed remains unknown. Fronds often cease
rrowth before reaching the surface. One possible
cause of this phenomenon is damage by grazing cre-
ating holes in the blades and stipes. The blades are
the main source of organic matter, and as they become
glonghed and riddled with holes, a point must be
reached where transloeation out of the blades becomes
insufficient for growth in deeper parts.

The single primary stipe immediately above the
holdfast serves several functions, The fronds, sporo-
phylls, and holdfast are all attached te this small
perennial organ. Organic matter from the canopy must
flow through the primary stipe on its way to new
fronds, sporophylls and holdfast. The translocation
system in the primary stipe “‘elearing house'' has yet
to be studied. Analyses of large, completely dissected
Macrocystis holdfasts allowed us to relate their or-

ganiec matter contents to the number of vegetative
fronds they had borne. Purple and yellow holdfast
haptera that have been examined were found incapable
of photosynthesis, but rates which are at or above the
compensating level have been observed in brown hap-
tera from shallow water. As a general rule, primary
stipes and holdfasts are entirely dependent on trans-
located organic matter. The sporophylls and young
fronds attached to them subsist either on translocated
organiec matter or on their own photosynthesis, de-
pending on the submarine light supply. Harvesting
shonld inerease photosynthesis in the submerged parts,
but at the expense of reduced translocation from the
surface. I'nder conditions of rapid eanopy regenera-
tion, both of these effects are brief, The holdfast re.
gions remain supplied with fruiting sporophylls even
when the tops of the plants are cut off continuously
as in boating channels. Photosynthetic characteristics
of the sporophylls are similar to those of bottom
fronds. The physiology of kelp zoospores is largely
unknown : they do, however, show an ability to photo-
synthesize (Neushul, 19593,

POSSIBLE HARMFUL EFFECTS OF
WASTE DISPOSAL

An outfall disecharging into the ocean could con-
ceivably have a number of harmful effects upon a
kelp bed, the more obvious of which might be:

1. Certain of the eonstituents of the effluent might
be toxic to Macrocystis sporophytes and/or ga-
metophytes and the plants would die in areas
where destruective concentrations of the econ.
stituents appear.

2. Turbidities within the discharge field of the out-
fall might be increased, reducing light intensi-
ties or altering spectral distributions within the
ocean and altering the balance between synthesis
and destruetion of kelp tissne to such a drastie
extent that the plants could no longer maintain
themselves.

3. Coneentrations of kelp enemies such as grazers,
pathogens, or parasites might in some way be
encouraged by the effluent and the increase in
their numbers might alter the balance between
synthesis and destruetion of kelp tissue.

4. Siltation effects from the settling of suspended
matter discharged by the outfall might reduce
photosynthesis within the leaves and prevent
spores and gametophytes from finding a snitable
location to germinate on the bottom.

5. Discharge of the efluent might cause changes in
galinity or temperature. Such effeets might be
significant in the immediate vicinity of an out-
fall, but it is doubtful if they would extend any
great distance. Sinee our studies involve the dis-
appearance of kelp beds over distances measured
in miles, this hypothesis seems less promising.

One must also consider the possibility that two or
more of these factors may concurrently influence kelp
distributions. Further complications are introduced
by changes in the outfalls themselves; new construe-



30 EFFECTS OF DISCHARGED WASTES ON KELP

tion may be installed, leaks may oceur and then be
repaired, the quantity and composition of the dis-
charged wastes may change both seasonally and from
vear to yvear. There is even the possibility that tran-
sient fluetuations in the concentrations of eertain
substanees might oceur in the effluent owing to their
sudden introduction in considerable quantity into the
gsewagre system. In addition, it is important to bear in
mind that natural factors eause deterioration of the
beds and they must be taken into consideration. It ean
be seen that the situation at any given location may
be the resalt of a complicated interaction of influences
and a thorough analysis is necessary before attempt.
ing to draw eonclusions.

The first four hypothetical influences listed above
might be expeeted to alter kelp and the nearshore
marine environment in the following ways:

A. If harmful substances in the effluent are being
liberated more or less continuounsly in coneen-
trations which are toxie in the vieinity of the
outfall, one would suppose that with inereasing
distance from the terminus the probability
ghould become higher that non-toxic eoncentra-
tions prevail, simply because of dilution effects.
Plants and animals affected by these harmful
substances should be missing from the outfall
area in this ease, but they might be expected
to appear at some distance to either side of the
ontfall,

B. Inereased turbidities might have a very complex
effect, but in general one would expeet that the

amount of attached seaweeds would become
greatly reduced as the depth increased. The
nearshore zone supporting plant growth in the
region of an outfall, therefore, should be mueh
narrower than one might expeet for a given
substrate, grazing population, ete.

C. The encouragement of grazers, pathogens, and
parasites by sewage is difficult to establish if one
does not have at hand reliable data of previously
existing conditions. Existing populations can be
studied for several outfall areas and compared
with unaffected areas. Likewise causes of kelp
loss ean be investigated in the field at the time
beds or patches are deteriorating and any ab-
normal conditions noted.

D. The degree of silt deposition on blades of kelp
can be estimated by frequent observations. We
have been unable to find appreciable siltation on
the leaves of plants in any of the outfall areas
studied. Siltation on the bottom in sufficient
amount to affect adult plants and the settling
of spores can also be determined by observation,

It should also be noted that outfalls could conceiv-
ably have beneficial effeets upon kelp. It will be shown
below, in another section of this report, that dilute
sewage effluent can stimulate photosvnthesis in the
laboratory.
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SURVEYS

A number of surveys and observations were made
during the investigation; these included continuous
inspection of kelp areas adjacent to submarine out-
falls, as well as inspection of control sites in sonthern
California and areas well removed from any major
human influence in Baja California.

Observations were made of the Pt. Loma, Palos
Verdes, and Santa Barbara areas to establish eondi-
tions at the start of the investigation (winter and
spring of 1957-58), This initial period coineided with
three years of unusually warm ocean temperatures
and nearly all kelp beds in southern California de-
teriorated, especially in the summer of 1958. In July,
August, and September, 1958, one of the most intense
red tides ever witnessed in southern California, de-
veloped throughout the coastal zones and was com-
posed primarily of the dinoflagellate Gonyaulax poly-
edra. The more normal cold water regime returned at
the end of 1959 and considerable regeneration of kelp
beds has since been observed. No major restoration of
kelp, however, oceurred either at Pt. Loma or Palos
Verdes, but the bed at Santa Barbara has improved
substantially.

During the latter portion of the investigation,
quantitative studies on features sueh as growth rates
of kelp plants and mortalities of populations were
conducted in the beds near outfalls. Many of the tech-
niques involved were developed as a part of this pro-
gram and the coneurrent Kelp Investigations Pro-

gram sponsored by the Department of Fish and
Game.

The initial surveys suggested the imporiance of
physical factors such as light intensity and biological
influences such as grazing on plants in the study
areas. Accordingly further work was done collecting
some data on light intensities and attenuation coeffi-
cients as a funetion of geographieal loeation. Char-
acterization of the populations of the chief grazers,
the sea urchins, was undertaken at varvious loeations
at Pt. Loma and Palos Verdes. Work on these latter
aspects is still being conducted under a grant from
the Keleo Company of San Diego. Quantitative and
deseriptive surveys of algal biomass as a function of
depth were also performed to determine the status of
attached vegetation at Pt. Loma and Palos Verdes.

Point Loma in 1957-58

The Point Loma-San Diego Bay region is shown in
Fig. 39 which depicts the situation at the ineeption of
our study. Wastes are discharged into the bay at a
number of locations and consist almost entirely of do-
mestic sewage and industrial organic waste, Prior to
our investigation, heavy metal ions were discharged
into the bay from industrial processes ; sinee 1957 this
type of waste is disposed of elsewhere. The principal
source of domestic seware is a short outfall at the

City's treatment plant (F in Fig. 39) which at pres-
ent has an average daily output of about 50 million
gallons,

The larege kelp bed offshore from Point Loma is
subdivided into two parts, designated by the Depart-
ment of Fish and Game as beds 2 and 3. The relative
tonnages harvested from two beds, expressed as a per-
centage of the 1933 harvest, are shown in Fig. 40. The
last cutting from bed 2 was a small amount gathered
in 1957 and the annual yields from this bed have
shown deereasing tendencies sinee the middle 40s.
Aerial photographs of the area have been taken sinece
1950 by the Keleo Company of San Diego and have
been made available for our inspection. The greatest
disappearance in surface canopy appears to have oe-
curred around 1954 and to have extended north to
the New Hope Rock region, a distance of some three
miles. Harvesting reiurns dropped substantially at
this time.

In order to document initial conditions, surveys
were condueted along line transeets loeated at the
stations indieated in Fig. 39. The results are pre-
sented im Table B, Stations 1 and 2 were in bed 2
while stations 3-7 were in bed 3. Statioms 1 through
4 were located in the area where kelp had disap.
peared ; stations 5 and 6 were placed in bed 3 where
kelp yields had diminished but were still continuing ;
station 7 was in an isolated pateh to the north which
disappeared at about the same time as bed 2, but
returned and has since vanished.

It ¢can be seen from Table 8 that the character of

" the beds changed between stations 4 and 5, which

(31)

corresponded to the change from an area of deteriora-
tion to a less affected area. Stations 1 to 4 had rela-
tively high concentrations of adult plants per m ¥, but
the sizes were small, averaging around 10 stipes per
plant. Stations 5, 6, and 7 had lower eoncentrations,
but the plants averaged considerably larger in size. Tt
is apparent that the southern portion of the Point
Loma bed consisted of relatively young kelp, if we
accept size as a measure of age. It is believed that this
is a safe assumpticn in this case since examination of
the holdfast regions of the southerly young plants did
not reveal an excessive number of deteriorated stipes
or stubs at the bottom of the plants and it is not likely
that they were severely shaded in their juvenile stages.
Figure 41 shows ogives for the populations sampled
at stations 1 and 5, representing the extremes,

Parasites and pathogens were not present in the
kelp of beds 2 and 3 to such an extent that they were
detected by casual inspection. Deterioration similar
to temperature damage was noted during the latter
part of June and heavy encrustation with the bryo-
zoan Membranipora became common at the same time
in the upper portion of the plants. Clendenning
(1957) has noted, however, that photosynthesis at sat-
urating light intensities does not appear to be in-
fluenced by this organism.
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Appreciable siltation has never been observed in
beds 2 or 3 either on the fronds or on the holdfasts
of the plants, Wave surge and currents are appar-
ently sufficient to prevent fine suspensoids from
settling and sand which does exist in low pockets
among the rocks 15 usually rather coarse,

Inspection surveyvs were made of the barren areas
lying immediately south of the southernmost patches
of kelp im this area. The bottom consists of low rock
ridges and outerops interspersed with coarse sand
and cobble fills. A few lobsters and abalone were
present, as well as Asfraca and Murerx, and the chief
alga was an occasional clump of Grateloupia. By far
the most abundant organisms, however, were the sea

urching Strongylocentratus franciseanus and S. pur-
purafus, which were present in heavy concentrations
estimated at up to 50 or more per square meter. The
area was somewhat reminiscent of certain other loca-
tions where kelp beds had disappeared in recent times
{New Hope Rock, South Coronado Island).

The Palos Verdes Peninsula in 1958

The Palos Verdes Peninsula { Fig. 42) was formerly
ringed by an almost continuous thick band of kelp,
designated as beds 11, 12, 13, and 14. The beds yielded
kelp for commercial purposes until around 1950
(Figs. 43 and 44).

At the start of the program, Macrocystis existed in
only four areas of the peninsula (Fig. 42); a patch
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Table 9 shows the results obtained for the Palos

] Verdes k L e (.
ferdes kelp at the three stations indicated in Fig, 42,

1920 ma?l"Eﬂ.Hfl':ﬂm b as well as data obtained from a bed at Santa Barbara

: S : which will be diseussed later, Kelp is not shown at
Figure 40. Relative yields harvested from beds 2 and 3 (Point Loma station 1 in Crandall’s map of the area in 1911, but

bed). Data furnished by the Colifornia Deporiment of Fish ond Gaome.

Dotted linas indicate that no fonnoges were recorded during those

years ond points indicole o reporfed yield for @ yeor with no harves-
ing recorded for the previcus or the subtequent yeors.

reported to have existed between Cabrillo Beach and
Point Fermin in 1954 (Limbaugh, personal communi-
cation) and some patches which were in the coves
near Rocky Point Vicente in early 1955 had vanished.

the beds at stations 2 and 3 were present then. There
were no juveniles found in any of the beds. The sta-
tistics are entirely within the normal range of what
had been found in other beds (North, 1957b), al-
though the average size of the plants in the Portuguese
Bend bed (station 1) was small for a northern bed.
It is of interest that a bed such as that at station 2,
apparently within the influence of an outfall, is able

Table B
Summary of results obtoined for seven stations in kelp along Point Loma.
Ared Average size | Size range
Depth snmpled Addults Juveniles Stipes [stipes per '[Btli)ﬁﬁ r
Station number Daie m m* per m# per m* per m? planti plant
SRR R 1/ 2/58 12 40HD 0.37 004 3.0 8 1-22
;R G e 3/ 3/58 12 40D 0.20 0.01 2.4 11 1-33
B e e 3/24/58 20 120 0.20 0 2.3 12 2-33
- S SF SRR ] 3/24/58 11 194 0.45 0.03 4.5 1] 2-22
B e Ll i i i ST /BT (5] 400 0.13 0 .9 b2 1-199
T Sty 3/31/58 21 A0 .07 0.1 1.9 27 1-115
iy R B SR 3 5/58 24 A0 0.04 0 2.5 30 1-53
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Takle @

Anchyis of the doto obtoined from 100 meter transects in beds of Sonta Borboro ond three locations an
the Palos Verdes Peninsula, shown in Figure 42.

Aren Average size Size range
Diate Depth Bampled Adults Stipes (mti W {ati r
Station or Location of Survey m m per m? per m* il nnti} plant
Hanta Barbara..... 3/26,/58 12 400 0.22 2.3 10y 141
T T e e 3/14 /568 3 A0H) 0.28 3.1 i1 1-85
Y R e 5/15/58 2-5 34 0.28 6.5 18 0-134
PV Mo Yoty 3,/28/58 4 400 0.11 2.1 20 1-129

to sustain a rather high subsurface density of kelp,
as indieated by the average numbers of stipes per
square meter,

Aetually station 2 was eomposed of three patehes of
kelp and the fizures of Table 9 are averages for the
entire sample which included the patehes and the in-

tervening barren sandy areas. Fig. 45 shows a map of
the area, redrawn from aerial photographs. The
patehes as they existed in 1955 and 1957 are shown.
Aetually this bed was not discovered until detected
in aerial photos since it was so small as to be incon-
spicuons from the saorface and was overlooked.
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Figure 42. Chaort of the Polos Verdes Peninsule showing the locotion of the 1958 fald operations described In the fexf
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Sinee the three patches comprising station 2 were
located in different depths, information about each
might be helpful in revealing facts about the effects
of depth. A more thorough study was made of this
area than of any bed hitherto analyzed and the re.
sults are presented in Table 10.

It can be seen that the average size of the plants
in each sample is very close. The size distributions of
each population are represented as ogives in Fig. 46;
these are very similar curves as compared with ogives
of populations known to be different from each other
(Fig. 41 and North, 1958a), and yet coming from the
same bed. It is felt that Fig. 46 indieates that the
three patches are separated islands of the same popu-
lation, which explains why the average size of each
is about the same. The concentration of kelp, whether
measured as plants per m? or as stipes per m®, how-
ever, decreased steadily as the water deepened. Per-
sonal inspection of the three patehes, in areas not
sampled, indicated that the samples were representa-
tive and that there is a real decrease in the thickness
of kelp as one swims seaward (it is diffieult to swim
in patch A, for example, because entanglement was
g0 frequent, while in pateh C, little if any such trouble
was experienced ).

Diving surveys were made at other locations (Fig.
42) and there appeared to be only sparse quantities
of seaweeds below the relatively shallow depths of
3 to 10 meters. No quantitative data were obtained,
but algal distributions are often so sharply delimited
that useful information was obtained by inspection.
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Figure 43. Reletive yields of harvested kelp from beds 11 and 12, near
Whiter Pi. Dotfed lines denole years of no recorded horvest for the
beds. Data furnished by the Department of Fish and Gome.

In swimming from the shore out to sea at these
locations (Fig. 42), it was usually found that at shal-
low depths, down to about 3 meters, an abundance of
attached seaweeds was present. Between 3 and 10
meters the guantity decreased markedly and below
about the 10-meter level only oceasional tufts of ma-
terial were encountered. In Puget Sound, where wa-
ters are characteristically turbid from natural causes,
plant eover commonly extends to depths of 20 m, ac-
cording to the dredging results of Seagel (1957) and
the diving observations of Neushul (personal commu-
nication).

When eonsidering large areas of rocky bottom, the
environmental parameter that often limits the depth
to which algal growth extends is light intensity. If
this iz the limiting factor at Palos Verdes it sugpests
that on the average, light attenuation in the coastal
waters must be unusually high since 10 meters is
quite shallow for plant growth to thin out. At La
Jolla, and at northern Point Loma, for example, 25
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to 30 meters is a more common depth for algal cover
to become scarce and frequently in the clearer waters,
such as in certain parts of the La Jolla submarine
canyon, sparse growth may extend down to 50 meters.
Muacrocystis at Palos Verdes nsed to grow at depths
of 21 meters (Limbaugh, personal communication).

An example of the rather sharp delineation be-
tween depth levels which support algal growth and
levels where cover was sparse occurred about 300 me-
ters off-short from the Whites Point area. The region
is next to the H0-inch concrete sewer pipe in about
11 meters of water, A large trench was execavated in
bedrock at the time of the construetion of the outfall
and the material removed was piled up in a large
ridge nearby, running parallel to the trench. The top
of the ridge is about 3 meters above the surrounding
bottom and it supports a much denser growth of
plants than the deeper plateau. The dominant sea-

weed in this area was Ectocarpus granulosus, (a spe-
cies which tends to appear first in succession cyecles as
vegetation is restored) which was also true of most
of the southern face of the peninsula.

Our interest in this loecation increased, however,
when a heavy concentration of young brown algae
was found on 6 June 1958, generally distributed over
the bottom. The plants were quite small and all at
about the same stage of development, indicating that
germination must have oceurred at very nearly the
same time for each individual, probably in early
spring. The plants were too young for identification
at this time, but the area was revisited on 27 June
and development had proceeded to the point where
it was concluded that the seaweeds were Egregia
laevigata,

A line transect was run in a direction perpendicu-
lar to the ridge so as to sample the ridge itself and a

Table 10
Analysis of three seporate patches of kelp on 15 May 1958, at station 2 (Fig. 42). The area is shown in greater detail in Figure 45.
Average size Stubs Total Total
Depth sampled [ﬂtlileﬂ Plants Stipes number of | number of

Pateh number m m? i1 “t?er per m? per m* Btipes stipes stubs
A T Z 2 18 1.7 30 0.08 B56 Al
e I 314 22 17 1.0 18 0.05 386 18
| 5 E P T ] ] 19 0.4 7 0.20 481 81
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Table 11
Summary of data taken along o line transect af Whites Point, 27 June 1958,
Weight of Weight of Green light Average weight
y Egregia Egregia Erelocmrpus intensity Depth per specimen
Station number per m? g/m? g/m? ergs,/cm? feec m of Egregia, g
45 82 14.6 25,000 10,5 2.2
- — - 45,000 8 -
214 740 302 - 8 3.5
- = - 21,000 1005 =

representative streteh of bottom on either side, Counts
were made of Egregia in a pateh 1 meter wide on
either side of the line (exeept where counts exceeded
10 individuals per m*) and light readings were
taken at three points on the transect. A brass square,
1 meter on a side, was laid down at two points on
the transect (one at the base and the other at the
top of the ridge) and all the plants growing in the
area enclosed by the square were gathered and taken
to the laboratory for further analysis. The resalts of
the counts are shown in Fig. 47 and the analysis of
the data and observations is summarized in Table 11,

Whether one compares only horizontal surfaces, or
includes the sloping sides of the ridge, the results
show that a difference of 2 to 3 meters in depth at
this eritical level makes an extraordinary difference
in the plant cover whether one considers the concen-
tration of individuals per m* or the weight of vege-
tation per m? It should be added that this is not an
isolated ecase; many submarine pinnacles or hillocks
exist along the peninsula and where the top or crest
rises up sufficiently into the layers of higher illumi-
nation & marked inerease in alzal growth is noted.

The light readings provide a rough estimate of the
attenuative properties of the water mass observed on
27 June. (Green light is considered here; the attenu-
ation was even greater for red, orange, and blue
light.) About half the green light energy was lost
between 8 and 10.5 meters. This amounts to a loss of
259% of the energy per meter. At a depth of 8 meters
only 10% of the energy entering the surface would
remain if the same rate or attenuation persists in the
upper layers of the water eolumn.

Parasites and pathogens, if they are present in
any numbers, did not seem to have affected the health
and appearance of any of the Nacrocystis observed
on the peninsula. Siltation was not eausing any effect
on the existing kelp, but old Macrocystiz plants were
observed protruding from sand patches a foot or so
thick overlying bedrock. It is considered possible,
therefore, that in the past, sand movements might
have caused deterioration of kelp plants.

Santa Barbara in 1958

The Santa Barbara region is of considerable inter-
est beeause the City’s outfall terminates about 100
yards seaward from a rather thick bed and the depth
of discharge is relatively shallow (about 40 feet) so
that initial dilutions must be substantially 1&_33 than
the deep Los Angeles County outfall at Whites Pt.
The field of the discharge has been observed to extend
back into the canopy of the bed and the water in the

outer edge of the bed was extremely turbid on the one
occasion a dive was made in the region. The ocean
bottom at Santa Barbara is rather fine silt and this is
apt to ereate profound changes of the faunal popula-
tions in this bed compared with fauna on the rocky
bottoms deseribed above,

The Macrocystis plants were attached to the old
dead holdfasts which apparently etxended deep down
into the mud bottom. Much of the kelp in the Santa
Barbara area rests on a muddy substrate and condi-
tions were quite normal for the region in this respect.
No sludge was found and an exeavation about six
inches deep into the mud failed to reveal any sulfide-
blackened sediment.

A transeet was swum along the bottom from the
outer edge of the canopy for 150 feet towards the
outfall. A few straggly plants on old holdfasts were
observed near the arvea where the canopy began, then
only old holdfasts with no growth, and finally even
these disappeared.

The Macrocystis plants in the main part of the bed
looked healthy exeept that they appeared to be dam-
aged by intense grazing. Stipes are concentrated in
dense masses although the plants themselves may be
separated by considerable distances. No juvemle
plants were observed. Analysis of a 100-meter tran-
seet swum from the outer edge of the canopy north-
easterly into the bed yielded the data summarized in
Table 9,

Kelp Regression

The years 1957-59 witnessed an influx of warm
water. Unusually high water temperatures persisted
throughout the year and most of the canopies in the
kelp beds of southern California deteriorated and
many beds virtually disappeared. In a letter dated
5 November 1958 Mr. Lee D. Pratt, vice president
of the Keleo Company (a San Diego-based kelp har-
vesting coneern) outlined some of the observations
made by the members of his company on the condition
of the beds.

November 5, 1958

Dr. Wheeler J. North, Project Officer
Kelp Investigations Program
Institute of Marine Resources
University of California

La Jolla, California

Dear Dr. North:

It is my understanding that it would be helpful
to your kelp study group to have information regard-
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ing our observations of the current condition of the
kelp beds in Southern California waters.

Sinee the beds are, and have been for some time,
in poor condition from the standpoint of very sparse
or no canopy, the effeet of this on sportfishing should
be checked very elosely. If there is any relationship
between the kelp canopy and fishing, certainly such
would be most evident at this time.

At present, there is less Macroeystis pyrifera on the
surface thronghout all the kelp beds in Southern
California than ever before in our experience.

We have been constantly checking the beds and
last week we made an aerial survey of all beds in
which we operate supplemented by surface observa-
tions, Beds at Point Loma and La Jolla (Nos. 3 and
4), which are normally very produetive, have no har-
vestable kelp and have shown little growth in the
past two years. Harvesting this past year in these
beds has been about twenty percent of normal and
there has been no appreciable harvesting for five
months in these beds. There is practically no kelp
in Bed No. 5 (Del Mar) and Bed No. 6 (Enecinitas
to Carlsbad) has less than ten percent of normal
surface cover though neither bed has heen harvested
in over five months,

Bed No. 8 (off the City of San Clemente) has some
kelp although less than normal and there is wvery
little kelp in Bed No. 9 (Dana Point). These beds
have not been touched in over eight months.

Beds in the Santa Barbara area (Nos. 20, 21 and
22), which are normally very productive and usually
have their best growth in the fall months, are show-
ing practically no growth, We harvested a small
amount in Bed No. 20 and Bed No. 21 six months
ago and in Bed No, 22 nine months ago and they have
not been harvested since. At present, there are only
oceasional strands of kelp on the surface to show
where very healthy, produetive kelp beds were two
years ago.

Bed Nos. 24, 25 and 28 show no new growth. The
last appreciable quantities of kelp from Bed Nos. 24
and 25 were six months ago, and Bed No. 25 yielded
twenty percent of normal for the past year. Bed
No, 28 has been near normal this vear but has no
kelp now and no indieations of growth.

Bed No. 30 has shown no significant growth since
being harvested five months ago. Bed No. 31 which
is being harvested now, shows no new growth and the
bulbs show signs of losing their buoyaney.

Bed No. 33 (North Santa Rosa Island) is one ex-
ception in that it has done well this vear, but it is
only a small bed. No kelp is available in Beds 34, 35
and 37 now and no apparent growth. Small quantities
were harvested from these beds recently. Previous
to this, Beds 34 and 35 had not been harvested for
nine years and No. 37 for fifteen years.

There is practically no kelp and no growth at San
Nicolas Island (Bed No. 41) which normally thrives
even when warm water affects coastal beds. There
has been very little harvesting in five months and the
total yield this past year was half of normal. San
Clemente Island (Bed Nos. 43, 44 and 45) has no
harvestable kelp now and shows ne growth although

Beds 43 and 44 have been harvested recently. Bed
No. 45 has been completely nonproductive all year.

A kelp bed that we have been observing north of
Point Coneeption that has never been harvested had
a considerable gquantity of kelp last month but now
has no eanopy. In almost all of the kelp beds there is
either no eanopy or a very thin canopy. In most of the
beds, the eanopy is mueh thinner than that left after
harvesting.

Thus, in the twenty-three kelp beds in which we
usually harvest, only seven have any appreciable
surface canopy, and that is far below normal. While
we have in past years observed one or two beds go
below normal for a year or two (while some others
are unusually productive), we have never experienced
such an over-all lack of growth. Observation from the
air of the beds leased to other companies indicates
a similar econdition.

As you know, in 1957 we had unusually warm ocean
water temperatures, and the coastal kelp beds did
not grow well althongh the island beds were normal.
This year all of the beds are even less productive.

We hope the above information will be of help to
your group in its study of kelp, its environment and
its relationship to fishing. Yon may have guestions
regarding some of the observations and I know our
men will be glad to diseuss them with yon.

Very truly yours,

KELCO COMPANY
L. D. Pratt
Vice President

Anomalies in the pattern of kelp regression did
exist, however, Bed 2 at the southern tip of Point
Loma and that kelp south of the Coronados Islands
developed luxuriously. A new pateh of kelp appeared
Just south of the Mexiean border, below the area onee
occupied by Bed 1.

Above the Palos Verdes Peninsula the small patehes
of Macroeystis at Portuguese Bend and Abalone Cove
dwindled somewhat, especially at Portuguese Bend.
The main body of kelp on the Peninsula, however,
was located between Malaga Cove and Rocky Point
on the northerly side. This bed deteriorated badly
and finally disappeared in the fall of 1958, Examina-
tion of the plants in the area as it was deteriorating
showed that the remains consisted mainly of stipes
and pneumatoeysts. Nearly all the blades, growing
points, and sporophylls had been stripped from the
plants, suggesting that excessive grazing may have
occurred. We were unable, however, to find any ex-
traordinary condition such as exeessive turbidities or
evidence of toxie action, which might implicate nearhy
sewer outfalls (the area has always been characteris-
tically turbid, however).

Examination of beds at Lo Jolla, Point Loma, and
the Coronados Islands in the fall of 1958 showed that
the tissues of most of the plants were in good condi-
tion. Traces of black rot were observed among the
growing pomnts and juvenile blades of plants at the
Coronados TIslands, but on the whole, the kelp ap-
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peared to be quite healthy, At La Jolla, all adult
plants observed were fruiting and had an abundanece
of sporophylls. These plants all seemed unusually
short so that their entire length was held beneath
the surface by even a moderate current,

Some of the plants had an excessively grazed ap-
pearance, especially in the region of the holdfast.
Withid a square 10 feet on a side, surrounding one
plant at La Jolla, 83 wavy top snails ( Astraca undosa)
were counted. Many of these were touching or feeding
on the holdfast of the plant,

During the earlier, warmer part of the autumn of
1958 much kelp was observed adrift or up on the
beach at La Jolla. In addition, 12 plants were ob-
served strewn in disorder along the bottom at a depth
of 150 feet in a small tributary at the head of the La
Jolla submarine canyon. Debris of seaweed origin is
common along the bottom of the eanyons and this
observation suggests that perhaps an appreciable
quantity of non-floating Macrocystis, which never was
observed on the beach, found its way out to sea in
this manner, No spectacular deposits of Macrosystis
heach litter were observed at La Jolla this year,
and yet the quantity of material which, judging from
aerial estimates, must have disappeared from the
La Jolla bed was enormous. Poor growth rates, graz-
ing damage, and removal to seaward would appear to
be the most likely means of accounting for the lost

kelp.

Measurements of Algol Distributions

Quantitative measurements were made of the stand-
ing erop of attached algae at a number of locations,
at depths of 3 m, 8 m, and 12 m. These values were
chosen because gqualitative observations in the vieinity
of the Whites Point outfall indicated that profuse
growth could often be found at 3 m; the growth often
became quite thin at 8 m; it usually became virtually
nonexistent at 12 m.,

It was decided to adopt the southern edge of the
Palos Verdes peninsula as a typical area where kelp
had disappeared and possible effects of waste dis-
charges existed. Studies of a control area at La Jolla
which would supposedly be free from effects of out-
falls were also accomplished. La Jolla was selected
as a matter of convenience, and although there is
some septic tank drainage to the sea, this is almost
certainly a negligible factor.

It was also econsidered desirable for a fair assess-
ment in a study of this kind, to include control areas
which, because of their remoteness, could be assumed
to be free from the effects of ountfalls, but which quali-
tatively appeared barren because of the presence of
exeossive numbers of grazers. One such area chosen
for study was Papalote Bay on the southwest face of
Punta Banda in Baja California. This was an area
eontaining several aeres of rocky bottom habitually
dominated by sea urchins, as well as kelp patches in
other sections of the bay. Prime attention was paid to
the urchin territory to compare the algal standing
crop with similar urchin dominated environments
near outfalls. The kelp patches were not sampled
quantitatively, but observations from time to time on

the canopies have indicated they flourish, disappear,
and return, apparently undergoing natural succession
cyeles (see page 21).

Preliminary diving observations were eondueted in
an area, and a region fairly free from sand patches
was found (the attached algae do not ordinarily grow
on sand or mud bottoms, and the above process is
designed to eliminate sampling of areas lacking in
plants). Once a rocky bottom of at least 50 x 50
meters in area was found, the boat was anchored at
one edge, and divers descended carrving written in-
structions derived from a table of random numbers
as to the locations within the 50-meter square which
were to be sampled. An example of such an instruetion
sheet is given in Table 12

In addition to the instruction card, the divers ecar-
ried a 100-meter length of cord wound on a reel. The
cord was marked with a numbered tape at each meter
of its length, and the divers tied the free end of the
cord to the anchor and swam out the measured dis-
tanee indicated in the “*distance out’’ column for the
first sample (29 meters in this case). They then turned
90° to the right or left as indicated in the *‘left or
right"' column and then swam in a direction perpen-
dicular to the line already established. Proceeding a
measured distance according to the instruetions given
in the “‘distance sideways’' column and, at the point
where the sample is to be taken, the number on the
tape attached to the line is given in the **total length
of line out’' column. A square formed of thin brass
rods 1 meter long was then placed on the bottom, m
a position such that one eorner lay on the marked
tape and an extension of the line would coincide with
a diagonal of the square. Figure 48 shows how a
square 50 meters on a side would be sampled by the
instructions contained in Table 12

After the brass square was placed on the sea floor,
the divers collected all the attached algae within the
contained area by hand and seraper and placed it in
a plastic bag with an identification tag. The fresh
weight of the contents was measured upon arrival at
shore, and the material was either preserved for fu-
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Figure 48. FExemple of o squere, 50 melers on o side, sampled
randomly ot 10 different locations by a mefhod described in the fext.
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Table 12

Example of o set of instructions describing somple locotions te a diver.
Mumbers are cbtained from a toble of random numbers, ond the erder
of right-laft instructions by Ripping a coin.

Famplc Diatance  Lefi or Distance  Total length
Nao, out fm) right fm) sideways fm) of line out {(m)
e L 20 44
- e 16 R 12 28
P e 42 R 22 i3]
;S T R Li] 8
| B L s | R 15 36
e L 11 a5
e ] L 7 3
] e R 110 21
| PEREL R | L 1 a8
b [ e A L 232 24

ture sorting or sorted as to species and the quantities

thereof while fresh ; weights of each species were also
recorded. Ecologically it was also important to Iump
the different species into higher taxonomic categories
such as greens, browns, reds, and spermatophytes, As
noted above, these broad groups have characteristie
modes of participation in suceession eyeles. The red
algae were divided into two groups: the fleshy reds,
comprising a great variety of species; and the eal-

EFFECTS OF DISCHARGED WASTES ON KELP

careous reds, of which Cerallina, Bossiella, and Litho-
thamniwm were the principal components. The fleshy
reds frequently domimated the red algae at 3 meters,
but were usually in the minority at 8 meters, and were
rare at 12 meters. Among the ‘caleareons reds, Litho-
thamnium was not collected. It is an ennruating form,
covering the rock surface with a smoothish layer of
hard growth, and no satisfactory way has been devised
for obtaining estimates of the amount of this genus
when present.

All our surveys along the entire Palos Verdes coast-
line have revealed that the bottom at depths greater
than 3 meters is uncommonly barren of seaweeds;
large populations of 2 herbivores, the sea urchins
Strongylocentrotus purpuratus and 8. franciscanus,
and a seattering of other grazers are usually present
{ Fig. 49). Quantitative sampling showed at 3 depths
the standing erop of seaweeds at Whites Point aver-
aged ruughlv an order of magnitude less than a con-
trol area in La Jolla Bay, presumably unaffected by
discharged wastes (Fig, 50). The slopes of the stand-
ing erop curves down to the 8 m depth are also guite
different for the 2 areas; the entire eurve for Whites

Table 13

Comparison of the stonding crops ond frequencies of seaweeds ot 3 depths determined by rondom sampling within rocky oreas 50 x 50 m
at Whites Pt. and Lo Jolla Boy. Ench mean value represents the overoge of ten somples of 1 m® each.

Depth 3m Em 13 m
Whites Point La Jolla Whites Point La Jolla Whites Point La Jolla
[P mean men mean ITBAT mean
Category freq. E/m? freq. g/m? freq. g/m? fren. g/m? frog. g/ m? freq. E/m?*
Spermatoph
Phyllospodiz. ... |ece..... S L A e | ORI PSR e O S 0.6 7 | TN Sl ey el o [y Sl |ean oo - O
Chlorophveeas_ 0.1 | Il S Jizis 0.2 0.4 R i) A Ei
Phaeophyeeas
Cystoseira o [ 3 1 E LIS S e e [ (Wi 6 ) TSR (EEce IS o | e 0.6| 179
Dictyoplerts. - -] ccaee-- |zl (S5 1] 1 ERS T Rl By TN JR | Nt i ez |12 ] R
e VRS, [ TR 0.2 R e B el 0.3 | | A g 0.2 0.7
Bygregia. o oot 0.2 Ol ey s [ et 0.4 165 0.3 T2 0.1 B L e | e
for s S [ 0.4 | 1206 |.cceo--o)-=- 2 Erg 1750 ("~ " R PR R] (R L 0.1 57
Laminaria. ... |.o.ooo.. e ey [ TR | & ] e 0.4 * 1) ! Feigions Bas i 0.4 105
Fag g g g SRR PRPeee e IRl M e S o et i e R 0.2 - S| Bt 3| | B e | 0.3 | 258
Others__________ 0.1 25 0.1 ) e [l i 0.2 3 0.1 0.2 0.3 0.4
Total
Browns. e B iacs== (bt | TN (S ] 1.5 ] . 40 i e A ML,
HMhl{
hu:n:la-
G&.-F L. ] | | S e (T e e | SRR [T RS (TR [ R 113
G'igm'lim ........ e Il 0.3 b LA | e T B E S 0.2 = e
Laurencia. .. .... 0.1 ) S5 | i 0.4 15 ] | St ARLIIENES -
Phiredadie. =2 c|-aosztolia i 0.8 | 285 e | e 0.3 B4 B
Rhodymenia. .. o|ieciacoilaaaaisas 0.8 [ | T [P SRR TS S 0.3 4 G
Othera._________ 0.1 o 5 P T S R . 0.6 107 17
Caleareous
Rhodophyceae
Bossiella. .. ... 0.2 ¥i 0.4 16 0.4 1.4 B T2 o : :
Calliarthron | 0.6 | 151 |.__..___ o Sl Wi | | it Pheigced (il R ot il o1
L, SR 0.6 180 0.8 504 0.5 0.2 0.8 280 0.3 P .
LT R PR 0.8 [ 1A S Do 0.5 i e | et ¥l H,ﬁ 2
Others_ ... _____ 0.1 2 0.3 | 0.1 LB B e g el T FRE] e o s | 0.2 1
Total Rede..oolocooooof 380  [ooooiiil TG & Jeihciios L B e O - TR e g4 __._...] 482
Total algae.____.__ . 71 L S (e 4961 1 == ) WENSRAEES T e I s T

*P=o0lgm
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Point has a slope more nearly comparable to the La
Jolla area for depths greater than 8 meters. Assum-
ing that the average values represent equilibrium
conditions for each station, the standing erops are the
amount of plant tissue which exists under given con-
ditions of productivity and of destruetive agencies.
Productivity and destruction are themselves com-

plexly related to the size of the standing erop, as well

as to depth, and the observed differences in slopes of
the eurves suggest that the dynamie action of ecolog-
ical forees is not the same in the two areas, Although

the shallowest station at Whites Point resembles most
nearly the deepest station at La Jolla, considering
both slope and standing crop, even these are not en-
tirely similar.

Analysis of the samples (Table 13) showed that
with one minor exception (total Chlorophyceae at the
3 m depth), all the prineipal categories of vegetation
were sparse at Whites Point when compared to La
Jolla. The greatest algal deficiencies appeared in the
category of the fleshy reds. The caleareous reds or
corallines were likewise very deficient at depths of

Fi 4%9. Phal h of the sea floer of Whiter Peint of the 3 m depth sation described in the fex!. Four species of harbivores comman fo most

NTH::.;. culr!«:;:rxi;bum are shewn ond include the mea wurching, Strongylocentrolus fronciscanus end 5. purpuratus, the wavy fop., Astrasa

undosa, and the abalone, Holictis eracherodii (the lotter well below its wsval depth range). Light patches are the nlij: alga in the photograph, the
encrusting calearsous red alga, lithothamnion sp. Scene is typical of o mojor portien of the Polos Verdes Peninsula af thiz depth,
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Seaweed standing crop, kg/m
0.1 I 10

0.00I 0.0l
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La Jolla

Whites Point
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Figure 50. Comparison of fofal slonding crops of maweeds oz & funclion of depth for Whites P ve. Lo Jolla. The commen
range of standing crop for Matrocystis beds iz also indicated.

8 and 13 m, but became nearly comparable to La Jolla
at the 3 m station. The Phaeophyeceae or brown algae
were the least deficient, as a group of any category,
principally because of a stand of Egregia which ex-
isted at Whites Point at the time the sampling pro-
gram was begun. This species has all but disappeared
from the whole region for the past 3 years, however,
and a repetition of the survey would undoubtedly find
this group much more seriously depleted than indi-
cated by Table 13. The spermatophyte, Phyllospadiz
is completely absent from all but a few intertidal
spots at Whites Point.

The comparison of the seaweed crops of these two
loeations is somewhat reminiscent of our eomparison,
above, of the algae under and outside of a Macro-
cystis canopy at Bird Rock, Herbivore populations
appear to be much greater at Whites Point than any-
where off La Jolla, but this may be due in part to
the general lack of concealing wvegetation along the
Palos Verdes peninsula, causing the larger grazers
to be more obvious to the observer.

Sampling of seaweeds at other stations along the
Palos Verdes coast substantiates the qualitative obser-
vations; the total floral standing erop is impoverished
wherever it has been studied.

At the present time, only one small patch of Macro-
eystis is left at Palos Verdes, but it is healthy in
appearance, The plants are located at Abalone Cove,
about T km west of the outfall terminus, in depths
of 3 to 6 m. The area is protected against severe
weather from all quarters and the plants apparently
are able to grow and reproduce sufficiently to main-
tain the colony in spite of losses to a large population
of sea urchins. Macrocystis has disappeared from areas
much farther removed from the outfall than Abalone
Cove, but the losses have oceurred in deeper locations
which are exposed to severe wave action.

No quantitative collections of bottom wvegetation
have been made at Point Loma, but qualitative obser-
vations indicate that even near the entrance to San
Diego Bay the rocky substratum is not as barren as
was found at Palos Verdes. Small patches of Macro-
cystis likewise ocenr and nearly always consist of
small plants, as measured by the numbers of stipes.
The area is exposed to severe weather and large popu-
lations of herbivores are present. No patech appears
to be able to maintain itself, but new growth springs
up in another location after one colony of plants suc-
cumbs, 50 there has always been some Maerocysiis in
the area. Juvenile plants in various stages of develop-
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ment can usually be found, especially in the vieinity
of a newly-formed canopy. Mortality in the area can,
however, be quite high (Table 7), and may explain
why extensive colonization has not oceurred.

The Santa Barbara kelp bed showed some decline
during the warm water years but reeently has ex-
panded (Table 14). Although the Santa Barbara dis-
charge is small, being approximately a tenth of the
San Diego volume and a sixtieth of the volume
handled by the Los Angeles County Sanitation Dis-
tricts’ system, the proximity of the kelp bed to the
terminus raises reasonable doubt as to whether a
discharge can have an appreciable influence on this
form of Macrocystis. It was noted above, however,
that the mortality rate of plants in the Santa Barbara
bed appears to be relatively low. Mature plants are
known to support their lower struetures by transloca-
tion of nutrients synthesized in the brightly illumi-
nated canopy, down the long stipes, to the dimly lit
underlying regions (Parker, personal ecommunica-
tion). Adult plants, therefore, would not be as vul-
nerable to changes in water transparency as juveniles
or other attached algae of short stature, and the trans-
location mechanism, combined with a low mortality
rate, may enable the Macrocystis at Santa Barbara to
persist in the immediate vicinity of a submarine out-
fall.

Table 14
Fluctuations in extent of the portion of the entire bed 22 lying eost of
the Santa Barbara cutfall and presumably, therefars, not greatly
influenced by harbor activities, The orecs considersd in Table 1

were only those portions of the bed immadiately
adjocent to the outfall and harbor.

Year Type of Survey Areqn

km®
1911 Boat & sextant 182
1949 Aerial Photo 142
1955 o i 112
1958 = " (.55
1850 o b (.58
145D i B (L35
1841 i K 074

The Punta Banda peninsula, just south of Ense-
nada (Fig. 51), was sampled in August, 1958. This
area is noted for cold, clear water, presumably the
result of upwelling. It faces about the same direction
as the southwest aspect of the Palos Verdes peninsula,
and like that area, supports an abundant intertidal
population of the black abalone, Haliotis eracherodii.
It is of further interest in that there are several areas
of the ocean bottom which are apparently guite bar-
ren of algal growth, presumably because of the pres-
ence of hordes of the sea urchins, Strongylecentrotus
purpuratus and 8. franciscanus, which are omnivorous
in habit and frequently are observed eating plant
material. A survey was conducted of one such area,
located in Papalote Bay (Fig. 51). The results are
shown in Table 15,

The rocks contained within the sample area were
again covered with Lifhothamnium, and no attempt
was made to estimate the amount. It ean be seen that
the quantity and character of the algal cover is quite
different from that of La Jolla. Calliarthron is a hard,
long, dichotomously branched, articulated shaped, cal-
careous, red alga, and it was found necessary to use

a steel chisel to remove it effectively from the roecks.
It probably is able to withstand the grazing activities
of sea urchins as well as, or better than, most species
of algae.

—
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Figura 51. Chart of Punle Banda, showing Papolete Boy ond the
location of o barren ores sompled for moweeds.

Eegularity of Growth. From several hundred elon-
gation measnrements, eondueted over a 900 km geo-
graphical range from Gaviota to Turtle Bay, we have
gathered sufficient evidenee to indicate that the de-
veloping Macroeystis frond tends to elongate in a
prescribed pattern which can be deseribed by the
equation E = G — (2log,. L) where E is daily elonga-
tion expressed as a percent of the total length L, and
(i is the normalized daily elongation when the frond
was of unit length. Beecause of the uniformity with
which growth of young stipes ocenrs, the rates of elon-
gation can be used as a field method for determining
the state of health of a plant. In particular, it has en-
abled us to study conditions presumably within the
influence of an ountfall and compare them with a con-
trol area free from the effects of discharged wastes.

Table 15

Waights of algoe (oll Colliarthren) collected from sample oreas of
1 m" at Papalote Bay, and urchin (Strongylocentrotus
purpuratus) concentrations abierved.

kg of
Sample Dt Depth Calliar-
ik, ol leeted m Urchins/m® thron/m®
1 B/18/08 0.7 RS 0.5
o 8/14/58 b 148 0.3
a H i ki 007
4 4 (i3 it o1

Santa Barbara Growth Studies. During the years
1960-61, the Santa Barbara kelp bed recovered from
its warm water regression and extended to within
about a thousand feet of the Santa Barbara outfall;
growth studies were undertaken at this time to com-
pare rates of elongation of juvenile fronds attached
to those adult plants closest to the outfall with com-
parable eontrols some 25 miles west at Gaviota. No
signifieant differences were noted, although the Santa
Barbara area characteristically had much more turbid
water (Tables 16 and 19). The explanation for this
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apparent independence from light energy arises from denning and Sargent (1958b) who demonstrated that
the fact that nutrients synthesized in the mature respiration exceeded photosynthesis at the base of

fronds in the surface canopy ean be translocated kelp plants under thick cannpieg. Further confirma-

down the stipes to nurture growth of the dimly illumi- tion has come from studies wherein removal of mature

nated juvenile fronds. This was suggested by Clen- stipes nearest a juvenile frond on the holdfast attach-
Tabls 16

Statistics comparing growth rates of young stipes of Macrocystis ot an outfall site near Santa Barbara and ot o control station ot Gavista.
Standard growth is the percent doily elongation normalized to a one meter langth,

Bize Mean Standard Coefficient Dates
Loeation sample standard growth deviation of variation ([ 1960-61)

Banta Barbara_ ________.___. 27 7.5 2.30 31 0/14 to 0,29

Santa Barbara._ _ ... ....... 27 6.3 1.72 27 9/20 to 10/12
Santa Barbara. ... ........ 5* 6.5 0.53 B 10/12 to 10/27
Banta Barbara. ..o cooooooo 24 6.2 1.42 3 10/27 to 11/17
Banta Barbara . __ ___________ 4o 2.0 0.46 23 11/17 to 1/11
Oaviota. - o ceoceiccccacaaa 14 7.0 1.50 22 9715 to 9/30
Gaviota._ e 2 14 B.6G 1.23 14 9/30 to 10/13
[ B 7o) 1 e Sl e e 14 B.2 1.04 13 10413 to 10/28
ol 2 S e 11 6.3 0. 69 11 10,28 to 11/18
Qv i ae e 1 R ISR L RO Sy SR | 1118t 1712

* Poor vielbillity hindered operations Hﬂnl:r.
** Most of the experlmental fronds were asnlle and decayling.

Tabls 17

Summary of an experiment testing the effechh on young growth of cutliing away the mature fronds ottached near the young test frond, The
results presanted ore standard growth rotes. Cutling was done on 9/28/80 [ moture frond removed per young frond) and on
10/6/40 (3 to 4 mature fronds removed).

Frond 0,/10- 0/21- 0/28- 105 10/14- 10/20- 11/2- 11/13-
Plant no. no. 9/21 0,28 10/5 10,14 10,/20 11/2 11/13 11/20 | Remarks

A 6.4 8.6 8.0 8.7 7.8 6.6 Bl | Control

B 7.4 8.3 10.1 8.5 7.8 G.0 ] ] (T Control
i 4 C 7.6 B.6 7.6 6.7 3.4 4.1 2.5 1.9 Cut

D 8.1 AP P S ] | REERE o0 (e Raal L R T Cut
e Lol e E 7.4 7.9 4.7 2.8 2.0 3.2 2.3 2.0 Control

F 9.3 9.4 6.0 5.8 4.2 4.0 4.9 2.7 Cut
e i (¢ 4.6 8.5 7.3 .0 1.7 1.7 1.5 0.8 Cut

H 3.0 2.6 T | T 1.4 1.6 i S A Contral

I 8.0 8.6 9.2 3.6 4.1 2.0 2.2 0.2 Cut

J 7.3 7.8 7.6 5.5 4.7 B.4 TR T [ Control
oo T i K 2.4 0.6 0.4 R Bt | Ml | e BRI o ] P f Tl 0 DTS Control

L 0.8 10.2 B.4 2.7 2.6 3.4 1.1 2.3 Cut
5% M 5.2 6.0 6.8 8.4 Bl e e e e wnn s Control

N 5.3 5.3 1.4 0.6 T 0.5 0.4 0 Cut

(4] 5.5 5.4 0.3 4.8 7.2 9.7 5.3 4.9 Control
(i e T S P 2T 2.7 2.2 32 1.2 0.8 0.6 Control

Q 6.6 5.7 8.3 3.5 1.6 0.5 0.9 0.6 Cut

i 7.0 6.5 B.8 5.0 7.5 6.6 7.1 7.0 Cut**
7 | 2 5 6.5 8.2 0.7 1.2 158 2.9 1.1 2.1

T 6.3 5.7 1.3 0.5 0.8 2.5 0.7 1.7 g-ﬁm
[ it g Pl 1] 6.7 B.7 6.5 8.2 7.3 7.2 2.0

v 10.0 10.8 7.0 8.0 5.7 4.1 2.4 gfg %ﬂﬂ
[y e e W 2.8 1.2 1.0 0.6 3.2 0 ;

X 40 6.0 3.7 4.0 3.7 1.4 E_E {H %‘m
Averages______ (L T s 7.l 7.8 6.0 401 3.4 2.8 2.4

5.5 5.5 4.7 4.2 4.3 4.7 2.6 H g“nr:ml

* 8mall plants where the cutting may have Influenced both test fronds,
% Although several mature fronds wereé removed, young frond was still located near other intact mature fronds,
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ment was found to cause a drastic decrease in the
elongation rate of the young frond (Table 17). Trans-
location has recently been followed by the use of
radioactive tracers and dyes {Parker, personal com-
munication ).

It is apparent, then, why no difference in elonga-
tion rates was found between the Santa Barbara bed
and Gaviota areas. Although the ounifall affected the
water clarity in the Santa Barbara bed, there were no
toxic influenees from this primarily domestie type of
waste discharge.

Light Measurements

Sunlight is a factor of paramount importance to
kelp because it is the souree of energy for the photo-
synthetic processes whereby the plant manufactures
its food, The action spectrum for photosynthesis in
Macrocystis is probably similar to that of Ceilodesme
( Haxo, personal communication), which was studied
by Haxo and Blinks (1950). In the latter brown alga,
light absorbed by chlorophyll and earotencids in the
region 400 to 500 mp was found to be photosyntheti-

cally aective as well as light of wavelengths 500 to 560
mp where absorption is by a carotenoid-protein com-
plex involving fucoxanthin, Minimum activity in this
seaweed oecurred in the region 560 to 640 mg.

It is important, therefore, when measuring ambient
light in the ocean for biological purposes, that not
only the magnitude of the intensity be determined,
but also the spectral distribution of radiant energy.
The latter requirement iz not easily folfilled with ap-
paratus simple enough to be handled by divers rou-
tinely,

Light Attenuation

The observed searcity of attached algae in the
deeper areas near outfalls suggests that light incident
on the bottom may be insufficient to enable plant
growth to keep pace with grazing demands. Theoreti-
cal effects of turbidity changes will be discussed below
in a separate chapter, where it is eoncluded that under
certain cirenmstances, considerable effects could con-
ceivably oeceur for even a small change in absorption
coefficient in the water column.

Table 18

Monochrematic values of aftéenvation oblained at various locations.

Diistance
from
neareat Attenua-
Depth outfall tion
Date Laoeation m km Calor Pereent Remarks
G6/37 /58 Whites Point 10.5 0 Blue 25
6/27 /68 Whites Point 10.5 ] Cireen 25 North, IMR Ref. 58-11
5,27 /58 Whites Point 10.5 [i] Orange 25
6/27/58 Whites Point 105 0 Red 35
12,22 /58 Point Vicente 20 B.7 Blue =25
12,/22 /58 Point Vicente 20 8.7 Green =25
12/22 /58 Paint Vicente 20 B.7 Orange 29
12,23 /58 Abalone Cove (i G4 Blue 26
12,22 /58 Abalone Cove G G.4 (ireen 26
12,23 /58 Abalone Cove G 6.4 Crange 34
12/23 /58 Long Point 17.3 i Blue 20
12,23 /58 Long Point 17.3 T Grean 19
12/23 /58 Long Point 17.3 7 Orange 24
12/23/58 8F.. Portugese Bend Bay 11 3.2 Blue o2
i || O Pt Tead Bay i ol e i
12/23 end Ba i range -
12:::23&3 Whites Point E 0.5 0 Blue 72 Very poor underwater visibility
12/23/58 Whites Point 10.5 0 Green 40
12,23 /68 Whites Point 10.5 0 Orange 16
12 58 La Jolla Kelp Bed 11.5 e Blue 15
uf,-':aﬂgﬁas La Jolla Kelp Bed 11.5 - | Green 12
12/30/58 La Jolla Kelp Bed 11.5 E-C Orange 13
12/31/58 La Jolla Submarine Canyon 18.5 o Blue 11 Good visibility
lﬂﬁl ;53 La Jolla Submarine Canyon 18.5 . Green 15
12/31 /58 La Jolla S8ubmarine Canyon 18.5 = COrange 24
9/60-1/61 Santa Barbara 10 0.3 Red 52 Average values, See Table 19
B.{ﬁlfrﬂ-l Santa Barbara 10 0.3 Orange 42 Average values, See Table 19
9/60-1 /81 Banta Barbara 10 0.3 (ireen 32 Average values, See Table 19
9/60-1 /81 Santa Barbara 10 0.3 Blue 38 Average values, See Table 19
i Gaviota 10 el Red 40 verage values, SBee Table 19
gﬁﬂgl GIEEM 10 B Orange 27 ﬁ?m:ﬂ values, See Table 19
9,/80-1 /861 Gaviota 10 i Gireen 17 Average values, See Table 19
9/60-1,/61 Gaviota 10 = Blue 21 Average values, Bee Table 19
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Tabls 19

Light atienvation meassrements ot Sanfa Barbora {obout 1,000 feet from the outfall terminus) and at o contrel station ot Gavista. Values
represent the fraction of the surface light reaching a horizentally oriented photocell at the bottom. Depths wers 10 m ot both stotions.

Date
Laocation Red Orange Green Blue (1960-61)

Hancka B = o et il 0. 062 0, 0018 0.011 0.0031 9,14
Bants Barbarns st iU 0 calan it <. 0015 0,041 0.0064 00022 0,/
Banta Barbara. .. ..o....... b <00, 0013 0.0074 0.062 0.020 10/12
Santa Barbara. .o cee e <0, (42 <), (025 <0.0071 <. 00561 1027
Bante: Barbamns S0 Lo o i g <0, D055 0,081 <0.013 <0.013 11/17
Banta Barbamia T i =Sl 0 - o <. 0013 0, G045 0.0015 <0, 0030 1/11
Pt S o 0 Sy IR e T 0. DO0G2 0. 44 0.020 0,008 e
L e e iy o e 0. OB 0.055 .16 0. 087 8/15
£ [ ) iy et S s gl S s 0. D064 0.14 .20 0.11 0/30
Gaviota. . ooeena- : 0. 0052 0.031 0.073 0,076 10/13
BT T e e e R g Pl D 0. (032 0. 010 0. 069 0,036 10/28
L1 g Tk, (S e N SR ORI 0 0. O8S 0. (S0 0.33 0.270 11/18
N RT3 el e S e el gl 0.0013 0. (40 0.048 0.018 1/12
BT et S Al e B 0. D057 0.04 0.15 01 S | g

* Excluding all values where water opacity was s0 great that no bottom reading wias obtained (e, "less than” symbols have had to bé

wsied ),

A large scale program of submarine light determi-
nations was beyond the scope of this program. A few
surveys were made, however, to establish some basis
for estimating ambient intensities in different loca-
tions, and to gain some idea of speetral distributions
and attenuation coefficients, Measurements of light
intensity are made just beneath the surface, using
plexiglas eolor filters (red, orange, green, and blue)
in an underwater photometer, and the same measure-
ments are repeated on the bottom. The depth at the
location is measured with a depth gauge or sounding

line and the total attenuation throughout the water
column is then computed. From this information the
average attenuation coefficient (the percent of radiant
energy lost because of absorption and scattering per
meter of transit) was calculated, as well as light lost,
spectral distribution, and radiant energy striking the
bottom.

Tt can be seen from Table 18 that the Palos Verdes
measurements fended to yield considerably higher
values of attenuation coefficients than were found for
La Jolla. We believe that restraint must be exercised
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Figure 52. Relative spectral distribution of rodiant energies measured in three kelp beds, Curve A is for Station 4 of Pt Lo
curve B is for Station 3 in Figure 39, ond curve C is for the Sonfa Barbaro h-:; n‘n-rle.ribe;nu‘n the r.'m.“ o 4 Piguse 3.
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in interpreting these values, however, until a consid-
erably greater number are available for comparison.
If, for example, the measurements had been made a
month earlier, the differences would probably not
have been nearly as striking. In fact, there were prob-
ably times during the summer when red tide condi-
tions at La Jolla caused far more attenuation of light
energy in the water column than even the highest
values listed in Table 18 for Whites Point.

Total light loss was determined on 6 separate visits
to Santa Barbara outfall and this was compared with
a contrel area at Gaviota (Table 19). Average atten-
;?ﬁll}g}nu&ﬂﬂmm were computed from this data (Ta-

e -

Fig. 52 shows the calculated relative spectral dis-
tribution of radiant energy measured on the sea floor
under kelp canopies at three different locations.
Curves A and B represent readings in beds at Point
Loma which presumably were not in sea water con-
taining appreciable sewage at the time of the measure-
ment because of the extreme clarity of the water.
Curve C shows the speetral distribution for the cor-
ner of the Santa Barbara kelp bed nearest to the
city's ontfall, taken at a time when the current direc-
tion was such as to carry the effluent into the bed.
Because of the broad bandwidths of the colored fil-
ters employed, certain segments of the eurves of Fig-
ure 52 may not be entirely aceurate and accordingly,
these sections of the curves are represented by dotted
lines. Mathematically, more than one solution is pos-
gible under the conditions of the determination for
the dotted-line regions, and that solution which would
appear to be the most logical is represented; where
the curve is depieted by a full line, however, confi-
dence may be placed in the interpretation. The ordi-
nate is taken as relative energy to enable spectral com-
parison. If absolute wvalues were plotted, eurve C
would be quite small in height while A would be in-
termediate between B and C.

Curves A and B show that both distribution pat-
terns found off Point Lioma had the major portion of

the energy concentrated in a narrow band centering
around 530 to 540 mu. The deep pattern, A, (70 ft.
depth) was somewhat more narrow than the shallow
distribution, B (36 ft. depth). It is noteworthy that
this radiant energy could be utilized by the brown
algal pigment fucoxanthin or the photosynthetie pig-
ment phyeoerythrin of red algae.

Curve C shows a distribution of an entirely differ-
ent character. The main econcentration of energy
shifted towards the red end of the spectrum with the
new peak at about 580 mp. Proportionately, more
energy also appeared at wavelengths shorter than 500
mg than was found at Pt. Loma, but the exact char-
acter of its distribution is in doubt hecanse of the
broad transmission characteristics of the blue filter
emploved. The significance of eurve O is that the
radiant energy is probably less effective in promoting
photosynthesis since the greater part of the energy
oceurs at wavelengths where photosynthetie pigments
display reduced absorption.

Absolute values of light intensity measurements
are listed in Table 20 for various locations. The read-
ings were all made with the use of a green filter whose
maximum transmission was in the region of 530 to
540 mp with 50% or more of the energy within 10 to
15 mp to either side; the values therefore represent
radiant emergy in a region of high absorption by
phycoerythrin and fucoxanthin. In order to enable a
basis for comparison, the depths, times of day, and
sky conditions are given.

Several eonclusions are evident. Light intensity of
this spectral character within the water eolumn is
strongly reduced by the kelp ecanopy lyimg on the
surface, In the instance where this factor was mea-
sured at Pt. Loma, a reduction of fourfold was en-
eountered.

Turbidity can be very effective in reducing light
intensity, as shown by the readings taken at San
Diego Bay, La Jolla, and Santa Barbara. It is of in-
terest that a fairly high intensity was found at Whites
Point on 27, Mar., 1958, but at other times it was low.

Table 20
Values of green rodiont energy measured ot woriows locotions during the final weok of March 1958.
Gireen
radiant
Depth ENEFEY
Date Location Time condition {ft.) | Erga/om?/sec Remarks
3724 /58 Central Point Loma. . .. ... Midmoming. .| Clear_ . _..__..._. B 1600 Under kelp canopy
A/24/58 Central Point Loma_ . . ......| Noon. ....... [ [T a6 000 Under kelp eanopy
3/24/58 Central Point Loma_ . . ...... Mooh. - ceeee- L e o 36 ET00 Same location as
previous reading but
not under canopy
3/24/58 Entrance to S8an Diego Bay...| Midafternoon | Clear__._________| 27 2400
3/25/58 lmile N.of BIO. . ... ... Midafternoon_| Clowdy..._....._.] 70 G300 Bandy bottom
3/25/58 La Jolla Kelp Bed. ... .._.| Midafternoon.| Cloudy. ... _...._. 60 0 Very turbid water
3,/26/58 Santa Barbara Kelp Bed near :
I T e e e Midafternoon_| Scattered clouds___| 40 T00 Very turbid water
3,27 /58 Whites Point. .. ...__...____| Midafternoon_| Scattered elouds___| 25 TEO0
3/28/58 Palos Verdes Flat Rock Point.| Noon. ... Clear.________._.| 25 2500 Under canopy
3/31/58 Morth Peint Loma. ... ..... Midmorning. _| Seattered clouds...| 70 2300 Under canopy
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TOXICITY

Information en toxicity effects was songht from his-
torical data, field observations, and laboratory studies.
We have seen in the historieal section that permanent
kelp deterioration and disappearance at Palos Verdes
and southern Pt. Loma initially began in the sections
closest to the outfalls and receded northward (Pt.
Loma) or to either side (Palos Verdes) away from
the foeal point of waste discharge. While causes other
than toxicity could explain the patterns of disap-
pearance, it was generally agreed that guestions in-
volving toxie thresholds must be answered in any in-
vestigation of the effects of discharged wastes on kelp,
and a considerable portion of the program was related
to this type of study.

Field Studies on Toxicity

Beveral approaches were taken in attempts to de-
lineate toxicity effects in the field. Juvenile and adult
plants were transplanted to various locations where
kelp had been known to exist formerly ; their survival
or eventual loss was followed and ecauses for any un-
healthiness or deterioration were analyzed. The gen-
eral regions of ontfalls were kept under continuous
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Figure 53. Chart of the Son Diege Boy region, showing the lscations
of four stalions marked A:, By, Ci and Dr whers isolated specimen: of
Macrocystis ware found growing naturally (A1 end Ci) or laborotory.
ewltured plonts were sef oul in the fisld (B: and D:) in March, T957.
The axperiment was an atlempt to ascerfain whether pollulion from the
San Diego outfoll (localed opproximately three miles to the east of
point F} could ba responsible for limiting the growth of kelp in the Bay.
The moin Point loma bed stopped just eost of the Point loma light in
obaut four fathem: of water, Specimen A was o small plant found grow.
ing attached te the rudder of o buoy beat which had last been used

in early February, 1957. The jetty at the entrance fo the harbor hod
a thick algal cevering, bul only one Macrocystis plant was found.

surveillance for any development of kelp and those
beds nearest outfalls were studied, often during the
course of many disappearances which occurred while
the project was underway.

Plants and animals remaining in areas where kelp
had disappeared were serutinized for signs of un-
healthiness or other svmptoms which might be caused
by toxie substances. Distributions of different organ-
igms were determined to see if any unusual patterns
indieated either tolerance or susceptibility to the pres-
enee of a discharge.

Transplantation Studies in San Diego Bay

Preliminary transplantation experiments were made
in the spring of 1957 in the S8an Diego Harbor region
{Fig. 53). Stations A,, B;, C;, and D; on the map
denote the loeations either of young individual plants
settled and developing naturally or of points where
laboratory-eultured plants were set ont in the field in
early March. About a dozen young plants placed at
Station Iy failed to grow, but the remainder of the
dozen or so plants at each of the other stations did
very well until they were gither removed or suddenly
deteriorated when the bay water began to approach a
temperature of 20° C, Fig. 54 shows plants from
Htation B, after nearly three months in the field. The
location of the main discharge from the city of San
Diego is shown in Fig, 55. Beeause the dozen or so
plants at each of Stations As, B, and Cs, prew sue-
cessfully and because abundant stands of brown algae
grow on the jetty near Station D, it was coneluded
that the plants at this station probably did not perish
beeause of pollution effects,

On 20 November 1957, seven adult plants of Maero-
cystis pyrifera were gathered from a small bed lo-
cated in about 10 feet of water near the Point Loma
light house at Station A; (Fig. 55). The holdfasts of

SAM DIEGD
OUTFELL

Figura 55. Chart of Son Diege Boy region showing the location of

transplanfation dations Ar, Br, Cr, and Du in relotion fo the position of

the muneipal suffall. 100 m transeds were studied in natural kelp beds
at X ond XX.
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Figure 54. Young kelp plants which were germinated in the laboratory and then tronsplonted infe San Diego Bay of Stotion Bi (Fig. 53).
There are seven plants shown in the picture, the largest of which wor cbout o pard l:mg. I can be teen that
severe groring of the blodes had ocoerred,

the plants were held against plastic surfaces by secur-
ing them with nylon cord and the arrangement was
then anchored at selected stations in San Diego Bay
(Bg, Cy, and Dy, Fig, 55). During the time required
to journey from the collecting point to the various
stations (about an hour and a half to the last station
at Dy), the plants were kept covered with damp bur-
lap sacks on the deck of the boat.

On 25 Nov., 1957, two more plants were removed
from the bottom at Station A. and these were then
fastened to plastic surfaces as above and anchored
back in the same bed from which they were taken, to
serve as eontrols. Summaries of our subsequent obser-
vations on these planis are given below, grouped ae-
eording to station.

Station A,

Control plants of 10 and 4 stipes each were in-
stalled on 25 Nov., 1957. When examined on 13 Dec.,

1957, both still had the same number of stipes and
were normal and healthy in appearance. On 20 De-
cember, a dive in the area was made but visibility was
less than one foot and we were unable to locate the
specimens. On 2 Jan., 1958, the station was revisited
and again we were unsoccessful in our searches for
these two specimens, At this time the visibilty had
improved to about 5 feet and the entire area was
thoroughly searched. The bearings used in locating
this station were excellent so presumably the plants
were lost, It should be mentioned, however, that other
plants in this bed, during the period covered by this
report, remained entirely normal and healthy in ap-
pearance and a great number of flourishing juvenile
plants were observed on the bottom at all times.
Station A: was visited four times during this study
and at all times the eurrents at this location were
slight and different in direction from the strong ve-
locities found out in the main channel. The main tidal
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flow in and out of San Diego Bay appears to bypass
this shoal area, but this should not be interpreted to
mean that the region does not contain water of bay
origin. The habitual murkiness of the area suggests
that at least some bay water may usually be present
and before any conclusions are drawn, a more inten-
sive study should be made. At the present time it
seems advisable to defer such studies umtil there is
more evidence on the influenees of different eoncentra-
tions of sewage-seawater mixtures on kelp.

Station B

This station, located across the main channel from
Station As, was in the main stream of the tidal flow
into and ont of San Diego Bay. Strong currents
paralle]l to the channel were always encountered at
this location (the station was never, however, oeen-
pied at slack tide). The location was close to Station
D, of the previons transplantation study, reported
above, where juvenile plants placed on the harbor
jetty (about 100 yards from Station Ba) quickly dis-
appeared from the boards on which they were grow-
ing. The rocks of the jetty are eovered with a Iuxu-
riant growth of brown and red algae, but to date we
have found only ome specimen of Macrocysiis in the
vieinity., This plant was attached to a submerged pil-
ing, located about 50 feet west of the jetty, near its
inner end. It was deeided to transplant adult Macro-
cystis to the jetty to test the hypothesis that the area
was generally nnfavorable to this species becaunse of
exposure to contaminated water from San Diego Bay
on ebbing tides, On 20 Nov,, 1957, an 18-stipe and a
17-stipe plant were anchored here in about 10 feet of
water. Examination of these plants on 25 Nov. re-
vealed that nearly all the blades had disappeared
from the 17-stipe plant (located slightly above the 18-
stipe plant) and the stubs left attached to the pneu-
matocysts had a chewed and scalloped appearance.
Likewise the growing points and young blades were
similarly removed from the 18-stripe plant, but most
of the large blades were still intact. Except for the
econdition noted abowve, the plants were healthy in
appearance and no excessive growth of encrusting or-
ganisms was noted, On 6 Dee., 1957, the station was
visited, but a heavy wave surge, strong eurrent, and
murky water prevented any effective observations and
the dive was terminated beeause of dangerous condi-
tions after one plant with no blades was loecated. On
13 Dee., both plants were devoid of blades exeept for
a few badly chewed sporophylls, The numbers of
stipes were 16 and 20. Some water was noted within
a few of the pneumatoeysts but the fronds were still
buoyant. Some hydroid- or bryvozoan-like growth was
noted on the stipes and pnenmatoeysts that extended
up near the surface, but otherwise the tissues of the
plants appeared to be healthy and clean. On 20 Dee.,
1957, the plants had much the same appearance ex-
cept that the numbers of stipes were now 10 and 17.
The 10-stipe plant (lower) was attaching itself firmly
to the plastic surface by means of its holdfast, and
extensive young hapteral growth was noted on both
holdfasts. The portions of the fronds that extended
up near the surface were beginning to darken and

become more heavily encrusted with animal growth,
On 2 Jan,, 1958, the upper plant with its plastie
holder had disappeared, leaving only the anchor. The
lower plant was totally devoid of blades, possessed 8
stipes, and was eontinuing its hapteral attachment to
the plastie surface, The upper portions of the longer
stipes showed an appearance of disintegration. The
lower portions of these stipes and the shorter stipes
and their pneumatocysts, as well as the holdfasts,
seemed to be normal and healthy and no water was
noted in any of the pneumatocysts.

In view of these observations, it would seem that
there is intensive grazing, preferentially on Macro-
eystis, in this area and it is less likely that polluted
water is the major factor which prevents this species
from establishing itself on the jetty or was solely re-
sponsible for the failure of our juveniles to develop in
this area a few months prior.

Station Ca

This station, situated in about 12 feet of water, was
located almost due west across the bay from the San
Diego sewer outfall, and about a mile distant there-
from. According to James Kittredge, however, (per-
sonal communication) the area should be relatively
free from eontamination. His studies of the bay in
this vieinity indicated that the less dense effluent from
the outfall rises to the surface and is usually held
against the northeastern shore by the prevailing west-
erly wind until it is eventually dispersed in the re-
ceiving waters of the bay. Oeccasionally a ‘‘Santa
Ana'’ easterly wind, however, does eanse the effluent
to disperse across the bay. Kittredge also states that
ordinarily surface and bottom water flow ount together
from this section of the bay on an ebbing tide, but
when the tide rises, the inflow consists mostly of cold
bottom water. These statements appear to be con-
firmed by the joint surveys of the Department of
Fish and Game and Public Health (1952). These
surveys found moderate coliform populations and an
absence of sludge in the vieinity of Station Ca. It
seemed, therefore, that this location might afford an
opportunity to expose plants to the environment of
the inner bay without coming in contact with an ex-
cessive concentration of effluent. Unfortunately, east-
erly winds ocenr commonly in the fall along this part
of the coast and, indeed, strong Santa Ana wind con-
ditions prevailed on at least three occasions during the
course of our study. One sueh occasion coineided with
one of our visits to Station Cy on 13 Dee,, 1957, and
considerable particulate matter was observed in the
upper part of the water column and much seummy
material floated in patches on the surface.

Even so, there was never an appreciable amount of
sludge on the fine sandy bottom in this area, and a
wealth of invertebrate life existed on a nearby piling
anid on the bottom. In addition, a ved alga, Laurencia,
grows in profusion near the surface attached to the
pilings in the area and other unidentified drifting
masses of algae oceur unattached on the bottom. Tidal
currents are strong and the two Maerocystis plants
placed at Station 'y were never observed to reach
the surface, but were alwayvs extended downeurrent
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from their anchor at an angle of 45° or less to the
bottom. On 6 Dee., 1957, the surface and bottom eur-
rents were measured at about 10:30 AM. and both
had velocities of about 50 feet/minute due north, A
high tide of 6.8 feet had occurred at 8:00 A M. and a
low of —0.9 feet oceurred at 3:11 P.M, on this day.

The two plants initially had 11 and 6 stipes each
and were anchored at Station (. on 20 Nov.. 1957,
On 25 Nov., 1957, the 6-stipe plant was missing many
of its blades and the remaining stubs had a chewed
appearance. On 6 Dee., 1957, the plants appeared
much the same except that stipe connts gave figures
of 10 and T stipes each. Some bryozoan encrustation
was noted. On 13 Dee., 1957, the plants were not as
healthy in appearance as previously. They had 10
and 4 stipes each and there had been considerable
sedimentation deposits on the blades. Bryozoan and
hydroid growths were becoming abundant and the
pneumatoeysts of some of the stipes had filled with
water to such an extent that buovaney had been lost
and the frond was lying on the bottom. Several of the
blades of such fronds were observed to have a mold-
like growth on them and the tissue of the plant ap-
peared to be disintegrating underneath these growths.
On 20 Dee., young tunicate colonies were apparent on
the blades for the first time and the hydroid and
bryozoan growths had continued. Execept for the
blades in contact with the bottom, however, the tissues
looked healthy in appearance although there was ex-
tensive evidence of physical damage, possibly by
grazers, on all parts of the plants. The plants still
eonsisted of 10 stipes and 4 stipes, but the slight stress
of handling proved to be too much for the 10 stipe
plant and it parted at the primary stipe at a point
where the nylon cord caunsed a depression in the sur-
face of the primary stipe and the tissue proved to be
quite spongy and soft in this region. Further damage
was evident, possibly from grazers or from attack by
microorganisms, It was not felt that chafing by the
cord was primarily responsible for the loss of this
plant sinee other plants which have been transplanted
to oceanie locations where water movements and con-
sequent chafing must be much greater, have shown
little or no deterioration of tissue beneath the cord.
Neushul and Haxo (personal communication) experi-
eneed difficulties from cord securings when trans-
planting juvenile plants, but large holdfasts of adults
do not seem to be affected. The pnenmatocysts on the
plants at Station Cs had, if anything, regained some
of their buoyancy. New hapteral growth was noted in
the holdfasts of both plants, On 2 Jan,, 1958, the
area was visited and the remaining plant had only one
stipe left. The other severed stipes were entangled in
it, however, so the tissues of the plant were all avail-
able for examination. The animal growth on the
plants was more abundant and several nudibranchs
were crawling over the surface of the kelp. Deteriora-
tion of several of the blades still bnoyed up by pneun-
matoeysts was evident and loss of carotencid and
other pigments had oceurred as portions of these
blades were greenish or transparent in appearance.
Most of the tissues, however, even underneath the ex-
tensive animal growth, appeared healthy except where

physical damage, presumably by grazers, had oe-
eurred. Sedimentation on the blades was moderate
and new hapteral growth was observed in both hold-
Fasts, although it eould not be ascertained whether
there had been an inerease in such growth over the
previous observation.

It is opined that observations at Station Oy do not
constitute evidence that the bay water in this re-
gion 1s toxic to Maeroeystis, There is need for
further investigation as to the responsible agents
causing softening of the primary stipe (a phenomenon
also observed at Station Dy) as well as those cansing
pigment loss in some of the blades, but it is felt that
failure of the plants to maintain themselves at this
location may be explained by the unfavorable activ-
ities of grazers or of microorganisms, It is, of course,
important not to overdraw conclusions, but it is cer-
tain that the animal populations of the regions sur-
veyved in inner San Diego Bay are radically different
in composition from those normally encountered in
kelp beds. While the preponderance of the animals
in the bay are filter feeders, observations of this study
suggest that there is nonetheless a sufficient abun-
dance of animals that will graze on kelp to render the
environment unfavorable. The possible role of miero-
organisms in producing some of the signs of deteriora-
tion noticed in our plants should not be overlooked.

Station D

Station D, loeated in 30 feet of water, was the only
place where the experimental plants were placed at a
depth appreciably different from their original
habitat. Three plants were anchored about 10 feet
offshore from the southern corner of the 28th Street
mole, an area deseribed by the 1952 surveys of the
Departments of Fish and Game and of Public Health
as grossly contaminated. We always encountered a
few inches of sludge on the bottom at this station,
but the thickness of the deposit varied somewhat from
time to time. The area is approximately one mile
northwest of the San Diego outfall, and is direetly
downeurrent on an ebbing tide. Strong currents were
likewise encountered at Station Ds, and veloeities of
50 ft./minute at the bottom and 65 ft./minute at the
surface were measured here at 11:00 AM. on 6 Dee,,
1957, by timing dye marker for a known distance. At
this rate of movement, therefore, effluent from the out-
fall would require about an hour and a half to reach
Station Ds, assuming that it followed a straightline
COUTSE,

The fate of the plants anchored at this station was
remarkably similar to that of the plants at Station
Ca. It may be noteworthy that a nearby wooden piling
had a nearly identical community of filter-feeding
organisms growing on it as were found on the con-
crete piling near Station Cs. The red alga, Laurencia,
was likewise found in abundance on the piling at Sta-
tion D. near the surface. Three specimens of Haero-
cystis were anchored at this station on 20 Nov. and
had 7, 4 and 4 stipes each. No changes were apparent
on 25 Nov., but on 6 Dec. the T-stipe plant and one of
the 4-stipers had only a single stipe left, while the
remaining plant had none. The stump left on the hold-
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fast of the latter had a chewed, uneven appearance.
As at Station C., most of the tissnes of the former
two plants were still present since the severed stipes
were thoroughly entwined in the single remaining in-
tact stipe. The blades and stipes looked healthy ex-
eept where there was physical damage, but grazing on
the blades was somewhat less than at Station C..
Some bryozoan encrustation was noted. On 13 Deec.,
the plants had only 2, 2, and no remaining stipes and
the first and only fish we have observed in the inner
bay was noted (a flatfish). The pneumatoeysts con-
tained some water but were still quite buoyant. Bryo-
zoan growth had inereased but, as before, the plant
tissues appeared healthy. On 20 Dee., the plant which
had originally possessed T stipes broke loose as it was
being examined and the tangle of stipes and blades
was earefully lifted aboard our boat and placed in a
bucket of seawater to be taken to Dr. Clendenning at
Seripps for further analysis by laboratory methods
(see below under Kelp Plants after 1 month in San
Diegro Bay).

The holdfast of this plant was likewise raised and
photographed. The remaining plant now supported
tunicate and hydroid growth in addition to bryozoan
encrustation. New hapteral growth was noted on all
the holdfasts and spirontocarid shrimps were found
in fair numbers in the holdfast on the boat deck.
On 2 Jan., 1958, neither of the remaining plants had
any intact stipes left. The holdfast of the plant which
had been stipeless since 6 Dec. was beginning to
darken eonsiderably, but the other holdfast eontinued
to show new hapteral growth.

Conelusions about the suitability of Station D.
to support kelp growth are very much the same as
those inferred for Station Cs. The water itself appears
to be non-toxie, but the biological eommunity is defi-
nitely unfavorahble,

Nowhere in the regions surveyed by us within the
bay was there a complete absence of animals and usu-
ally they oeenrred in abundance. The sparsest area we
observed was at the SBan Diego outfall itself, but tuni-
cates and crabs (Hemigrapsus) were quite common
in this area. Where sludge oceurs, it seems to inhibit
the presence of burrowing forms such as clams, worms,
and anemones, but it does not appear to affect bottom
organisms such as erabs, tunicates, nudibranchs, and
sponges, which can rest lightly on the oxidized yellow-
ish surface erust. Whenever a rock or piece of debris
protrudes up through the sludege, it is apt to be
covered with a multitude of animals.

No transplantation was attempted to areas outside
the Bay, off Point Loma because healthy, although
sometimes sparse, Macrocyslis was always present
someplaces in this area throughout the duration of the
study. It was felt that this constituted evidence that
toxicity was not affecting the waters off Pt. Loma.

Transplantation Studies af Palos Verdes

First efforts at transplanting kelp were unsuecess-
ful. Adult plants from the small bed at Portuguese
Bend were transplanted about 2 miles east into the
immediate vicinity of the outfall at Whites Point.
The specimens were placed in large cages to protect

against grazing, but the installation was presumably
carried away by heavy seas as it was never located
again although good bearings were used.

On 27 Feb., 1959, eight young Macrocystis p]gnts
from the Pt. Loma bed were attached to an iron
framework anchored on a sandy bottom at a depth
of 35 feet off of the Marineland pier at Long Point
on the Palos peninsula. The location was about five
statute miles from the outfall at Whites Point and
natural beds of Macrocystis had persisted in the re-
gion at least until 1955. ) ’

As originally designed, the transplantation experi-
ment was intended to distinguish between a number
of influences which might have caused kelp to dis-
appear from the area. Two plants were placed within
cages to protect against grazing and kept under con-
tinuous illumination supplied by four photospot bulbs
at a depth of 35 feet. Two other plants were kept in
cages at the same depth, but not subject to eontinu-
ous illumination. A plant was attached to the outside
of each of the two groups of eages. Two more plants
were placed in cages and were maintained by means
of buoys and a rope at a depth of 10 feet, some 25
feet above the iron framework. These plants at 10 feet
were not subject to continuons illumination.

The cages were made of 3-in. mesh hardware cloth
and would not deter mieroorganisms but would pre-
vent large grazers from attacking the plants. The two
plants attached outside of the cages served to indicate
whether intensive grazing existed in the area. Exces-
give light reduetion from turbidity would be deteeted
by failure of the deep unilluminated plants to develop,
while the illuminated and the shallow plants might
exhibit growth. Unfortunately, the photospot bulbs
proved unreliable in operation and any turbidity ef-
fects could not be assessed. Toxicity effeets would be
suspected if the entire group of plants failed to
develop.

All ungrazed plant tissues always appeared healthy,
henee toxieity influenees did not appear to have been
acting adversely on the plants.

The two plants attached outside of the cages were
last observed in good condition on 13 Mar,, 1959; a
moderate amount of grazing loss was apparent on the
blades, When the installation was next wvisited on
3 April, 1959, one cage had vanished and the outside
plants had disappeared, Some corrosion of the cages
themselves was apparent.

The two eaged plants at the 10 foot depth showed
a good deal of animal growth, such as small hydroids,
attached, which appeared to be considerably reduced
in the deep plants, Extensive epiphytic growth of
Ectocarpis likewise was tronblesome nearer the sur-
face.

On 8 April, 1959, only two deep eages remained
of the original four. Both 35 feet and 10 feet deep
plants appeared healthy and had exhibited growth.
By May, 1959, the shallow plants had vanished and
the deep ones had grown to such an enormous size
that the cages were completely filled, so the experi-
ment was abandoned.,

The transplantation studies at Palos Verdes, there-
fore, although indicating damage from grazers, did
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not reveal evidences of toxic action. When large areas
were cleared of sea urchins (see end of Grazing See-
tion) young kelp plants soon appeared, indicating
absence of toxicity for the gametophytic stages.

Field Observations

A great many field trips to beds at Pt. Loma, Palos
Verdes, and Santa Barbara, failed to produce clear-
cut evidences of toxie damage. Although plants were
frequently found in an unhealthy state, causes other
than toxicity could aceount for the cireumstances,
Grazing, for example, even if the grazer is motile
(such as a fish) and has left the area, is detectable
by the ehewed appearance of the damaged kelp tissues
and the healthy appearance of the unaffected tissues.
Temperature damage causes general loss of pigment,
brittleness of the tissues, and irregular growth of the
haptera in the holdfast. Black rot causes sloughing of
certain areas, but if the plant is examined at an early
stage, much healthy tissue remains and usually nearly
unaffeeted plants can be found. More detailed ae-
counts of certain of these field studies are given in the
section on surveys and further on in the seetion on
grazing., Symptoms of toxicity damage are deseribed
in the laboratory section, below, and include blister-
ing, browning, exudation of “‘yellow substance,” and
development of green necrotic spots.

During the project, young kelp was obzerved on
two oceasions to develop on ship’s hulls at the NEL
dock in San Diego Bay. The vessels had both been
exposed to possible eolonization by spores during jour-
neys to waters off Pt. Loma, prior to being anchored
semipermanently in the Bay. This suggests that the
shallow regions of this area were not toxic to kelp
sp:;rnphytﬂ and probably the gametophytic stages as
well.

Laboratory Determinations of Toxicify

A wide variety of inorganie and organie ions and
compounds were tested in the laboratory with respect
to their toxie thresholds for Macrocystis. Complex
mixtures such as various oils, which coneeivably may
come in contact with kelp from time to time, were
included. Likewise the effect of dilution by fresh-
water was determined, and a number of efluents and
water samples from areas receiving wastes were
studied. One naturally oecurring potential toxicant,
the red tide dinoflagellates, was also included in the
investigation during the intense blooms of the summer
of 1958,

Physiological Test for Toxicity

The test procedure used was as follows: Gallon glass
jars were employed in two sets of six each, After pre-
liminary washing, the jars were immersed overnmight
under flowing sea water; they were then rinsed and
filled with the test sea water solutions, tightly eovered,
and re-immersed in flowing sea water for temperature
equilibration. The temperature was not allowed to
rise above 17°C during the test period, which normally
extended for 7-10 days. The light intensity was kept
moderately low to avoid C0O. exhaustion effects, the
jars were gently shaken a few times each day, and the
liguid /sample ratio was high,

The test kelp blades were 4 to } of mature size from
near the apical meristem of short young fronds freshly
colleeted at 50 to 60 ft. depths by divers. The young
kelp blades were placed in pairs in each of the pre-
pared jars, the blades being held vertically upright by
their floats. A sample dise was cut from one of each
pair of blades beforehand, and was used in establish-
ing the initial photosynthetic capacity. Further sample
discs were taken suceessively from the same blades
during the exposure period. The intact blades in each
jar served as “‘uncut’’ controls. Sea water from the
Seripps Institution pumping svstem was filtered and
used as the control medium and in preparing the test
solutions. The concentrations of suspected toxie agents
were varied by factors of 10 in exploratory experi-
ments, after which the indicated eritical range was
examined at smaller coneentration intervals.

Reduction in photosynthetic eapacity haz been the
most sensitive symptom of injury found as yet, and
it could be measured quantitatively in advance of the
qualitative or visible symptoms of injury which were
also under observation. Grossly damaged blades were
physically weakened and had a faded or greenish
color, the eapacity for photosynthesis being eliminated
before these changes oceur, Other symptoms of injury
included (a) the production of a coumarin-like odor
(b) exudation of “‘yellow substanee’’ (¢) browning
discoloration of the spines and pneumatoeysts.

Toxic Efects of Metallic lons

Hix metallic ions were tested in the laboratory
(Cu, Cr, Zn, Ni, b, Hg). Mercury proved most poi-
sonous but was included only for reference purposes,
not as a suspected toxie agent near ocean ontfalls.

CuB0, to give concentrations of 10.0, 1.0, 0.1, and
0.01 ppm Cu* was first supplied to the young kelp
blades. With one ppm Cu** or more, photosynthesis
was rapidly eliminated, the blades exuded yellow sub-
stance and also developed a “conmarin’ or ‘‘new
mown hay'’ odor, and the spines and bulbs developed
a brown diseoloration. The ‘‘toxieity syndrome’’ as-
sociated with copper poisoning is thus a very broad
one, Excess copper was precipitated as basie earbonate
(Harvey, 1955). The precipitated copper ecarried
down the exuded ‘‘yellow substance' from kelp to
form a brown sediment which was decomposed by
acidification, The latter events may provide a simple
laboratory model of what happens to copper in the
seq, e, eopper deposition in sediments from which
it may be gradually released by the mierobial produe-
tion of acids. The copper precipitating agent in fresh
seq water was shown to be the bicarbonate-carbonate
buffer with the aid of °‘‘decarbonated’ sea water.
When the bicarbonate-carbonate was removed before-
hand, copper remained in solution even at 6000 ppm
(0.1M), at the natural salinity and pH of sea water.

The lowest copper concentration which had toxie
effects on kelp was 0.1 ppm (Table 21 and 22) and the
threshold is eonsidered to lie between 0.01 and 0.1
ppm. Several days are required for injury at this
““threshold eoncentration’’; there have recently been
instanees in which kelp photosynthesis was not re-
dueed signifieantly during four days exposure to 0.1
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Table 21

Effects of copper and chremate upen the photosynthetic capacities of half-grown kelp blodes
(nine-day incubation at 177 = 17 C).

Exposure Time in Hours
Incubation Medium 40-45 hrs 114-119 hrs 170-174 hrs 216-220 hra
(Photosynthesis as %, of initial activity)
Natural sea water. . _.._..._.. 0z oy 107 104
000 P Gt e . 99 03 i
C:1ppm Qi L 84 36 36 27
52 46 45 20
42
v e, B e g L e L -2, — .0 ===
+1. +2.
AL -7 = s —--
0.001 ppm Cr as chromate______ 104 WL 5 AlE
0.01 ppm Cr as chromate. ... 100 B7 b e
0.1 ppm Cr as chromate. ... __. 104 110 101 110
1 ppm Cr as chromate. .________ 08 29 82 L
10 ppm Cr as chromate .. ...... a7 -7 pgler
Table 22
120 Effects of copper in Wrace ameouni: upan the phetorynthellc copacity of
young kelp blades.
>. . e
[ ]
T Incubation Time
b o
5 Incubation Medium | 23 hours 42 hours  |118-140 hours
L)
— B0
Lud (Perce/nt of initial alctivity)
E Control sea water. . _ 05 113 124
=
a1 Ol ppm Cloeeaslan 4 R4 42
4 PLE
5 0.5 ppm O i 11} E, —1.
& 4-DAY Libppm U e il i e
40
o
L=
f = SalAy ppm copper, Large inactivations during the first day
= SR of exposure have always been observed with copper
& coneentrations of 0.5 ppm upward. Since copper has a
high afﬁ!:llt}' fﬂr dissolved organic matter and organie
0 suspensoids, its action on kelp is apt to be modified
‘\:_3 in their presence. Definition of its action in marine
a sediments will necessitate research on the latter.
1 1 | I i . Fig. 56 reports additional data defining more pre-
0.2 04 06 cisely the toxicity of copper for kelp. After 90-hour

ppm OF ADDED Cut+

Figure 58. Inaclivation of photesyntheris in helf.grown kelp blodes
fallowing 4-doy and F-day n.pnwu;ﬁh 0.1-0.5 ppm Cu*" in sea woler
of 15° C.

exposures, photosynthesis was eliminated by 0.5 ppm
Cu*, was inhibited 70% by 025 ppm, and was re-
duced nearly 50% by 0.1 ppm. These effects hecame
greater with inereasing time of exposure. Visible in-
Jury of the kelp by 0.1 ppm Cu** appeared within
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ten days, and after six weeks the blades were bleached
white and they fell to pieces when handled. The con-
trol samples retained a healthy brown appearance
during these six-week experiments, Inmtermittent ex-
posures, reversibility studies, toxicity threshold eon-
centrations for indefinitely long exposures of kelp
blades and for microscopic stages of the sexual repro-
ductive cycle, heavy metal concentrations in sea water
near outfalls and in the kelp are some of the topies
awaiting attention.

A logarithmic series of five hexavalent ehromium
concentrations (prepared from NasCraO;) between
0.001 and 10 ppm showed that chromate is strongly
toxic to young kelp blades at 10 ppm but not at one
ppm and lower concentrations (Table 21). During
nine-day exposures, (.1 ppm was without effect, 1.0
ppm caused a very gradual reduction in photosyn-
thesis which only amounted to 25% in the nine days,
and 10 ppm chromium eliminated photosynthesiz in
five days (Table 21). Young kelp blades were then
exposed for equally long periods to hexavalent ehro-
mium concentrations of up to five ppm, which colors
the sea water distinetly yellow. After four- and nine-
day exposures, no physiological response to 2 and 5
ppm chromium was observed, and there was no appar-
ent visible damage after ten days of continuous ex-
posure to these high concentrations of chromium. The
chrominm eoncentration required for 50% inactiva-
tion in four days has not been defined precisely, but
the available evidence indicated that it is between 5
ppm and 10 ppm. To produee equivalent injury, 50-
100 times more ehromium is required than copper.

Table 23 reports effects of five metallic ions upon
young kelp blades. Mercury was more toxic than eop-
per. Visible damage of the distal parts of the blades
ocenrred during four days in 2 % 100*M (13 ppm)
gine. The photosynthetic capacities were reduced
by four-day exposures to 2 % 10* and 2 X 10-°M
nickel sulfate (12 to 1.2 ppm), but there was no out-
ward evidence of injury to the blades by these con-
centrations of nickel ions. Lead was the least toxie of
the metals investigated. When supplied at 2 > 10-°M
(4.1 ppm), part of the lead was precipitated on the
kelp blades. Photosynthesis was unaffected by this
saturating concentration of lead, and the blades
showed no visible evidence of injury. Lead, like cop-
per, was shown to be affected by the bicarbonate-
carbonate buffer in sea water,

On the basis of our studies, the relative toxicities
of the tested metallic ions towards kelp are Hg** Cu**
Cr® Zn** Ni** Pb*. :

In order to obtain some idea of the amount of toxic
material required, consider one of the most active sub-
stances thus far investigated, copper, and estimate the
amount required to canse severe damage to bed 2, at
the southern tip of Pt. Loma.

Aceording to the official map of the kelp beds of the
Department of Fish and Game, the area of bed 2 was
1.85 square miles. The average depth of the bed was
about 50 feet, judging from W, C. Crandall’s map of
the bed (Crandall, 1912) plotted in the summer of
1911, Tt can be caleulated from these figures that bed
9 encompasses about 2.5 hillion cubie feet of sea water

Table 23

Effects of heavy metals vpon the photosynthetic copocities
of half-grawn kelp blades,

Incubation Time
Metal
concentrate
ag ppm | One day | Four days
Pereent of
initinl activity
Natural sea water____ .. .| ... ___ 115 113
Mercury as HgCls
1% 10°M (0.2ppm).._.| 0.2 iy L
5 % 10-*M (0.1 ppm).___. 0.1 &5 —4*
Copper as CuBS0y,
2% 10°M (1.3 ppm)._..| 1.27 58 =
2 ¥ 10*=M (0.1 ppm).... 0.137 05 100
Zinc ag InB0,
2 % 10~M (13 ppm)_____ 13.1 &4 50°
(dam
at blade
ki)
2 » 10-°M (1.3 ppm).... 1.31 05 HE]
Nickel as NisO,
2 ¥ 107*M (12 ppm)..... 11.7 106 13
2 % 10°*M (1 ppm)- ---. i.17 107 56
2% 10*M (0.1 ppm).__.| 0.12 140 02
Lead 18 PhNO,
2 X 107M (ppte) (4.1
g e e e 4.1 O 104}
2 % 10*M (0.4 ppm)___. 0.41 10 118

* Tiasue disintegrating or vislbly damagod.

weighing some 160 billion pounds. 0.1 part per mil-
lion of copper ion inhibits net photosynthesis 50% in
2.5 days and 70% inhibition was noted in 7-9 days.
A concentration of 0.1 ppm of this metal would re-
quire about 8 tons of the ion distributed evenly over
bed 2. The total amount of copper which has gone
into the ocean from San Diego Bay is not known. C.
(iunnerson (personal communication) states that the
average daily weight of copper discharged into the sea
at the Hyperion outfall is 400 pounds, hence it may
be somewhat unlikely to suppose that 40 times this
amount was put into San Diego Bay for about a week
and found its way into the Point Loma area,

If, however, we consider the possibility of small
parts of the bed being destroyed from time to fime,
lesser amounts of toxie substance would be required,
provided it be supplied regularly. If an ion were
incorporated into sediments through precipitation
mechanisms at times of higher concentrations and
then liberated slowly at a later time, a means of
maintaining a low but fairly continuous concentra-
tion might be established.

Copper could be concentrated in sediments inor-
ganically as the sulfide, basic carbonate, ete., as well
as in organie eombinations. Copper sulfide formation
is to be expeeted prior to discharge, and copper in
this form should be precipitated quantitatively in
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widely dispersed sediments, Becanse of the extreme
insolubility of eopper sulfide, one might regard it as
biologically inert, but this is apparently not the case.
There is evidenee of bacterial decomposition of copper
sulfide (Bryner et al., 1954), Porphyrins occur in all
living cells, and their affinity for copper is so great
that they ‘“‘pull it out'' of copper sulfide in vifro
( Corwin, 1950). :

Heavy metals are judged unimportant at present in
the San Diego Bay area for the following reasons:
No detrimental effects on kelp have been observed in
tests on San Diego Bay water collected one mile or
more from the municipal outfall ; healthy young Mae-
rocystis plants developed within the Bay at the NEL
dock, which would involve exposures to the north
bay water for months at different stages of develop-
ment from the microscopic zoospores onward ; a good
local source of young kelp sporophytes during the
entire study was in bed 2 at Pt. Loma, near the en-
tranee to San Diego harbor.

Salinity

Preliminary siudies utilized mature kelp blades
from the surface canopy. No detrimental effects on
photosynthetic capacity were observed following 18-
hour exposures to salinities 259 higher or lower than
natural sea water. We have also compared the re-
sponses to salinity changes of young blades from the
surface canopy and from voung fronds collected in
the holdfast region (Table 24). After 5-day incuba-
tions at 20° C, the photosynthetic capaecities were
lower in the samples that had been exposed to sea

Table 24

Effects of reduced solinities upon the photosynthetic copacities of
half-grown kelp blades. (Five-day incubations ot 20 = 0.5% C).

Photosynthetic
capacity
(%% of initial
Bample Inoubation medium activity)
Young bottom frond. .| Natural sea water_ . __. 50,
Young bottom frond .| 90 parts sea water
10 parts distilled water 44
Young bottom frond. .| 75 parte sea water
25 parts distilled water 45,
Young surface frond. .| Natural sea water. .. .. 124,
Surface frond ... __ 75 parts sea water
25 parts distilled water 06

water diluted 109 and 25% with distilled water.
Larger responses were observed on the young bottom
fronds than on young blades from the surface canopy.
These kelp samples retained a healthy appearance,
however, as was also the case when corresponding
samples were maintained in sea water diluted 1:1
with distilled water. “*Blistering '’ oceurred only with
very drastic reductions of salinity, as when sodium
chloride was withheld from otherwise complete
Lyman-Fleming artificial sea water, Prominent water

blisters which developed on kelp blades in 10% sew-
age therefore were possibly not caused by the accom-
panying reduction in salinity.

Chlorine

No detrimental effects of chlorine on kelp were ob-
served during 5 days' exposure to sea water provided
with initial concentrations of 1.0 ppm (see Table 40).
Chlorine odor was quite strong over sea water pro-
vided with 5 and 10 ppm chlorine, and at these con-
centrations, there was only 10-15% reductions in
photosynthetic capacity following 2 days’ exposure,
and 50-T09% after 5 and 7 days’ exposure. The kelp
blades retained an ontwardly healthy appearance dur-
ing 7 days of exposure to the latter chlorine concen-
trations, The effects of chlorine differed strikingly
from those of sewagre effluents, indicating that chlorine
is not responsible for the toxie action of the latter on
kelp.

Results are presented in detail below in the section
treating studies of chlorinated and unchlorinated
effluent From the City of San Diego Sewage Treatment
Plant.

Simple Arematic Compounds

The toxicity of toluene, benzene and n-hexane was
determined at 10 ppm in sea water (Table 25).
Toluene was the most toxie of these three compounds.
The response to toluene was rather sluggish, but there
were large reductions in photosynthetic capacity after
four days’ exposure to 10 ppm toluene accompanied
by visible injuries. Benzene seemed to exert a small
inhibiting effect between the second and fourth day
of exposure, but the photosynthetic response to 10
ppm benzene was small, and the three kelp samples
exposed to it retained normal appearance. There was
still smaller response to 10 ppm n-hexane.

Phenolic Compounds

This important group of water-soluble eompounds
includes phenol (monohydroxybenzene), three isomers
of cresol (methyl phenol), six isomers of xylenol (di-
methyl phenol), and other related compounds and de-
rivatives. When phenolic wastes are chlorinated in
dilute solution, derivatives are apt to be formed whose
toxicity, taste, and odor thresholds greatly exceed
those of the parent compounds. Chlorinated phenols
accordingly have been ineluded in this study.

Table 25

Parcentoge of initial phatosynthetic capacity retained by bottom
kelp blades following exposure to 10 ppm toluene,
benzene, ond m-hexane.

Test Frposure fime

Teat solulion . 48 hours i honrs

Natural zea water (a) bt ) HE
(b) 125 126,132

10 ppm toluene (a) 101 20
(h) 102 a2

10 ppm benzene (a) 108 BO
(h) 120 106

100 ppm n-hexane fa) 111 101
(h) 134 118

Phenol ordinarily means monohydroxy-benzene
(carbolie acid), but the term is also used as a group
name for phenolic compounds, i.e., any mono- or poly-
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eyclie aromatic compound having one or more hy-
dmxyl_;:rmum attached to ring carbon atoms. Thus
phenolic wastes inelude phenol, eresols, xvlenols, and
many higher homologs. In our toxieity measurements,
however, phenol refers only to the simple phenol,
CollOH, which was included mainly for comparison
with its chlorinated derivatives,

In preliminary experiments, voung kelp fronds
about one meter long were colleeted by divers at a
depth of 50-60 feet and brought to the laboratory in
buckets of sea water. They were held overnight in
flowing refrizerated sea water at 14-15°C, Individual
blades were removed with their bulbs and separated
mto two size-groups, one from each group being ex-
posed to the various test media. Under these eondi-
tions, the photosynthetie capacity of the blades in
conirel sea water subsequently rises with time. We
have yet to show whether this inerease resulis from
normal maturation or from recovery from the harvest-
ing operation, but it provides an extra basis for ob-
serving toxic effeets. When young bottom kelp blades
in the refrigerated sea water show equivalent gains
in photosynthetic capacity when exposed to snspected
toxie agents, the latter are judged harmless,

Equivalent gains in photosynthetic capacity were
observed in control sea water and in 10-*M (0.9 ppm)
phenol {Table 26). The photosynthetic eapacities re-
mained unchanged in the presence of 10*M (9.4
ppm) phenol but were reduced 309 below the initial
values by 103M (94 ppm) phenol. All of the kelp
blades exposed to phenol showed higher respiration
rates than the controls. There was no visible evidence
of injury during seven days’ exposure to 94 ppm
and less of phenol. Phenol oxidases are usually
abundant in plants, the standard souree of this group
of enzymes. Detoxification of phenol by chemical com-
bination with ascorbic acid has been reported (Leibo-
witz and Guggenheim, 1938 ; Ekman, 1942). Vitamin
C, or ascorbie acid, is regularly present in marine
algae (Lunde and Lie, 1938; Black and Woodward,
1957). These and possibly other detoxifying agenis
presumably aceount for the rather low sensitivity of
giant kelp to phenol. A possibly damaging effect of
phenol on red algae *‘farms’ in shallow Japanese
water has been indicated by Yamasaki (1955). Phenol
and urea were both found to inhibit eatalase in Por-
phyra tenera and Amphiros ephedraca. Under intense
illumination, hydrogen peroxide formed in photoxida-
tions would be removed by catalase; if the catalase
were blocked by phenol, harmful peroxide eoncentra-
tions might develop in strong light, promoting solar-
ization injury. This possibility has not been explored
in surface kelp exposed to full sunlight.

(n the basis of the preceding work, econcentration
ranges selected for further study were 10°%-10-"M
eresols (1 to 11 ppm) and 10-2.10-*M phenol (9.4 to
940 ppm). Each test solution received three samples
(large and small blade samples plus an apical growing
point), practically all parts of the kelp fronds being
represented. Several control samples were included in
each experiment, and the experiments were mpeniffhd
three times: The changes in photosynthetie capaeity
were measured after 48, 96 and 192 hour exposures.

Table 26

Phetasynthetic copacities of bottom kelp blades following thres-day
axpowras to 107" to 107°M. phenal in sen water,

Photosynthesis

as pereent of

Treatment Sample initial activity
Control sea water. . __| Large blade.... ... 135
Bmall blade_______ 120
1070, phenol. .. .... Large blade. ... 127
084 ppm._____ Bmall blade.______ 144
10~*M. phenol..___..| Large blade.._____ 106
Pidl ppais sii s Small blade. ... LY
10-*M. phenol_ .. ___ .| Large blade . .. 70
04, ppmcioc o .| Bmall blade....... 72

Visibile injuries also were recorded following 8 days'
exposure, The 96-hour photosynthetie data are the
most useful and are summarized in Table 27.

10-M phenol eaused complete or nearly complete
inactivation of photosynthesis in 96 hours, and visible
injuries were apparent after one week. 5 » 10-5M
phenol also caused over 509 inactivation in two ex-
periments, and visible injuries also developed at this
coneentration. The photosynthetic and visible re-
sponses to 10-'M phenol varied widely; half the
supmples showed less than 509% inactivation, and half
showed 90% or greater reductions in photosynthetic
capacity.

The responses to 10-'M  o-cresol shown by six
samples are in satisfactory agreement, the small blades
being appreciably more sensitive to this compound.
Every kelp sample exposed to 10*M o-cresol devel-
oped visible injuries within one week. In four tests
with 5 ¢ 10-5M o-cresol, photosynthesis was reduced
60-85%., With 1 % 10-%M o-cresol, half the samples
showed over 50% and half showed under 509 in-
aetivation in four days, Visible damage to the blades
and growing points developed during one week’s
exposure to 10-°M o-eresol, so its threshold concentra-
tion for toxicity is below 1.0 ppm (and above 0.1 ppm
judging from earlier work).

In four experiments with 10-*M m-cresol, 80-90%
inactivation of photosynthesis oceurred in four days.
In four experiments with 5 % 10-°M m-cresol, there
was an average inactivation of 509 . With 1 » 10-°M
m-cresol, half the samples showed over 50% and half
showed under 509 inactivation. Visible damage de-
veloped eonsistently in the nine samples which were
exposed to 1 % 10°°M m-cresol for one week, so its
toxieity threshold concentration is also in the range
0.1-1.0 ppm.

In six experiments with 10-*M p-eresol, there was
an average reduction of 40% in photosynthetic capac-
ity in four days, two of the six samples showing T0%
inactivation, In six experiments with 10-°M p-cresol,
there was an average reduetion of 209 in photosyn-
thetic ecapacity, only one sample showing over 50%
inactivation. P-cresol was the only eresol isomer which
did not cause visible damage to the kelp samples dur-
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Table 27
Photosynthetic copacities of battom kelp blodes following 96 hour exposures to phenal and eresals.
Percent of initial photosynthetic capacity
Medium Large blades SBmall blades Average
LB U e o e g U 118 112 87 115 106 ur 106
123 HB
1 3 10~*M phenol (94 ppm)_..__ . 0 0 12 0 - 0 2
5 ¥ 107*M phenol (47 ppm)_______ -2 10 = e a6 o rt %
1 > 10~*M phenol (9.4 ppm)______ 7 52 70 T 0 o3
10~M o-cresol (11 ppm)...... 47 44 48 10 2 14 28
5 % 1075M o-cresol [E.J ppm). ... 47 41 = a8 15 - 35
I > 107*M o—cresol (1.1 ppm)._.._ 40 0 S0 20 as 84 54
10—M m-cresol (11 ppm) ... 20 = 11 20 et 11 16
5 % 10~*M m-cresol {5.4 ppm)____ 12 04 & 38 56 i3 50
1 > 10-*M m-cresnl (1.1 ppm).... 11 ] G0 13 116G 21 54
10-M p-eresol (11 ppm) ... . 74 70 240 54 02 20 549
a * 107*M p-cresol (5.4 ppm).___ a8 a5 e B2 i3 i 76
1 2 107%M p-cresol (1.1 ppm).__. 70 117 =1 o7 06 34 B3
Table 28

ing one week at 1 % 10-°M and apparently is the least
toxie of the three eresols toward kelp. The differences
between o- and m-eresols in this respect are small.
Phenol is less toxie to kelp than o- and m-eresols but
not less toxie than p-cresol.

In practice, phenolic wastes inelude phenol, eresols,
xylenols, ete., which are commonly reported together
as “‘ppm phenol”. Even when o- and m- eresols pre-
dominate, 10 ppm solutions should be rendered harm-
less to kelp when diluted one hundred fold with nat-
ural seawater. Chlorination can inerease the toxieity
markedly, depending on the extent that chlorinated
phenols and eresols are formed ; if fully chlorinated,
the toxieity could be vastly increased. Phenolic com-
pounds are highly reactive and can be coneentrated in
sludges by polymerization and other condensation re-
actions. Phenol and eresols form elear solutions in sea
water, but on standing for a week or more, polymer-
ized material is deposited, especially from o-eresol
solutions.

Chlorinated Phenals
The chemiecals used in this study follow:

1. Pentachlorophenol (Eastman, reagent grade,
M.W. 266.35, white erystals).

2. Sodium pentachlorophenate (Monsanto **Santo-
brite'’, technical grade, M.W. 288.34, purity
above 907, a light tan powder).

3. Pentachlorobenzenethiol  (duPont, technieal
grade, M.W. 2827 purity 96.5%, steel-grey
granules),

4. p-Chlorethiophenol (Evans, M.W. 144.7 gim,
purity .47, coarse white erystals).

Past work has indicated very similar toxic effects
of pentachlorophenol and its sodium salt. Both of
these compounds dissolved readily in sea water at the
eoncentrations reported in Table 28. In weighing out

Photesynthetic copacities of bottom kelp blades following four-day
expoiures to chlorinated phensls.

Photosynthesis
as nt of
Treatment Sample initial value
Control sea water. . | Large blade_ ___ _| 106
Bmall blade. . ___ 114
p-chlorothiophenaol
Rppmae e Large hlade. .. .. 24
Small blade.....| 23
Pentachlorobenzene-
thiol, 10 ppm________| Large blade_____ 0 [phﬂtﬂxidnlin:g
Small hlade. ____ 0 (photoxidatio
Sodium pentachlono-
_E;hi:nu.la:r (Bantobrite) AR
4 % 107*M. 10 ppm. .| Large blade.____| 0 (photoxidation)
Small blade_____ 0 (photoxidation)
Pentachlorophenol
10-*M. (26.6 ppm) .. .| Large blade.._._| 0 (photoxidation)
Bmall blade_.___| 0 (photoxidation)
Pentachlorophenol
LO=EA. (2.66 ppm)_. .| Large blade..._.| 0 (photoxidation)
Small blade___ .. 0 (photoxidation)

the chlorinated phenols with a conscions effort to
avoid exposure, nausea was experienced almost at
onee, and two persons developed heavy eolds after han-
dling these compounds. A sickening odor was pro-
vided by only a few ppm of pentachlorophenol and
Santobrite in sea water. The pentachlorobenzenethiol
and p-chlorothiophenol were essentially insoluble in -
sea water ; these were ground in a mortar with sucees-
sive lots of sea water. The two resulting mixtures were
at least ‘‘saturated’’, but part of the 10 ppm of sup-
plies chemicals remained suspended.
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All of the treatments with chlorinated phenols
listed in Table 28 caused large reduetions in photo-
synthetic capacity of the kelp blades. The 10 ppm
solution-suspension of p-chlorothiophenol caused 759
inhibition during four days’ exposure, and photosyn-
thesis was eliminated by the treatments with 10 ppm
pentachlorobenzenethiol and Santobrite, as well as
with 2.7 ppm pentachlorophenol. All of the treated
blades of Table 28 were visibly injured after five
days: The treated blades became green and flaceid
except with 2.7 ppm (10-°M) pentachlorophenol. In
the latter instance, the blades became weak or flaceid,
emanated ‘‘new-mown hay'’ odor, but retained a nor-
mal brown color.

The effect of Santobrite was also determined on a
pair of kelp blades at a concentration of one ppm,
(Table 29). After 48 hours™ exposure, the photosyn-
thetic capacity of the kelp was eliminated in the
presence of this trace of Santobrite, whereas a gain
in photosynthetic capacity oceurred in the controls.
The appearance of the blades following this exposure
to Santobrite was the same as was observed with 2.66
ppm (10-°M.) pentachlorophenol. The blades re-
mained brown but were flaccid and also emanated
“new-mown hay'' or “‘grassy'’ odor.

In further duplicate experiments with 1.0 and 0.50-
0.58 ppm of Santobrite, photosynthesis in kelp was
eliminated during two and four day exposures, in-
eluding two-day exposures to 0.58 ppm (2 X 10-°M).
The coneentration required for 0% inactivation of
kelp photosynthesis in four days is therefore below
0.5 ppm. A single test at 0.28 ppm showed partial in-
activation in two days and complete inactivation in
four days. A single test at 0.1 ppm showed no inacti-
vation during two-, four-, and eight-day exposures.
The eritical concentration range is therefore 0.1-0.5
ppm for Santobrite, and presumably for pentachloro-
phenol as well. By interpolation, the concentration

Takle 29

Pholosynthetic copacities and respiration of bottem kelp blodes befare
and after 48-hour expowure to one ppm sodium
pentachlorephenate (Saniobrite).

Met photosynthetic
capaait,
(mm?* D,)ﬁnmp{ﬁfhnu:}
Photosynthesis
Treatment as percent of
and sample Before After initial value
Control sea water
large blade. ... _. 50 57 113
amall blatfl!_ £ E e 57 T4 130
Bodium penta-
chlorophenate,
one ppm
i 44 —5.5 0 (photoxi-
large blade.__. .. Sation)
emall blade. . . .. 46 —4.8 0 (photoxi-
ation)

required for 509 inaetivation in 96 hours (four days)
is 0.2-0.3 ppm, or about 1 » 10-%M.

Sodium pentachlorophenate is the strongest organie
poison of kelp tissue that has been encountered thus
far. Its toxicity is vastly greater than that of its chlo-
rine and phenol components, when supplied as free
chlorine and free phenol, The hydroxyl or “*phenol®’
substituent apparently does not affect the toxicity of
pentachlorophenol except by promoting water solu-
bility. The hydrogen and oxyvgen atoms of this hy-
droxyl group ean both be replaced without loss of
toxicity (Clendenning, 1959a). Replacing the hy-
droxyl hydrogen with sodinm inereases water solu-
hility without reducing the toxicity; replacing the
hydroxyl oxygen with sulfur (pentachlorobenzene.
thiol) almost eliminated solubility in water, but tox-
icity toward kelp is retained (Clendenning, 1959a).
For these reasons, the toxicity of pentachlorophenol
is hased on its ehlorinated benzene ring, and its water
solubility is determined by the hydroxyl substituent.
The intracellular effects of chlorinated phenols, ere-
sols, and benzene are apt to be closely related, since
they all possess a chlorinated benzene ring, but their
different solubilities should affeet penetrability and
possibly other properties.

These studies counld be extended along numerons
lines, but they have already shown that chlorinated
phenols are potent algicides with reference to young
Macrocystis plants. The phenol or hydroxy group it-
gelf seems to contribute little to the toxieity ; sodinum
pentachlorophenate is strongly toxie, as well as penta-
chlorobenzenethiol, in which the phenolic group is re-
placed with a sulfhydryl group. The phenol group in-
ereases solubility in water, but the algicidal action of
chlorinated hydroearbons noted by D. W. Hood, et al.
{1958) may be basically similar to that of chlorinated
phenols. Tt has long been known that when phenolie
wastes are chlorinated during sewage treatment,
chlorinated phenols are formed, imparting an ohjee-
tionable odor and taste. The reported taste threshold
for phenol after chlorination is 0.1 part per billion
(MeKee, 1956).

Pentachlorophenol is less soluble in water than its
sodium salt, but as wonld be expected their toxicities
toward kelp are very similar since both are ioniged
when in solution. In studying the literature on these
compounds, the authors were impressed by the range
of organisms poisoned by them. The Monsanto Bul-
letin No, 0-23 (Santobrite) discusses toxicity to fungi,
bacteria, algae, protozoa, yeasts, fish, higher animals,
and human beings (it is also highly toxie to insects,
molluses, and weeds).

Santobrite is used to eliminate algae and molds
from industrial cooling water. It has often been nsed
as a weed-killer, both alone and mixed with other
herbicides. The Monsanto bulletin states that 0.5 ppm
of Santobrite will kill most fish. LD;, (oral dosage
for a 50% kill) for a variety of laboratory animals
ranges from 50 to 500 mg/kg. Reported effects on
humans include injury to the eves, and irritation of
the nose, throat, and skin. Pentachlorophenol and its
sodium salt therefore should be regarded as general
poisons. The basis of this general poisonous effect is
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not completely understood, but one *‘ common denomi-
nator’’ in its effects on living eells is the uncoupling
of the phosphorylation mechanism, which plays a cen-
tral role in eellular metabolism (E. C. Weinbach and
M. O. Nolan, 1956).

Synthetic Defergents

Synthetie detergents are compounds of relatively
large molecular weight in which part of the molecule
is lyophilie, having an affinity for greases and other
organic substances, and part is hydrophilie, having an
affinity for water. They are divided into three major
groups : those whieh the lyophilie part of the molecule
forms an anion, those in which the lyophilic part
forms a cation, and those that remain un-ionized.

Among the anionic group are the alkyl benzene sul-
fonates, or ABS, constituting about 75% of the syn-
thetic detergent fraction of non-soap household
detergents, Most of the ABS on the market uses a
polymer of propylene, principally tetrapropylene, for
the alkyl group. This is a 12-carbon branched struc-
ture containing quaternary carbon atoms that block
biological oxidation of the molecule ; hence detergents
of this type remain in the efuents of secondary sew-
age treatment plants. ABS can be manufactured with
a straight-chain 12-earbon or dodeeyl radieal, and this
form is attacked biologically.

Another form of anionic detergent is sodium alkyl
gulfate, as for example sodium dodecyl sulfate (8DS).
This type is biologically degradable, and is second in
importance among the household synthetic detergents.

Cationic detergents are quaternary ammonium
compounds, of quite limited household uses. They are
not expected in sewage effluents becanse of their pre-
eipitation by the anionies,

The principal uses of nonionic detergents are indus-
trial. Little is known about their concentrations in
SewWage.

Raw sewage typically contains 5 to 10 mg/l of
anionie detergents, Efffluents of biclogical oxidation
plants are typically in the range of 3 to 4 mg/1.

Table 20 reports the effeets of the cationie deter-
gent *‘zephiran chloride’’ and of the anionic detergent
sodium dodeeyl sulfate (8DS) upon the photosyn-
thetie eapacities of young kelp blades following one-
day and five-day exposures. Both of these detergents
were rapidly injurious at and above 10 ppm. With 10
ppm of the cationic detergent, photosynthesis was
eliminated and the blades turned green and flaceid
during the first day. With one ppm of this detergent,
photosynthesis was eliminated by five days’ exposure.
The anionie detergent was not so strongly toxie, but
photosynthesis was strongly inhibited by 10 ppm SDS
during the first day of exposure. A significant response
to one ppm SIS was not observed. The 25% loss in
photosynthetic capacity during five days in the con-
trol sea water is attributed to the high sea water tem-
perature (20°=21%) prevailing in the laboratory at
the time,

Effects on plant life near ocean outfalls are diffienlt
to predict since certain types of detergents are rapidly
decomposed by bacteria, and the resistant types which
enter the receiving water are probably bound to a

considerable extent on colloidal and larger particles.

According to C. N. Bawyer and D. W. Ryckman
(1957), alkyl benzene sulfonates (ABS) of the poly-
propylene type account for half or more of the syn-
thetic detergents in use, and they are extremely resis-
tant to biological oxidation. Locus of this resistance
apparently is the gnaternary carbon atom attached to
the benzene ring. Primary and secondary ABS deter-
gents are oxidized by aecclimatized bacterial eultures,
but they are unimportant eommercially. Tertiary ABS
detergents in general are resistant to biological oxida-
tion, but it is the branched polypropylene type which
predominates in commercial detergents. These petro-
chemical detergents include di-, tri-, tetra- and penta-
propylene benzene sulfonates, of which the tetramer
is adeguately representative. Sodium tetrapropylene
benzene sulfonate accordingly was obtained for study
from the Research Department, Procter and Gamble
Co. (Table 31). Sodium. dodecyl benzene sulfonate
was also supplied by Procter and Gamble as a repre-
sentative secondary ABS detergent.

Practically nothing was known econcerning ABS
detergents in marine environments, and some interest-
ing facts emerged. Their solubility in sea water was
slightly below 0.01% (100 ppm). While this was much
lower than in distilled water it is high enough so
that it eannot be expeeted to preecipitate under eondi-
tions of normal waste discharge. The sea water con-
stituents responsible for this solubility proved to be
MgCls, CaCly and NaCl, with which the precipitating
action of complete sea water was duplicated. Supplied
singly at their concentrations in Lyman-Fleming sea
water, their relative effectiveness as ABS-precipitants
was Mg, Ca, Na. Inecreasing the concentrations of
MgCly and CaCls above those in sea water caused
further decreases in ABS solubility; in molar CaCl,
and molar MgCl;, ABS solubility was reduced to 2
to 5 ppm. The ABS-detergent fraction in the Whites
Point effluent was removed by the froth flotation
method of MeGauhey and Klein (1959), filtered, then
mixed 1:1 with clear saturated CaCls solution. This
treatment caused development of turbidity, but the
ABS coneentration was insufficient for spontaneous
sedimentation,

Kelp blades and growing points were rapidly in-
jured by 5 and 2 ppm of the ABS detergent (Table

Table 30

Effects of trace amounts of on onionic (5D5) and o cotienic (Zephiran
chloride) detergent upon the photosynthetic capacity
of young kelp blades.

Incubation Time
Incubation fluid One day Five days

Clontrol sea water 105 = 10 80
808 one ppm________ 116 73
SDS 10 ppm..__.____ 24 a9
Zophiran chloride one

]:T{n {cationic). ... 03 —2
Fephiran chloride

I ppm=t b o2 —12.5 Ilades

digintegrating
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31), but a significant photosynthetic response was not
shown at (L5 ppm. The concentration range in need
of fu;'thqr study 1s 0.5 to 1.5 ppm, within which 50%
inactivation of kelp photosynthesis in four days is to
be expected. The toxicity of the pure tertiary ABS
detergent to kelp is similar to that of eationic deter-
gents of the quaternary ammonium type, one having a
quaternary carbon and the other a quaternary nitro-
gen atom. The solubility of petroleum compounds in
water is increased by either of these types of deter-
nts, so synergistic effeets having this basis are possi-
le when oil substances and detergents are supplied
simultaneously in very low concentrations, Monomo-
leeular films containing ABS detergents and other
petroleum compounds could conceivably develop on
rocks near ontfalls, denying these surfaces to attached
plants, a possibility which has vet to be explored.

Fuel Qils

Some Propertics of Fuel il Emulsions. Certain
field studies under this program were concerned with
the changes in the fauna and flora of a small bay
which became grossly contaminated with diesel oil
after the Tampico wreck (North, 1957a, 1957h, 1958b,
1958¢; Neushul, 1958). How could diesel oil remove
benthic animals as much as 20 feet below the water
surface? Are the toxic effects of fuel oils on kelp and
kelp grazers sufficiently different to allow oils to be
used in kelp beds as a means of suppressing sea ur-
chins and other kelp predators? In investigating these
and other questions, three fuel oils were used: dark

Table 31

Percentage of initial photesynthetic copecity retained by boftam
kelp blade: following exposure to 0.5-5.0 ppm ABS detergent.

Hrposurs fime

Test golution 48 hours 86 hours

3 ppm ABSB detergent® ________ {a) i LI}
{h) i 1]

2 ppm ABR detergent ___ ... (a) 1] ]
{h) i i

0.5 ppm ABS detergent ________ {a) 104 H
{h}) 114 b

Natural ses water - ___ {b) o9 a8
() 126 126,182

'Smillun:: tetrapropylens benzens sulfonate, Procter and Gam-

8 Lo,

diesel and boiler fuel oils supplied by the 1.8, Navy
fueling station at Point Loma, and a dark diesel oil
matehing the Tampico cargo, which was supplied by
the Union Oil Company, Brea, California.

It was reasoned that the oil released by the Tampico
probably beecame emulsified in the surf and subse-
quently spread as an emulsion to the deeply sub-
merged animals on the bottom. To test this interpreta-
tion, a film of diesel oil was provided on a dish of sea
water, which was then poured through a height of
three to four feet into a second vessel, An emulsion
formed at onece. This test showed that oil emulsifica-
tion eould oecur rapidly in the surf. For the routine
production of seawater-fuel oil emulsions, a one-min-
ute treatment in the Waring blendor was adopted.
0il emulsification was not dependent on sea water
constituents or stabilizing impurities since it oceurred
readily in distilled water. These emulsions were not
broken by 40 minutes cenirifuging in a clinical een-

trifuge, and they also remained ecloudy on standing
for days; the sea water-oil emulsions cleared on stand-
ing for a week or more.

Sea water-diesel oil emulsions were then examined
with a calibrated measuring mieroscope. The turbid
sea water was teeming with tiny oil globules in vigor-
ous Brownian motion. The smallest globules showed
the largest random movements, but Brownian motion
was still perceptible in oil globules up to about 5 p in
diameter. The freshly prepared emulsions eontained
a few oil globules larger than 5 p, plus tiny air bub-
bles which were removed by centrifuging, the size of
the oil globules extended from 0.3 p to 6.5 p. The oil
globules often ecollided during their spontaneous
Brownian movements, but they were not observed to
coalesee on contaet,

A one-quarter sample of oil-contaminated sea water
had been eolleeted by North from a high tide-pool at
the Tampico wreck site, and this ““*Tampico water’
was provided for laboratory study. After it had stood
for weeks in a clear glass jar, four zones were evident :
(a) a voluminous bottom sludge (b) relatively clear
water occupying 24 of the sample bottom (¢) a wvol-
uminous top sludge and (d) a surface oil film. Most
of the oil was located in the sludge fractions, which
were loosely floeeulent. Uneovered drops of the bottom
and top sludges were examined microscopically. Both
contained oil globules of widely different sizes bound
in clumps of detritus. The size of the oil globules
trapped in these aggregates ranged up to 120 p in
diameter, which was much larger than had been ob-
served in sea water-oil emulsions eontaining negligible
suspended solids. The intermediate clear water con-
tained no oil globules after long standing. Upon shak-
ing the sample thoroughly and centrifuging, the
“olear’’ water now contained tiny oil globules with a
maximum diameter of 2 p. Larger globules were pre-
sumably sereened out by detritus on the centrifuge.

To isolate oil from the Tampico water, a 250 ml
aliquot was extracted in separatory funnels for two
days with petroleum ether. Microseopie examination
of the sludge agpregates revealed that oil globules
remained within these masses after this treatment.
The ether extract was filtered, evaporated at room
temperature and then at 62°C. The recovered oil was
darker and more viscous than the Navy diesel oil, but
closely resembled the “* Tampico™ oil later supplied by
the Union (il Company.

The foregoing studies show that fuel oil is rapidly
emulsified under simulated sorf conditions. In the
absence of snspended =olids, small oil globules (<5 p)
are stabilized by Brownian motion and by unidenti-
fied factors (electrie charges, surface components?)
which resist coaleseence when the globules collide. In
the presence of suspended solids, oil globules associate
with them to form oily sludges. The sludge fractions
in the Tampico water sample have retained emulsified
oil for 214 years without preservative, so oil in this
form ean be very persistent. The bottom sludge in this
sample could bring oil into selective contact with
benthiec animals.

Efects of Fuel il on Kelp. Large, small, and
apical meristematie blades from bottom kelp fronds
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were first subjected for two days to 1% Navy diesel
and boiler fuels which had been blended in sea water
(Table 32). The four control samples all showed in-
creases in photosynthetie capacity. Photosynthesis was
eliminated in the apical meristematic and half-grown
blades exposed to both oils. The large blades were in-
activated by the 1% boiler fuel and their photosyn-
thesis was reduced 85-90% by the 1% diesel oil. The
kelp blades retained a normal brown eolor during
these two-day exposures and their pneumatocysts re-
mained funetional, The blades were noticeably flaceid,
however,

In the next experiment (Fig. 57 and Table 33),
voung blades from thé surface canopy and from bot-
tom fronds were exposed continuously to a range of
emulsified diesel oil concentrations and also to surface
oil films. The ehanges in photosynthetie capacity were
measured after one, three, and seven days of continu-
ous exposure, This experiment revealed that oil injury
develops rather slowly in the kelp blades, more than
one day being required for an appreeiable inactivation
of photosynthesis by sever oil treatments (the re-
quired time of exposure for oil injury actually is a
matter of hours, but several dayvs are required for its
manifestation), After three days’ continuous exposure
to these diesel oil emulsions, there were large redne-
tions in photosynthetie capacity, which inereased with
the cil concentration (Fig. 57). After seven days’ ex-
posure, photosynthesis was reduced to zero by 0.01%

Table 32

Photosynthetic copocities of bottom kelp fronds following two-day
exposures fo 1% Movy diesel and boiler fuel oik in 1o water.

Photosynthetic
capagity,
Snmple Treatment &% of initial value
Large blades Control sea water - _—____ 135,114
19 diesel fuel e 11,15
1% boiler fuel e O
Hmall hlades Control seq water _____ 115
19 diesel fuel ________ ____ i
1% boller fuel __________-_ i
Apical meristematic  Control sea witer _________ 130
hlades (growing 190 diesel fuel o= O
proints) R SR R

1% boiler fuel _____

Table 33

Phatosynthetic copacities of surfoce and bottem kelp blodes (from &0
feet] following ene-, three-, and seven-doy cantinuous exposures
1o Mavy diesel gilsea woter mixtures.

Frposure fime

Hample  Medinm one day three days secen doys
Hurface Control sea water ___  __ 134 157
kelp blades 1%, oil in sea water __ i} L]

0L.1%% oil in sea water __ 20 L]

0.019% oil in =en water 7.5 LU

Burface ofl flm (one

ml oo S52T-em® . . 33 at
Bottom Control sea water __ 135 142 236
kelp Mades 19% oil in sea water 99 ] s

01%s wil in sen water 110 T i

L0156 odl in sen water 130 38 il

Surfuee ol flm { oo

ml on 527 em®) . __ 147 [i] i

and higher diesel oil eomneentrations (Table 33). Dam-
aging effects of surface oil films were observed on
both surface and bottom kelp blades, the latter show-
ing the larger response (Table 33).

In the next set of experiments (Figs. 58 and 59,
Table 34), bottom kelp blades were exposed to fuel
oil-sea water emulsions for 3, 6, 12, 24, and 48 hours,
then washed and maintained in natural seawater for
up to one week. In this way, the effects of exposure
time conld be distinguished from the rather lnng time
that is required for the development of oil injury.

Figure 58 shows the large reductions in photosyn-
thetic capacity which oecurred when young bottom
kelp blades were exposed to 0.019%-0.1% Tampice
diesel oil for 3, 6, 24, and 48 hours and subsequently
maintained in sea water. Photosynthetic responses to
the nil were apparent following three hour exposures;
507 inactivation by 0.01% (100 ppm) of this oil oe-
eurred following one-day exposures. These changes in

Table 34
Photosynthetic copocities of young bottom kelp blodes following

brief exposures fo 0.19% Tompico diesel ofl emulsions.
{Examined on third day).

ih.1e% Tampico .01 Tampico
wil emulsion il emalaton
Frposure time { %% of inifial { G of inilsal
hours activity ) activity )
(i {Control § 133 132
3 107 a7
G #1.1 .G
Lo | 278 ik}
24 26.0 650
48 1.0 300
140 -
Bottom blades, one doy exposune

NG
N

Bottom blodes, 3day

T OF INITIAL PHOTOSYNTHETIC CAPACITY

0.om 0.0 0.1

DIESEL OIL CONCENTRATION T

Figure 57. Inaclivation of kelp phofosynthesis during lengthy continuvous
exposures fo diesel oiltea woter emulsions (0.01% [ 100 mg/l of
diesel oil in sea woter).
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Figure 58. Inoctivation of photosynthesis in half-grown bofem kelp
blades Fellewing brief exposurer to Tampice diesel oilsea water
emuliions.

photosynthetic eapaecity preceded the visible evidences
of imjury, which developed more slowly. After five
days in sea water, practically all of the blades which
had been briefly exposed to these oil emulsions were
visibly damaged. ( The only exceptions were the blades
exposed to 0.01% Tampico oil for three hours, which
retained the same healthy appearance as the controls.)
All of the blades that had been exposed to the 0.1
emulsion for three hours or more turned green and
were deeomposing within one week. With the 0.01
Tampico oil emulsions, green necrotie spots developed
on all young kelp blades exposed for six hours or
longer, and the severity of this injury inereased with
the exposure time.

Although injury of surface and bottom kelp blades
was observed following three-day exposures to a sur-
face oil film, additional work is needed on this aspect
under improved conditions. A device for sopporting
and rocking the blades at the surface would be su-
perior to the erude method used thus far. To preserve
a surface oil film over a period of days, losses by
ereeping and evaperation need to be prevented ; when
a very thin continuous oil film is provided in a glass
aquarium, it soon breaks into patches which decrease
in size, At least in the laboratory, the same amount of
diesel oil supplied as emulsified droplets is more per-
gistent than when supplied as a surface film.
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Figure 59. Inachivation of phofosynthesis in half-grown bollem kelp
blades fellowing brief exposure fo Navy dietel and bailer fuel emultions.

The next set of experimentis (Tables 35 and 36)
mvolved exposure of bottom kelp blades to (L1%
diesel and boiler fuel emulsions for relatively brief
periods, after which the kelp samples were washed
carefully in Aowing sea water and then maintained
for up to one week in 4-gallon jars of sea water, which
was changed daily. These experiments allowed revers-
ible effects to ‘be distinguished from irreversible ef-
fects, and also demonstrated that although relatively
brief exposures to the dilute oil emulsions ean be in-
jurious, days are reguired for the development of in-
juries which can be detected or measured. The *de-
layed action'' effect of oils revealed in this study has
not previously been studied.

Phatesynthatic copacities of bottom kelp fronds following alternate
exposures bo 0.1% diesel oil in séa waler and to fresh o water.

Time in fresh sea water

4 days T days
Treaiment e af fnitsal photosynthetic copocify
Control sea water . __ 106 10+
015, diesel, & hours _____ 0.5 T6.0, T4
019 diezel, 6 hours _____ s 61.5, 56
015 diesel, 12 hours _____ i 0, 0O
0.1¢%: diesel, 24 hours _____ 38 0 0
15 diesel, 48 houts . L 0, o

§ days i deys
Control sea water _________ 187 =

0.1% boiler fuel, 3 hours__. 0
.15 boiler fuel, 6 hours__ 0
(.15 boiler fuel, 12 hours.. 70
0.15% boiler foel, 24 hours.. 0
015 boiler fuel, 48 houra_. 1.8

coooS
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Table 3&

Photosynthetic copacifies of apisal meristematic blades fram bottem
kelp frands, following alternate exposures to 0.1% fuel oil-sea
woter emultion: and to freih sea water.

Photogynthelic capecitics in relative
unity, following five days in fresh

A W ter.
Treatment (% of control)

Control sea water .-~ 503 104}

0.1 diesel, 3 hours_____ 454, 44.6 56.8, 566
0.1¢% diesel, 0§ howrs.____ a6 325 g1, 44
019 diesel, 12 hoursa._ . d9.3. 1468 40 182
0.1% diesel, 24 houra_____ —3.4 0

019 diesel, 48 hours ... 1.4 1.3

0.1%% boiler fuel, 8 hours.. —3.7 0

It is known (Table 37) that the photosynthetic
capacity of young bottom kelp blades remained high
during the first 24 hours in 0.19% diesel oil emulsion,
but was drastically reduced during 48-hour and
longer exposures (Tables 837 and 38). The experiments
of Tables 35 and 36 define the delayed action effects
of exposures to 0.1 oil emulsions. When small bottom
kelp blades were exposed to 0.1% diesel oil emulsion
for three and six hours and then placed in sea water,
their photosynthetic capacities after four and seven
days were reduced significantly but the blades re-
tained a healthy appearance and did not lose turgor.
A larger response was shown by the apieal meriste-
matie blades following three and six hours’ exposure
to 0.1% diesel oil emulsion (Table 36). There was
some irregularity in the data for 12-hour and longer
exposures to the 0.1 diesel oil emulsion. Photosynthetic
activity was retained in the vegetative blade expoged
for 24 hours and tested after four days, but photo-
synthesis in the vegetative blades was eliminated
following 12. 24-, and 48-hour exposures after one
week in fresh sea water (Table 35). Photosynthesis
was eliminated from the apical meristematic blades
(within 1% ) following 24- and 48-hour exposures to
the 0.1% diesel oil emulsion; inhibitions of 50-85%
were observed following 12-hour exposures.

Hea water emulsions prepared with the black vis-
cous boiler fuel proved to be far more toxie to young

Table 27

Photasynthetic copacities of kelp fronds collected at &0 fost and from
the surfoce following exposures to diesel oil-seo woter mixtures,

Hmpmru_rn fime

Hemple M edinm I day S days 7 deys
o of inifial

phatosynihetic capacity

Bottom Control sen water______ 135 142 236
kelp blades  16% oil in sen water._.__ o 0 -
019 oll in gea water._. 110 T [}

0019 oil in sea water__ 130 a8 1]

Surface oil Hlm.. - 147 0 Ly

Surface Control sea water. .. "4 134 157
kelp blades 1% oil in sea water____ - 0 L]
0.19% oil in sea water. - ] L]

0,015 oil in sen water__ o 7.6 0

Surface oil film________ = a3 =

Table 38

Photosynithetic copacities of bottom kelp blades fellowing twe-day
axposures to 196 fuel cilsea water mixtures.

Photogynthetlic capacity,
Bample Treatmend % of initial value

Large blades Control sea water (no oil) ... 155

1% Diezel oil in sea water_

1% Baoiler fuel in sen water.___ i}
Small blades Control sea water (no ofl)_____ 119

106 Diesel oil in sea water._. ..

1% Boiler fuel in sea water- ... 1]
Apical
meristematic
blades Control =en water (no oil)_____ 130

1% Diesel oil in sea watero oo
1% Boiler fuel in sen woter .. (1]

kelp blades than diesel oil emulsions. When apieal
meristematic and vegetative blades were immersed in
0.1% boiler fuel emulsion for three hours or more,
they died during a subsequent week in fresh sea-
water. The pneumatoeysts also filled with water.

When discarded, the bulbs and blades from the
boiler fuel experiment were lying on the bottom of
the jars of sea water and all had a sickly faded ap-
pearance. The vegetative blade which was exposed
to the boiler fuel emulsion for 12 hours developed
injury more slowly than the other samples, but after
seven days in fresh sea water, it was photosynthet-
ically inactive and later disintegrated. Thus every
sample of young bottom kelp blades that was exposed
to 0.1% boiler fuel for three hours or longer was
irreversibly damaged. The strikingly greater toxicity
of the black boiler vs. diesel fuel toward kelp supports
van Overbeek’s conelusion that the phytotoxicity of
pils inereases with their content of dark aromatie
enmpounds,

Bacteria are able to oxidize and assimilate hydro-
earboms (ZoBell, 1946, which raises the gquestion, did
the observed toxie effects of oil on kelp arise indireetly
via oxygen deficit? We have not compared the effects
of il emulsions under different conditions of asration,
but several lines of evidence indicate that oxygen
deficit was not invelved. Visible appearance of the
mjured blades was quite unlike that of the blades
which had been exposed to water of high BOD in
earlier experiments, The ““delayed action'' effect of
the oil allowed the kelp to be maintained in fresh sea
water that was changed daily as injury developed.
Microbial activity in general inereases with deereasing
gize of the container, but it seemed to make no differ-
ence whether half-gallon or 4-gallon glass jars were
employed (the latter were used in most of this work).

How oils supplied as tiny globules or as a surface
film gain aceess to living kelp cells remains unknown.
According to van Overbeek and Blondeau (1954),
oils act first on the fatty constitnents of the eytoplas-
mic membrane. This interpretation econforms with our
observation that loss of turgor is an early sympton
of injury to kelp blades. The eyvtoplasmic membranes,
however, are protected by relatively thick walls of
hydrated polysaccharides so that the living protoplasts
of kelp cannot come direetly into contaet with oil
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globules or surface vil films. Presumably the oil ereeps
gradually on the surfaces of the protecting walls to
reach the eytoplasmic membranes; the time required
for penetration of the protecting walls may be re-
sponsible for the delayed action of the oil.

Effects of Fuel Oil Emulsions on Sea Urchins, One
purpese of the foregoing studies was to determine the
length of time that young kelp fronds can be exposed
to emulsified diesel oil without being irreversibly
damaged. The reguired exposure times for irreversible
damage ranged from 6 to 12 hours. We have no labora-
tory information on the sensitivity of kelp sporophylls,
holdfasts, or mature stipes and blades. Their observed
survival in the Tampico wreck area indicates that they
are much less sensitive than the juvenile blades em-
ployed in this study,

The possibility of ridding kelp beds of sea urchins
and other grazers by oil treatments had been discussed
as a practical applieation of the effects observed near
the Tampico wreek. The effects of emulsified diesel oil
on sea urchins {Strongylocenivotus purpuratus) have
accordingly been studied in the laboratory. The oil-
contaminated water collected near the Tampice wreek
was included ; similar effects were observed with it and
with the Navy dark diesel oil.

When the sea urching were placed in 0.19% diesel
oil emulsion, their tube feet were soon withdrawn so
that the sea urchins eould no longer eling to the sub-
strate. Nine sea urchins ranging from 4 inch to three
inches in diameter were used; this response was ob-
served eonsistently within the first 20 minutes in
0.1% diesel oil emulsion. The sea urchins remained
motionless during longer exposures, but shed no
spines. After 20, 40, and 60 minutes’ exposures, the
sea urchins were washed in fresh sea water, then
placed in large jars of flowing sea water for observa-
tion. The recovery time increased with the time of ex-
posure; after 20-minute exposures, the sea urchins re-

sumed normal feeding and elimbing activity almost at
once, after one-hour exposures, complete recovery
ocenrred when the urchins remained overnight in flow-
ing sea water. The seven sea urchins which received
one-hour exposures to emulsified diesel oil were all
able to elimb vertical glass walls the next day.

The densely turbid “ Tampicoe water’ was cooled
to 15°C and thoroughly aerated beforehand, and
aeration was continued during the one-hour immersion
tests on sea urchins. Retraction of the tube feet oe-
curred at once. After one hour in this water, the mo-
tionless sea urching were washed and placed in flow-
ing sea water, They were feeding on kelp and elimbing
vertical glass walls the next day, and a month after
these tests, were still in a healthy condition. To kill
sea urchins with emulsified diesel oil, exposures longer
than one hour are required. The sea urchins lose their
hold on the bottom almost at once, however, which
would allow them to be cast on shore and killed by
surface oil at the Pampico wreck site. Alternatively,
part of the bottom fauna was thought to have been
killed in situ by selective exposure to oil-contaminated
bottom sludge (dead urchins were observed in eracks
and holes in the rocks). Oil contamination at inter-
mediate depths may have been intermittent and much
less severe than at the bottom and surface in the
Tampico wreck area. The sensitivity of young kelp
fronds to emulsified diesel oil observed in this study,
however, indicates that their profuse development was
separated in time from the destruction of bottom
STAZETS,

Toxicity Tests on San Diego Bay Water

Young fronds of 1 to 2 meter lengths were adopted
as test material because we had previously found them
to be more sensitive to environmental factors (light
and temperature) than fronds of greater age and
length, Large water samples were collected for this

Table 39
Relative photosynthetic copocities of young kelp frond wmgln following three-day incubations in

San Diege Bay woler and freth tea water (mm” Oo/dise/hour ot 15° C).

Incubation fluid
Han Diego Bay water | San Diego Ba.if water Average
Natural sen water (28th St. ;{niu} {over municipal outfall) |  percent inactivation
Sample (pH 8.2) (pH 8.0) (pH 7.45) {outfall water)
Apical Blade_____ ... _____:__ 50.6 85.2 11.2
e 60.0 B7.6 26.8
5.5 82.0 2.9 BE.G
Gil.4 —0.5
—8.8
Blade Mo 10. oo cooooo siiias 71.3 105.7 20.4 71.4
N, P 102.2 101 .0 —2.1
i e 108 .8 106 .0 —2.1
+4 .0 100 .0
—R.2
—13.7
t blad ; el
e | e i s w0
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purpose by Wheeler North and James Stewart (a)
over the San Diego munieipal outfall and (b) one
mile northward off the 28th Street mole. The latter
was also the site of transplanted kelp plants. The
photosynthetic capacity of kelp blades per unit area
regularly inereases with increasing size of the blades
and later deelines, as shown by the control data of
Table 39 for different parts of young kelp fronds.

Agreement between replicates was within 5% for
the kelp samples that were maintained in eontrol sea
water and in the water from the 28th Street mole.
The latter water sample showed no toxic effects on
kelp; following imeunbation in this water, the photo-
synthetic capacities were in most cases significantly
higher than the contrels. The outfall water soon eansed
visible damage to all tested parts of the kelp fronds,
which disintegrated within one week. The most rapid
and uniform inactivation of photosynthesis by the
outfall water was observed on ea. halfgrown blades.

The pH of the outfall water was below that of
natural sea water, but adjusting the latter to pH
7.45 did not rvesult in physiological damage. The
markedly damaging effect of the elondy outfall water
persisted when it was rendered water-clear by cen-
trifugation.

Effects of Diluted Sewoge and of Chlerine

Composite samples of sewage effluent, before and
after chlorination, were obtained from the San Diego
Municipal Sewage Treatment Plant. These comsisted
of hourly samples collected for 24 hours. The 24-hour
composites were diluted with 9 and 99 volumes of

Table a0

Percentoge of initial photosynthetic capocity shewn by young kelp fronds
following langthy incubotions in diluted sewage efuents and
chlorinated sea water.

Exposure Time

42 hours

120 hours

Incubation fuid 360 hours

Percent of initial photosynthesis

Natural sea water 113 130 115
1 percent ehlorinated
sewage clluent

i Eid Waber. . __ . 114 142 140
1 percent unchlori=

nated sewage efflu-

ent in sea water_.. 120 162 151

10 percent chlorinated|
sewnge effluent
in sed Water ... 20.5

10 percent unchlori-
nated sewage efflu-
ent in sea water. _ .

disintegrated | disintegrated

0
(disinte- |disintegrated | disintegrated

grating)

0.5 ppm chlorine

in sea water....... 105. 6 116 g
1.0 ppm ehlorine

in sed water_._____ 105.5 131 :
5.0 ppm chlorine

in sed water. . ..... 52.5 29.5 =
10,0 ppm chlorine

in ses waler. .. .... 1.0 Gl.0

fresh sea water, The young kelp blades were ineubated
in the 19 sewage and control sea water for 15 days,
and the 109 mixtures until disintegration occurred.

Under eonditions suitable for growth, the photo-
synthetie eapacity per unit area will inerease above
the initial value, as was observed repeatedly in the
experiments reported in Table 40, Instead of physio-
logical injury by the 1% sewage during 15-day ex-
posures, a significant stimulatory effect was observed.
With the 10% sewage effluents, however, the blades
were damaged in the same drastic manner as with
water collected over the San Diego municipal outfall.

According to Fair and Geyer (1954), it is seldom
necessary to provide over one ppm chlorine to prevent
the growth of phytoplankton. We observed no detri-
mental effects of ehlorine on voung kelp blades during
D-day exposures to initial eoncentrations of one ppm
and less. Partial inactivations of photosynthesis were
observed only following lengthy exposures to 5 to 10
ppm chlorine, which provided a rather strong chlorine
odlor,

Studies of Kelp Plants After One Month off the
28th Streef Mole in Son Diego Bay

Portions of these damaged plants were brought to
the laboratory for study. About half of the blades
were missing, some of the remaining blades were af-
flicted with black rot, and there were also blade areas
which had faded or had turned green and flaceid.
Some of the pneumatocysts were filled with water,
The stipes (stems) appeared to be the healthiest parts
of these plants, being deep brown and free of enerust-
ing organisms. The blades which had remained intaet
were covered almost completely with a variety of
marine imvertebrates. The most prominent of these
was the tunicate Aeidia, which covered the kelp with
white tubular outgrowths to depths of 0.5 to 1.5 em,
often on both sides, Pink tufts of the hydroid Tubu-
laria were frequently attached at junctures of the
pneumatoeysts and blades, and the nudibranch Pely-
cera was observed feeding on this hydroid. There were
heavy enerustations of the bryozoan Membranipora
tuberenlata. The littoral copepod Tisbe and unidenti-
fied protozoans were also abundant on this kelp, (Iden-
tification of these animals was kindly provided by the
Dvision of Marine Invertebrates, S10.)

To allow eomparisons with kelp freshly harvested
from the local bed, and to determine the effects of the
covering layers of marine invertebrates npon photo-
synthesis in saturating light, photosynthesis and res-
piration measurements were conduected on 12 sub-
samples of the foregoing kelp plants. The general
level of the photosynthetic capacities in intact blade
tissue from these plants was 60-80 percent of that in
corresponding parts of kelp in prime condition from
the La Jolla kelp bed. The photosynthetie capacities
of kelp blade samples which were very heavily coated
with tunicates and bryozoans were compared with
adjoining blade areas which either were free of these
organisms or which were carefully freed of them
mechanically.

When provided with a saturating light intensity
and CO; supply, the photosynthetic capacities of the
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underlying blade tissues were unaffected by Mem-
branipora, and were not redueed more than 20 per-
cent by the bulkiest covering of tunieates that eould
be found. The effects of these attached filter-feeders
upon photosynthesis in kelp should therefore be small
in strongly illuminated surface waters. Under obligue
illumination at limiting light intensities, as in deep,
turbid water, their effects may be mueh greater, but
no measurements have vet been made under these
eonditions.

The naked eylindrical stipes showed almost as high
photosynthetic capacities per unit of surface area as
intact blades; their healthy state after one month in
San Diego Bay was probably due in part to their
ability to manufacture food independently.

The Palos Verdes Wastes

The following Los Angeles County waste waters

were selected for study :

(a) Composite domestic and industrial wastes as
released at the Whites Point ountfalls,

(b) General Petrolenm Co. waste water from sev-
eral refineries in the Wilmington area, also re-
leased off Whites Point.

(e) Composite oil field brines before and after
treatment by Oil Operators Inc.; these brines
are from several oil fields and presently
amount to 95,000 barrels per day.

(d) Dominguez Channel water—an industrial
stream serving various industries which flows
into Los Angeles harbor near Terminal Island.

Arrangements for sampling the brines at 0Oil Opera-
tors Ine. were made for us by Mr. William Graham,
Superintendent of Waste Water Disposal, Richfield
0il Corporation, who also provided helpful adviee and
information. Composite samples of General Petroleum
waste water and of Los Angeles County sewage efflu-
ent were provided by Mr. Carl Nagel, Plant Super-
intendent, Los Angeles County Sanitation Distriets.
On the basis of our carlier work, all these waste
waters should be severely injurious to kelp when
diluted only tenfold with sea water, so dilutions of
this order were omitted. Demonstrable effects are
judged unlikely after 1000-fold dilutions, also on the
basis of earlier experience, hence 50-fold, 100-fold,
and 200-fold dilutions with fresh sea water were used,
a range which should reveal toxie effects that have
practical significance. The standard photosynthetic
procedure was employed for exploratory purposes,
with 48-, 96- and 144-hour exposures, two blades and
an apical growing point from young bottom kelp
fronds being exposed to each dilution.

Table 41 reports the results obtained with the
initial set of waste water samples collected in late
1959, Oil field brines were omitted in this instance,
but they were included in the next collections. No
adverse effects of the 24-hour eomposite sample of
Whites Point effluent were observed after it had been
diluted 50-fold, 100-fold, and 200-fold with sea water.
The nine kelp samples which were exposed to these
mixtures for one week all retained a completely
healthy appearance, and the photosynthetic capacities

appeared to be slightly stimulated by the 50-fold
dilution.
Table 41
Fercentoge of initial photesynthetic copacity retained by battam
Macracystis blades following expotures to Loz Angeles
County woste walers.

Erposure fime, hours

Teat solution 48 8 I44

Natural sea water { Control)__ in) 104 118 122
. {h) 84 81 97,97

Whites Point effuent._______ 28 (a) 128 118 128

(b) 120 135 141
156 {a) 106 108 116
{b} 115 138 120
059 (a) 08 110 108
() 111 108 120
{n) 6 42 40
(b 8% BT 52
1% (a) 44 08 &7
{b) 110 105 124
05% (a) 99 50 101
{h) 98 S0 108

Nl pefinery wiaste, e A
| Gveneral Metrolenm b

Dominguez Channel water____ 25  ia) 138 143 168
(by 11T 128 120
19% {(a) 10T B4 B0

(h) 124 120 136
059 (a) 1001 63 10
(k) 108 117 118

The General Petroleum refinery waste water ac-
counted for only Ys5th of the Whites Point effluent
at the time (late December, 1959), and when tested
separately, it proved strongly toxic to Maerocystis
after 50-fold dilution with fresh sea water (Table 41).
The apical growing point and kelp blades exposed to
this 2% oil refinery waste all showed visible injuries
within the first week. When diluted 100-fold, this
refinery waste caused a reduetion in photosynthetic
capacity of one of the two blade samples, both of
which retained a healthy appearance. There was a
visible fading of the apical growing point at 100-fold
dilution. When diluted 200-fold, this oil refinery waste
water had no detectable effeet.

The Dominguez channel sample in this instanee was
collected off Wilmington Bridge, and it showed no
evidence of toxieity toward kelp after 50-fold dilution
with sea water (Table 41). The small decrease ob-
served in one of the six samples (sample a at 1%)
was probably insignificant in view of the negligible
response to the 50-fold dilution.

28-Day Exposures to Los Angeles County Waste Waters

After one month’s continuous exposure, the kelp
samples in 0.5, 1.0, and 2.09% of Whites Point sewage
retained the same healthy appearance as the controls
(growing points and blades). Simultaneously, the
kelp samples were visibly damaged by the 1% and 2%
petrolenm refinery waste water. The kelp samples
which had shown no evidence of injury by 0.5-2.0%
Dominguez Channel water during the first week de-
veloped a mildly unhealthy appearance after ome
month’s continuols exposure,

Two additional collections of General Petroleum
refinery waste water, of Los Angeles County treated
municipal sewage, and of Dominguez Channel water
were analyzed in the spring of 1960, Research was
also initiated on oil field brines, sampled before and
after their purification in the treatment plant of Oil
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Operators Ine,, Long Beach, The composite samples
of petrolenm refinery waste water and of Los Angeles
County treated sewase were based on 24 hourly col-
lections on three days and on five hourly ecollections
on a fourth day. The samples of oil field brines were
provided by Mr. Robert House, Manager, 0il Opera-
tors, Ine., Long Beach.

Table 42 reports the photosynthetic responses which
were observed with February 1960 collections of Los
Angeles County waste waters. There were slight de-
creases in photosynthetic capacity of the samples ex-
posed to 2% Whites Point effluent but not to 1%.

Table 42
Rotention of photesynthefic copacity in boHom Macrocystis blodes dur-
ing Pé-hour exposures to Los Angeles County wostesr diluted with

fresh s=a water, Febroary, 1950. Photosynthetic copacitios
are expressed oz %% of the initial value.

Young blades  Mature blades

Control e S 5
26% Whites Point effluent ____ __ = =T a2
15 Whites Point effluent ... ______ 108 112
250 General Petroleum refinery

wiste water ___ z il L] i1

15 General l“i‘tl'nl]‘;;m ;‘{:ﬁlll-'.'_l'_!-"

waste waler T . [ 67
2o (4] field brine, erode™____ i 17
16 Ofl ficld brine, crode *___ (1] 48
205 0il field brine, purified ®_______ 2 i)
196 Oil field brine, purified ________ 63 40}
26 Dominguez Channel, mid-stream 81 T
19 Dominguez Channel, mid-stream 7O Th
19 Domingnez (Channel, near shore 114 T2

* Treatment plant of Oil Cperators Ine

There was also a minor effect of the 1% and 2%
Dominguez Channel water which was collected off
Henry Ford Avenue Bridge from the middle and
side of the stream. Severe injuries were produced in
the young blades by 2% purified oil field brine. The
mature blades were much less sensitive than the young
blades to the oil refinery waste water and oil field
brine. In this experiment, larger responses were ob-
served with the erude than with the purified oil field
brine, but phytotoxie constitnents nonetheless were
still present in the latter.

Table 43 reports the most extensive toxieity study of
Loz Angeles County waste waters that the authors con-
ducted. Quadruplicate control samples were used, sev-
eral of the composite wastes were collected separately
on two days, and the photosynthetie capacity measure-
ments were all made in duplicate or triplicate after
ten days exposures (photosynthesis and respiration
were measured in 96 kelp samples in this experiment).
The young blades showed larger responses than the
mature blades, When diluted 100-fold with sea water,
the Whites Point effluent was still non-injurious. Se-
vere injury of the young blades was produeed by the
1% General Petroleum refinery water, with much
smiller responses by the mature blades. Diluted 100-
fold the oil field brines were about equally toxic before
and after passage through the treatment plant of (il
Operators Ine. The toxicity of the purified oil field
brine was severe when diluted 50-fold, but no response
to this waste was observed during 10-day exposures
when it was diluted 200-fold. Dominguez Channel
receives very large amounts of petroleum industry

wastes, but when diluted 100-fold with fresh sea
water, the examined samples of Dominguez Channel
water have not been measurably toxie to kelp during
10-day exposures.

Table 43
Retention of photosynthetic capacity in bottom Macroeysis blades during
4-doy ond 10-doy exposures to Los Angeles County wastes diluted
with fresh seo water, April, 1960. Photosynthesis is expressed
a1 9% of the initiol copacity.

Young blodes  Wolwre blades

FTES FUES
j-day I-doy  fdoy I-day
Medinm { 96-hour } { -k owr)
% of
inifial photospnthetic capacity)
Control sea water (a) . —-_.__ 91 101 115 101
(hjoe o 54 102 110 1400
19 Whites Point effuent,
April 14 collection_ _________ 144) 172 116 119
19 Whitez Point effluent,
April 15 collection. . ] L 141 T 117
2o Whites Point efuent,
April 14 collection. . ... B2 3 111 119
165 (ieneral Petroleum
refinery waste water, April 14 11 L] T4 a8
16 (General Petrolenm
refinery waste water, April 15 4 2 o2 10
1% erude oil field brine__..___ 85 TG BT o0
0.0gy purified oil field brine____ 102 102 107 10
1% purified oil field brine i a5 45 [ii4] i)
2er purified oil field brine__ __ b L] 46 10
166 Dominguez Channel water,
mid-stream oo Bl 135 107 185

The results that have been obtained with successive
eolleetions of Los Angeles County waste waters (Dee.
59 to April '60) are believed sufficiently consistent
to warrant the following conelusions.

1. Composite samples of the waste water presently
being released. into the ocean off Whites Point
is not measurably toxic to voung Mocrocysfiz
blades after 50- to 200-fold dilution with fresh
sea water, and in some cases cansed stimulation
of photosynthesis in the laboratory.

2, (il field brines and oil refinery waste water
under the same conditions are toxie to the kelp
blades after either 50-fold or 100-fold dilution.

3. Phytoxic constituents are retained in the oil field
brines after treatment in the purification plant
of Oil Operators Ine.

4. The examined samples of Dominguez Channel
water have been much less toxie to Macrocystis
than oil refinery waste water and oil field brines.

Red Tide Studies, 1958

During the summer of 1958, an opportunity arose
for research on “‘red tide'’ along the coast of South-
ern and Baja California. This work was mainly con-
ducted by members of the Marine Life Research
Program, and especially by B. M. Sweeney, who has
for years been investigating biolumineseence and other
physiological aspeets of the red tide organism, Gony-
aular polyedra. A few aspects of this study relating
to the present program are summarized below.

1. T_I:te dominant alga was the luminescent armored
dinoflagellate Gonyawlar polyedra, which pre-
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dominated in all of the dozens of red coastal
water samples which were collected (June 1958
onward) over a distance of several hundred miles
between Lios Angeles and Ensenada.

Algal eell numbers ranged from a few hundred
per ml up to the highest that has ever been ob-
served in southern California red tide (20,000
cells/ml), which was attained off the S1O pier
Angust 15, 1958,

. In laboratory eunlture, (. polyedrg requires or-
ganic growth stimulators which are supplied as
soil extract. In mature, these organic nutrients
are presumably supplied by miero-organisms.

53

3. In Ensenada Iarbor, odorous decomposition of
. Polyedra oceurred. This red water caused
destruction of young kelp fronds resembling that
which ocenrred in concentrated sewage, and also
caused rapid death of fish. The causze of this
detrimental effect appeared to be associated with
high bacterial activity, since it was overcome sim-
ply by aerating the odorous red water, Healthy
Gonyaular polyedra suspensions of greater den-
sity collected in the field and also produced in
the laboratory did not have these damaging
effects on plant and animal life. The eritical
factor with reference to mortality in Gonyaulax
polyedra red {ides appears to be the health of
this red tide organism: when these organisms
remain healthy, they are harmless, but when
they decompose, presumably oxygen levels de-
erease and other marine life sucenmhbs to suffo-
eation. Additional effects of red tide on kelp
probably arose through competition for light,
and through inereased food supplies for encrust-
ing organisms such as Membranipora. (The lat-
ter organism was observed to feed on the Gony-
awlax cells), These effects on kelp are also to be
expected when phytoplankton populations are
inereased by extra mutrients in the vieinity of
ocean ontfalls, The effect of a red tide sample
collected at Ensenada on kelp photosynthesis is
shown in Table 44.

Toble 44

Effect of red tide on kelp blade pholosynthesis. Red tide organism
was Gonyaulax polyedra and the somple came from
Todos Santos Boy, near Ensenoda, Maxico.

% of initial

Ineubation phetosynthelic
fime, days activity Remarks
1 L1 =3 .
4 10 Tiasns disintegmn!’E
GRAZING
Intraduction

Quite early in the investigation it was appreeiated
that large populations of grazing animals existed in
those areas at Pt. Loma and Palos Verdes where
kelp had disappeared. The rocky bottoms were typi-
cally covered only with sparse vegetation or were
completely devoid of plants and an abundance of
benthie grazers, particularly sea urchins, obviously
were preventing re-establishment of permanent algal

cover. Clearly a better understanding was needed of
the movements of grazers, factors influencing their
abundance, feeding rates, and many other facets of
the grazing problems; a substantial proportion of
the total effort, therefore, was channeled into stud-
ies related to grazing.

The Grozing Populations

For eonvenience, seaweed grazers can be divided
into two broad groups: the benthic organisms and
the non-benthie. The benthie group is much the easier
to observe and evaluate; the non-benthic inecludes
relatively sluggish animals which inhabit the upper
erect or floating portions of large seaweeds but also
embraces highly motile forms, particularly certain
fishes and erustaceans which often leave or hide when
man enters an area. An abundance of information
has been gathered on the benthie grazers but we still
have much to learn abont the importanee of the highly
maotile forms.

Another gap in our knowledge concerns the aetivi-
ties of extremely small grazers such as protozoans and
minute erustaceans. These small grazers may exert
considerable control on algal spores and other miero-
scopie stages of seaweeds. Filter feeding organisms
may also affect the pelagic stages of plants (spores,
sperm, efc.).

In general, the most abundant grazers we have
observed in the beds of southern and Baja Califor-
nia have been sea urchins (Strongylocentrotus pur-
puratus, Strongylocentrotus franciscanus, Lylechinus
anamesus), isopods (Idothea resecata), abalones (Hal-
iotis rufescens, Haliotis fulgens), wavy top snails
{ Astraea undosa), brown turbans {Norrisia norrisii),
and the opaleye (Girella nigricans). Photographs of
these animals are shown in Figure 60, At certain loea-
tioms or under special cirenmstances, other grazing
animals may exert considerable influenee, and the
above list is intended only to indicate general condi-
tions. As we shall see below, abundance is not the
only factor determining which species is of econtrol-
ling importance, other considerations being plant
preferences, feeding rates, migration capabilities, and
so forth.

Loboratory Studies

Laboratory work was accomplished using 11 com-
mon benthie grazers and 2 non-benthic seaweed con-
sumers. Information was obtained on feeding rates as
a function of temperature, size, species of grazer, and
species of seaweed. The nutritional values of differ-
ent seaweeds were studied and growth rates of the
grazers were established. Attraction of grazers by zea-
weed scents was investipated and the preference and
nutritional values of different parts of the giant kelp,
Macrocystis, were established.

Deseription of methods and detailed accounting of
results is beyond the seope of this report; an intro-
duetion to the work may be found in Leighton (ms in
preparation), and only a summary of results is pro-
vided here.
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Figure 60. Comman benthic grazers of southern Californio kelp bads: o. Strongylecentratus franciseanus, b, Strongylocantrotus purpuratus, c. Lytechinug
onamesws, d. Morrizia norridi, o. Haliotis rufescens, f. Aslraso undoso, g. Aplysia califernics, h. Taliepus nuttalli, i. Pugettio producio, j. Halietis fulgens.

Food Plant Preferences

When Macrocystis was presented to grazers to-
gether with six other most common algal species of
kelp beds, each in equal quantity and random selee-
tion permitted, Macrosystis was shown a high degree
of preference by all grazers (with one exception, the
juveniles of Pugettia producta). Species’ distinctive
patterns of preference became evident from a large
series of experiments. Although some grazers exhibited
great contrast in preference for different algae, others
tlid not give evidence of strong discrimination in food
choice, In general, these animals fall into three cate-
gories aceording to the dominant preferred food item
(Table 45). The dominant algal choices are indicated
together with foods of subordinate, yet still of rela-
tively high preference, in Table 46. These tables sum-
marize the results of over 150 experiments.

A more complete conecept of diet selection was de-
veloped through further experimentation in which
additional common algae were provided. Several spe-
cies of red algae, including three speecies of coralline
algae, and the surf grass, Phyllospadiz scouleri, were
offered to each animal species. The coralline algae
employved are common from the intertidal zones to
depths of moderately deep water kelp beds. Phyllo-
spadiz, while not common at depths greater than 15
or 20 feet, is extremely prevalent on rocky shores of
southern California. These abundant plants might
supply nourishment to grazers when the common
larger brown algae are absent. The detailed results of
this aspect of the preference studies are provided else-
where (Leighton, in preparation). Coralline algae and
surf grass were never shown high degrees of prefer-
ence when provided together with the algae named in
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Table 45. However, if provided alone, Bossiella, Coral-
lina and Lithethriz (coralline algae) were consumed
by all grazers except Astraee and Aplysia. Phyllo-
spadiz was consumed in small amounts by grazers
other than Haliotis refuscens, H. corrugata, Norrisia
and Aplysia,

Table 45

Grazers grouped according te the alga most preferred in
feeding expariments.

Food plant firasing speciea
Macrooyatis pyrifera  Asiroea undose Hirangylocentrotus
frafcigeanus

Haliatis rufescens Strongylocenirotus
purpurafus

Pugettio producia Taliepus nulfallii

Egregin laevigala Aplysia californica

Haliofiz corrugata

Haliotis fulgens
Norriaia norriei

Figartina armafa Lytechinug anamesus

Table 4&
Three algal foads shown highest preference by
eleven common benthic grazers.

Macro- Lamin- Fieryg- Cysie- (Fgoar-
cystiz Egregia arie Fizenmio ophora scira  fing
Apiysia ____ X . X
Astraes .. X* X X
Lyteokinug __ X X x>
Norrigio ... X X+ X
Pugeltia __.__ X* x x
H. corrugata. X X X
H. julgens __ X x* X
H. rufescens. X* X X
B, purpurafus X * X X
K, Francis-
canie ____ X* X X
Taliepus ____ X * X X

Those items indicated by an asterisk (*) are moat highly preferred.

Data pertaining to the desirability of various parts
of the giant kelp plant were obtained through a series
of experiments in which egqual quantities of blades,
sporophylls, stipes and haptera were provided. The
results, presented as mean relative consumption val-
ues (Table 47), indicate that few grazers readily in-
gest haptera. Sporophylls, on the whole, are most
readily accepted, followed closely by blades, The fact
that some grazers are mechanically unable to cope
with coarse or relatively rigid stipes and haptera (i.e.,
crabs, abalones, ete.) explains the result that greater
relative values of preference are found for blades and
sporophylls in experiments with those grazers.

Feeding Rates, Feeding rates have been found to
vary with temperature, animal size, food type, repro-
ductive state (Richard Boolootian, personal eommuni-
cation), feeding readiness and general health. Time
of day and light conditions had little effect on feed-
ing rate in the sea urchin 8. purpuratus, Water tem-
perature and animal size had a most profound effect
upon feeding rate, however, and were studied in
detail. :

Temperature affects the rates of most chemical re-
actions, as well as animal activity dependent upon
sueh chemieal processes, hence feeding behavior would

Table 47
Relelive preference mean—parts of Macrocystic plani

(irazer sproies Blodes Sporophylls Stipes  Haplera :TE-:
Aplysia _____.___ G568 201 1.8 4.0 b
Asivass _________ 429 4.7 14.7 0.7 ]
Haliotis corrugeta 386G 474 6.0 7.1 v
H. fulgens ______ ha.s 274 15.5 0.4 5
H. rufescems ____ 81.3 1 1500 a4 5
Lytechinug ______ 49,5 411 8.7 29 b
Norrivig ... H18 5140 11.1 6.1 O
Pugettio v 280 0.7 h.g 0T 0o
Hirongylecentrofus

fronciscanws ___ 327 hl4 10.3 1] B
8. purpuratus ___ 40.2 41.7 15.0 5.1 12
Taliopws .o ... 21.8 3465 &.7 2.4 &

Groups of animals of from 2 to 10 individuals were glven egual
quantities of blades, sporophylle, stipea and hapiera, After
feeding periods of 1-2 days, remaining frogments were blot=
dried, zorted and weighed, Quantities consumed were then
equated to relative values (5% ).

be logically expected to vary with temperature change
just as does, for instance, oxXygen econsumption or
motility. Poikilothermie animals are able to subsist
only within the temperature range compatible with
normal funetion of the body processes. It has been
found that marine invertebrates usually have an opti-
mal temperature of body activity which is nearer to
the maximal than the minimum lethal temperature
( Gunter, 1957). A curve of feeding rate may be ex-
pected to approach a peak toward the warmer values.
This type of curve has been found for both Strongylo-
centrotus species, but the majority of invertebrates
displayed highest activity at temperatures approxi-
mately midway between minimum and maximum
lethal temperatures.

(Greatest attention was given to the purple sea
urchin, 8. purpuratus. Feeding rate (expressed in
grams consumed per 100 grams of sea urchin per day)
were made at various temperatures thromghount the
range tolerated, A minimal lethal point was found
in southern California specimens at 1.5°C, measured
during winter, and a maximal lethal point, measured
during summer, at 20.5°C (see Fig. 61). The optimum
shifted from approximately 18°C to 16°C between
summer and winter respectively. It may be empha-
sized, however, that longer exposures to lower tem-
peratures than those indicated as maximal lethal
temperatures (Table 48) will produce death. 8. pur-
puratus did not survive 24 hour exposures to tempera-
tures of 24.5°C. 8. franciscanus had a slightly lower
optimum and a higher minimal feeding temperature.

Grazers subjected to temperature tolerance and
feeding rate studies are listed below together with
relevant data (Table 48).

The feeding capacity was directly proportional to
organism size. The study employed small to medium
sized individuals sinee these are more numerous in
nature, and they are more easily kept in a healthy
state in the laboratory.

While overall feeding capacities rise with inereasing
body size, feeding rates per unit of body weight de-
cline with inerease in body size (Table 49),



74 EFFECTS OF DISCHARGED WASTES ON KELF

FEEDING RATE vs TEMPERATURE

7 in Strongylocentrotus purpuratus

o

Per Cent Body Weight Consumed Per 24 Hours

i 1 1

1 1 I i n ]

32.0-369 370-419 420-469 470-519 52.0-56.9 57.0-61,9 62.0-669 67.0-719 72.0-769

Temperature Class °F

Mo.Obs. 3 5 1 4

& 12 2 1 i

Figura &1. Variotion of feading rofe at o function of temperatere for the tea urchin, Strongylocentratus purpuratus.

Table 48
Critical ond optimal temperatures for nine important benthic grazers.

U pper Tethal
Temperature levels of o2
HFeeding Activity ® (1, Erposire
Minimum Optinum Moztmwm I hour

Astraca wndess _________ BD 17.0-18.5 3.0 450
Haliotia corrugala . __ T8 18.5-18.5 24.0 36.0
Haliotis rufescens ______ 1000 17.0-15.6 20,0 33.0
Lytechinus anomesus . T.0 16.0-18.5 26.5 3.5
Norrivia morrigil ________ 8D 155-17.5 245 345
Pugeltia producte ______ variahle 825
Htrangplocendrotus

froneciseamuy . LT 15.5-17.0 200 205
Strongplocenirotius

purpuratwy __________. 1.0 1T.0-18.5 . 205

Taliepus muttallii variahle 32.0

Minimum and maximum levels of activity are the temperatures
at which feeding ceased. Tpper lethals were actual desth
piolnts mt exposures of one hour. Due (o the genernl lethargy
produced by cold, 1 hour exposure desth points could not
determined accurately for the lower temperatures,

Table 49
Decline of feeding rate of Strangyloconfrotus fronciscanus
with increciing size.

Hize group (test digmeter)
4550 G55 55-61 B85

il X i L Ll

Mean feeding rate of
four observations ... 8.1 .0 0.1 3.0
Values given are the quantitles consumed {grama) per 100 grams

fresh sen urchin welight per 24 hour period, Experiments were
maintained between 15 and 17° C.

Data were compiled for experimental feedings per-
formed in the temperature environment 13 to 14°C,
a range not uncommon in the lower water column in
kelp beds of moderate depth in southern California
(Fig. 62). It may be seen (Table 50) that larger
animals, such as the abalones, large sea urchins, and
adult erabs (Taliepus) consume greatest quantities
of plaut foods per unit time, as would be expeeted.
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Figure 62. Seasonal variofion of ocean femperafures in o kefp bed

off la Jolla. Water depth wor &5 feet. Monthly overoges of 257
readings are shown,

Table 50
Feeding rates and copacities of “average odults” at 13-14% C aver six
periods of six doys each. Fresh food was supplied every two daoys.
Feeding
rafe g con- Feeding Nomber
sumed/ 100 capacity individ- Average
o animaly gfanimal wals per  weight

day dagy gpperiment 0
AXireds o .. S i 2.0 4 16}
IHaliotia corrugate ... 18 a5 2 GHED
H. rufsscens - 206 12 2 450
Iorloohingg e 52 0.2 10 04
e e S Al | 0.6 4 ar
Pupelfia: _______________ a5 1.9 2 4
Strangylocenirotus
franciscamus oo 28 0.8 2 D40
B, purpnrotus oo 23 1.7 4 B2
g T e et et a7 b | 2 120

Faoods consisted of Macrooystis, Eisenia, Plerygoeplora and Loam-
fraria,

Feeding rates and capacities of “‘average adults’
were determined in experiments maintained over pe-
riods of six days. The extended period provides a
measure of average feeding activity throughout a
period of several days. As many animals feed at high
rates immediately following starvation periods, the
grazers employed in these experiments were well fed
up to a time one day preceding the feedings. One day
of starvation was enforced to prompt active feeding
during the experiments.

The relations of preference to nutrition become
more sharply defined when some evaluation of food
“‘usefulness’’ is available. Although no large scale
studies of this aspect of the feeding habits of the
grazers could be carried out under the limitations of
the scope of this research, the two primary grazers,

N, purpuratus and 8. franciscanus were provided sev-
eral limited diets and the gross effects observed, The
commonly preferred Macrocystis and Egregia, and
the moderately preferred Pterygophora, and a plant
of least preference, the coralline alea, Bossiella sp.,
were employed. Similar pairs of adult specimens of
N. purpuratus and 8. franciscanus (46-56 mm test
diameter) were supplied single algal foods for two
months and their weight increases, conversion effi-
eieneies, and gonadal development measured. The re-
sults follow in Table 51,

Table 51
Efficiency of utilization of 4 algae by pairs of sea vrchins.
Ratio of
- Mean
Tatal sump- | gonsdal
eon- . tion | index*
sump- | Weight | to 1 g ot
Food tion | incresse | increase | term.
Strongyloceriirolus
Jranciscanus
Macrocysfis_____________.| 182.2g| 9.5g] 19.2 0124
27t T G e S e < e it [l 13.8 20.0 0. 119
Plerygophora. . ... ooooone 1381 3.3 4il.8 0. 146
Caoralline algn
(Bosstellagp.}......-__| 2379 4.9 45.5 0.073
Starvation group. . _____ 0.0 —7 .6 g 0.044
Strongylocentrolus
AT
Macrocystiz.___________| 251.0 13.3 18.8 0.185
Egregla. _ooooio. bo 0548 12.8 20.0 0. 102
Fi phorg. ... | 195.8 5.2 E i) 0.128
Coralline alga
(Bosgiella 8p.)...------| 285.T 2.1 126.5 0.072
Starvation group. .- - .. 0.0 | —3.7 i 0.015

®* The gonadal index represents the ratio of gonad volume in ml
to total body wet weight.

Greatest weight inereases in 8. franciscanus and S.
purpuratus were achieved on diets of Maerocystis and
Egregia. Macrocystis was utilizged most efficiently ; 19.2
and 188 grams of Macrocystis promoted weight gains
of 1 gram in 8. franciscanus and 8, purpuratus re-
spectively. The coralline alga was utilized least effi-
ciently, particularly by 8. purpuratus.

As no measurement eould be made of the ponadal
volumes at the beginning of the experiment we have
no absolute measure of gonad bulk increase. However,
in both the coralline alga and the starvation groups,
gonads were so small at the end of the experiment
that sex could not be determined. A control in which
other specimens were provided a variety of algal foods
gave no indication of departure of the gonadal index
from the range 0.1 to 0.2, Those animals limited to a
diet of Bessiella and those starved gave greatly lower
figures. The gonads are resorbed during starvation,
hence are thought to serve as food and energy stores.
Samples of 8. purpuratus from Pt. Loma in an area
devoid of large algae revealed similar gonad re-
duetion.

Considerable harm to kelp plants ean result from
both internal and external grazing of holdfasts, hence
it is of interest to know the rate of hapteral feeding
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and of holdfast exeavation by sea urchins. At the
same time it is desirable to learn the nutritive value
of Macroeystis to sea urchins relative to other algae
and whether nutritional requirements appear satisfied
when haptera form the only food. Experiments were
designed to demostrate growth rates of juvenile sea
urchins of these two species when provided either
Maceroeystis haptera, blades, or a variety of algae. The
results of a typical study are provided in Table 52.

It is clearly shown, and supported by results of pilot
experiments formed on a smaller scale (Leighton, un-
published ), that 8. purpuratus utilizes Macroeystis
blades or haptera as well as it does other foods, On the
other hand, 8. franciscanus grew little when provided
haptera alone, though a substantial volume of that
tissue was consumed,

The walues for conversion efficiency (Table 52,
hottom ) reveal that a much greater amount of haptera
was required by 8. franciscanus than by 8. purpuratus
to net a gain in weight of one gram. §. purpuratus
exhibited little difference in the guantities consumed
of any food to promote comparable weight gains.

The holdfast would appear, therefore, to serve as a
satisfactory food for the purple sea urchin, but is less
nutritions than kelp blades or varied algae for the
giant red sea urchin.

Growth Studies of Sea Urchins. Knowledge of the
rate of inerease in size of the chief kelp grazers is of
primary importance to the study of kelp bed ecology.
One measures the productivity of a biotie community
in order to assess the efficiency of the community as
a complex energy distributing and integrating living
unit. Growth rates, and rates of utilization or manu-
facturing of food, then, are key processes in the gen-

eral productivity of a community. Unfortunately,
growth records for marine invertebrates are exceed-
ingly searce in scientific literature. The planktonic
period and subsequent growth of the red and pink
abalones (Haliofis rufescens and H. corrugata) are
treated by Cox (1962). Shell length inereases 2 to
3 em annually during the first few years of life.
(Growth rates of sea urchins, primary kelp grazers,
were measured in the laboratory during the course of
the present study. The results of these observations
are summarized here, together with pertinent findings
of other workers.

All invertebrates here considered start development
as planktonie larvae and eventually settle to the
bottom after varving periods of time. The larval
period of 8. purpuratus varied from 6 to 13 weeks in
preliminary studies conducted under laboratory con-
ditions (R. A. Boolootian, personal communication).
Similar studies indicate the time required for 8.
franciscanus to pass through larval stages and into
metamorphosiz is about nine weeks (Johnson, 1937).
If the duration of larval life is correspondingly as
long in mnature, the pelagic larvae may be carried
great distances by oeean eurrents. A suitable sub-
strate, if encountered, will provide a settling spot for
the metamorphosing young at the end of the larval
dispersion period. Although small specimens of
Strongylocentrotus (2 to 9 mm) were eommonly en-
countered in holdfasts of the giant kelp, they were
also found in samples of coralline algae collected from
a variety of depths near La Jolla,

Sucecessful rearing of 8. purpuratus from zygote to

adult has been achieved in the laboratory. Some in-
dividuals have attained test diameters of 24.7 mm

Tabkle 52
Size and weight increcses of small sea urchins held on restricted diets.
Strongylocentrotus Strongylocenirofus
prar preralies Franciscanus
Variety Variety
Date Blades Haptera of Algae Blades Haptera of Algse
Aug. 4, 1961_____*Mean Test Diameier (mm)____ 28 .4 27 .8 28.2 28.3 27.8 28.3
Total group weight (g)________ 101.4 4.0 108.0 117.2 107.3 111.7
Aug. 19, 1961. . .. Mean Test Diameter (mm).._ . 20.2 28.9 29.6 28 .6 25.1 28.8
Total group weight (g). . ______ 113.5 104.5 120, 6 123.5 109.7 117.6
Algae Consumed (g .. ...... 58.2 75.6 68.9 82.2 67.7 86.8
Sept. 5, 1961_.___ Mean Test Diameter (mm)___ 30.8 30.4 0.7 0.7 28.2 20.6
Total group ht gy L. 133.0 120.8 134 .8 1327 117.0 127.2
Algae Consumed (g)_ .. .--... 104.2 111.1 108.9 B4.8 09 .4 04.3
Sept. 19, 1961. . _Mean Test Diameter (mm)___ 31.8 an.8 31.8 30.0 285 30.4
Total group weight (g) ... __ 145.5 131.5 1480 140 8 118.3 135.1
Algae Consu () s i 7.8 84.0 64.3 h2.2 3.5 71.2
Increase of mean test dinmeter (mm)____________ 3.4 3.0 3.1 1.7 0.7 2.1
Total weight inecrease (g . . ... . _________ 44 .1 37.5 40.0 23 .6 11.0 0.4
Mean conversion ratio._____________ .. ... 6.3 7.3 6.0 9.6 az.8 8.1

* Groups of ten Individuals ench were carefully com
with respect to slze, To
13=17" C. throughout the 45-day period.

d at the Initistion of the fecding experiments to be as closely similiy as possible
assure comparative resulis, all were 25.0 mm, *= 1.5 mm, on August 4, 1981, W;Hr"tamplgrlt"u‘ru ru..ﬁm from
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(approximately 1 inch) within the first year (R. A.
Boolootian, unpublished). Growth rate measurements
of young 8. purpuratus and 8. franciscanus made by
Swan (1961) indicated a lower growth rate of 8.
purpuratus. Young sea urchins were retained in
polyethylene containers suspended from a pier at
Friday Harbor, Washington, for a period of one year.
The food supplied was the kelp Nereoeystis leutheana.
Yearly growth for 12 S, purpuratns (intial size range
24 to 28 mm) was 16.6 mm or 1.4 mm/mo, Similarily,
for 8. franciscanus size range 26 to 31 mm ) growth of
15 individuals was 25.2 mm/vear or 2.1 mm/mo.

Young 8. purpuratus and 8. franciscanus, having
mean test diameters of 1.0 and 1.2 em respeetively on
8 Nov,, 1960, were cultured for 2 years and averaged
5.0 and 6.2 em test diameter on 8"Nov., 1962, rates com-
paring favorably with those observed by Swan. Log-
arithmiec comparisons indicate that growth in these
species is very similar in the first two years of life

Holdfast Grazing by the Kelp Gribble, Limnoria
algarum Menzies. The isopod genus Limneria, the
gribble, is notorious as a major pest of submerged
timber, together with the shipworms (boring pelecy-
pod mollusks). Unlike the latter, Limnoria burrows
elose to the surface, and erodes the wood in a larval
stage ; it must remain in its caleareous tunnel., which
communicates with the outside by only a small pore,
The most common gribble, Limnorig Ngnorum, is
about 4 mm. long when full-grown, and only the
female bores galleries, up to 25 mm. long (Yonge,
1951). A male usually accompanies the female in the
barrow ; the young (one-fifth the length of adunlt upon
hatching) may burrow from the sides of the parents’
hole. Heavily infested wood may have 400 animals,
mostly juvenile, per cubie inch (Johnson, 1935), The
typical burrow is parallel to the surface of the wood,
with openings for respiration at regular intervals
(Fig, 63). These evenly spaced holes are also seen on
kelp haptera infested with Limnoria algarum; the
wood—and holdfast-inhabiting gribble prefers the
hard woody haptera of older holdfasts to the yellow
or purple softer tissue of younger rhizoids or upper
parts of holdfasts.

There are four species of Limnoria on the Pacifie
Coast : three, of the subgenus Limnoria (L. lignorum,
L. quadripunctata, L. fripunctaia) are woodborers.
The fourth, L. algarum, is of the subgenus Phycolim-
norig, which has never been found in wood ; conversely
the wood-borers have never been found in algal hold-
fasts (Menzies, 1957).

The known range for Limnoria algarum is Cape
Arago, Oregon to at least Turtle Bay, Mexico, in hold-
fasts of Egregia, Eisenia, Laminaria, Macrocystis, and
Postelsia. It is the only alga-boring gribble (subgenus
Phycolimnoria) known from North America. During
the course of this work, this Limnoria has been se-
eured from holdfasts of three of the above brown
algae at La Jolla, Point Loma, and Turtle Bay. It
probably ranges as far south as the host algae (the
southernmost, Fisenia, is reported from Magdalena
Bay)s M .

The species of Limnoria are distinguished mainly
by ornamentation on the rear segment, or pleotelson.

Figure &3. Typical burrows of Limnoria lignorum in wood ond Limnoria

algarum in o kelp hopters. Also shown diogrommaticolly is o kelp

holdfost in cresssection with the zone mod frequented by limnorio
bounded by dotted fines,

Limnoria algarwm s about 6 mm when full grown,
and is a dull white eolor (Fig. 64). It may roll up
pill-bug fashion when removed from a burrow, or
swim short distances. The yvoung, like those of other
isopods, are essentially miniature adults, without a
larval stage,

In Macrocystis a haptere may have several small
burrows at a given c¢ross-section; or one lavge burrow
making it a hollow tube. Old holes are inhabited by
other isopods, amphipods, copepods, or polychaetes,
which do little or noe burrowing themselves, or the
holes may become filled with sand or mud. Eventually
a burrowed rhizoid rots away; a holdfast heavily in-
fested with Limnoria may be far more easily detached
by surge during a storm than are other holdfasts.
Even old holdfasts vary greatly in the density of
gribbles, while holdfasts of young plants are not
likely to harbor any appreciable numbers because of
the apparent preference for older, hardemed fissue.
Becanse of its size and ramified structure, a well-
developed Macrocystis holdfast may have many more
animals than those of the other brown algae,

Typically, the center of an old Macrocystis holdfast
is rotted out, and attachment is provided by younger
rhizoids which grow down around the outsides of the
eone. Adjacent to the rotted-out center are hollow
tube-like rhizoids which have been abandoned by the
eribbles and are filled with sand or mud, or inhabited
by secondary forms. The gribbles are active in the
zone between the dead and the woungest rhizoids
{Fig. 63). Limbaugh (1955) ascribed the inevitable
death of the inner rhizoids of old holdfasts to FLim-
naria,

Some holdfasts washed up on the beach after a
storm show evidence of grazing on the primary stipe
at the apex, but these borings only occasionally cause
the primary stipe to break off the holdfast. These
burrowings are entirely open to the outside, unlike
typical Limnoria holes, and are probably not of Lim-
norie origin; they could be the work of a large
herbivore.
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length 6mm.
Limnoria algarem, the kelp gribble.

Figure &4.

It appears that Limnoriac does cause a weakening
of the kelp plants’ attachment to its substrate by hol-
lowing out the rhizoids and causing their destruetion.
The plant in this eondition is easy prey for heavy
surges which pull and detach the holdfast at its base.
Most kelp plants washed up on the beach appear to
retain their holdfasts, which makes it appear that
detachment of the holdfast from the substrate causes
more loss of plants than breakage of the primary
stipe above the holdfasts. If the latter oecenrs, the
primary stipe can regenerate new fronds, provided a

growing point just above the holdfast remains after
the breakage. In old, large holdfasts, growing points
may be nearly enveloped by the outer rhizoids.

Experiments have been ecarried out with Limnoria
placed in jars with unburrowed sections of Macro-
cystis holdfast (Table 53). The animals and rhizoid
sections are weighed separately, and the two placed
together for a period of days. Reweighing indicates
the amount of rhizeid material removed by the
gribbles, and their weight changes. Old woody rhizoids
and younger fleshy ones, either all yellow in color,
with a brown “‘skin’’ and yellowish interior, or with
a purple exterior (dune to an iron-tannin complex)
were used in the experiments. During the experimen-
tal period of 7 or 12 days, the animals and woody
rhizoids remained in good condition (the water in the
jars was changed at least every other day) but the
younger holdfast material tended to rot or soften, and
be attacked by a white fungus. Such rotting oceurred
in the last experiment, in which both young and old
rhizoids were presented to animals in the same jars,
and probably contributed to the result that nearly all
the animals entered the old, durable rhizoids. Out of
36 animals in two jars with eight pieces of old and
eight of young rhizoids, only one animal, and an.
other burrow (empty) were seen among the fresh
rhizoids. After 12 days the dark rhizoids harbored
26 animals.

The whole group-of animals to be placed in a jar
were weighed together and the average taken, because
of their extremely small individual weights. The ani-
mal lengths were from about 2 to 5 mm. Occasionally
4 brood of young appeared in the course of an experi-
ment ; these were not ineluded in the final weight.
Only the initial and final weights were taken, beeause
rhizoids containing the animals had to be carved up
in order to extract the gribble, and consequently the

Table 53
Summary of Expariments with Limnorio algarum
Change in Average Average Total Taotal
. Initinl population initinl weight | weight change | initinl weight weight lnss
Conditions number + = gain of animals animals of rhizod of rhizoids
Number of days of rhizoids of animals — = los= (mg) (mg) (4] (g}
12, oo aioL ) okl broem: 0| M) — 0 3 .46 — .61 1.9516 L4700
18 a2l ol bBrowmai - |20 —ii 3.36 — . 5d 43383 LADGH
12 o= | old browm- ___| 15 1] 1.81 — .53 2.0265 2566
yvellow____ ___| (—1 of ahove) 2.0183 1366
12 i nnmanas| old brown. o) 21 — 1.47 —. 18 2.0200 4215
vellow. . __ ... {none of aboave) 1.6554 3644
T cceees| oldbrown:__L]'8 -1 267 .25 1. 1945 L1055
¢ AL RS e S, purple. ... __. 6 —1 1.52 A8 2.7263 0913
F e yellowe G — 87 1.06 1.3790 L 10EG
R S i Py old brown_ .. _| control 1.0835 — (98
12.. wesannoo-| old brown....| control 1. 4414 — 0063
yelbow._ ... control 1.6478 1157
RS s yellow_______| control 1.3292 0130
12.. —-e------| old brown_ . __| eontrol 1.8740 0178
T .| purple______. eontrol 2.4911 1151
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plant tissue was useless for continuation of an experi-
ment after the seeond weighing. The animals are
rather delicate, and after extracting them from their
original holdfasts, even though they appeared whole
after extraction, were actually fatally injured, and
may aceount for most of the loss in population dur-
ing an experiment. Gribbles apparently keep well for
extended periods in holdfasts placed in tanks of run-
ning sea water. Some of the animals were from Turtle
Bay holdfasts which had been kept for some months.

Both animals and rhizoids were superficially dried
on tissue paper, and then weighed in a pan of water.
Weight losses by the animals seem to be at least as
prevalent as gains; aceording to Yonge (1951) the
burrowing is probably mainly for protection; the ani-
mals may feed partly on water-borne detritus or
plankton and partly on the wood or rhizoid substance.

Studies on the Smaller Herbivorous Invertebrates
Inhabiting Macrocystis Canopies and Holdfasts in
Southern Californio Kelp Beds. The primary subjects
of this research were small crustaceans (amphipods
and isopods) and gastropod mollusks. The larger kelp-
grazing animals, such as the crab Taliepus and the
turban snail Norrisia, and which often elimb up into
the upper part of the Macrocystis plant and its ean-
opy, are treated in another section.

Among the smaller eanopy grazers, the isopod Ide-
fhea (Pentidotea) resecata (Stimpson) and a gam-
marid amphipod, the kelp curler Ampithoe humeralis
Stimpson, were found to be important in the diets of
fishes {Quast, ms in preparation) and were therefore
studied intensively. These crustaceans cling to the
blade or stipe surfaces by hooked feet provided with
spines, and are able to swim for short distances be-
tween different kelp surfaces. Imvestigations of other
abundant eanopy invertebrates included two small
snails, Mitrella carinate and Lacuna wnifoesciala, but
our studies indicated that they account for only a
small fraction of kelp consumed by grazers. A great
many other invertebrates have been observed in kelp
canopies, but they are either filter-feeders on plankton
and suspended detritus, or if they do feed on kelp,
oceur so sporadically as not to be important. For ex-
ample, a few foraminifera, (Rosalina) were observed
in small pits in kelp blades, but these may have been
oeeupying pre-existing holes made by grazers such as
crustaceans (Wing, Lankford, and Clendenning,
1959). Encrusting forms, mainly the bryozoan Mem-
branipora, do hasten the deterioration of blades. The
small shelled serpulid worm Spirobis also encrusts
blades abundantly., Limbaugh (1955) listed all ani-
mals that he observed in the canopy as well as other
parts of Macrocystis beds: the ecommunities included
30 to 40 species of erustaceans, 20 to 30 mollusks, vari-
ous echinoderms, bryozoans, worms, brachiopods, hy-
droids, and small fish. Among canopy mollusks Lim-
baugh listed Tegula aureotineta, Calliostoma arincolor
(probably fricelor), Lacuna unifasciata, and Pecfen
latiawratus (kelp scallop). He defined a “‘mid-kelp
biotope’’ as that portion of the kelp plants from 10
feet above the bottom to 10 feet below the top of the
canopy. Mitrella, Pecten latiawratus, and the isopod
Paracereis are ‘‘more characteristic of the mid-kelp

than of other habitats’’, Membranipora servilamella
may encrust more than 90% of a plant; it is more
abundant in the lower parts of the canopy. Another,
less abundant bryozoan is Bugula nerifing. Blades en-
erusted with Membranipora, Bugula, or hydroids
often support a denser population of motile animals
than do clean blades. Wing and Clendenning (1959)
made counts of motile animals from encrusted and
c¢lean blades; the motile animals include ostracods,
copepods, gammarids, caprellids, decapods, poly-
chaetes, nematodes, turbellarians, mollusks, and a mis-
cellancous group (larvae, isopods such as Idothea,
medusae, and other infrequent animals). Some en-
crusted fronds were found to have more than 100,000
motile animals per square meter.

The Kelp Isopod Idothea (Pentiodofea) rezecala
{Stimpson ), The genus Idothea has a very wide diet
range ; different species feed on living and dead ani-
mal tissue as well as plants. Naylor (1955a) ran pref.
erence experiments with I. emarginate and 1. neglecta,
and found that both ate Laminaria and scallop musele
if the plant and animal tissue were presented to-
gether, and I. emargineta also ate living Arenicola.
Dead fish were cleaned to the skeleton, even if the
isopods had been fed exclusively on Laminaria for
several preceding days. The diet may vary with the
locality (e.g. I. neglecta was found to be a dead
““weed’” scavenger in a British bay and exelusively
carnivorous at a Norwegian locality ). Stage of growth
may also affect preference: small individuals of I
granulosa eat the associated Cladophora and large
ones eat fucoids (Naylor, 1955b). Idothea emarginaia
is mainly a sublittoral form on beds of living or dead
algae, Tdolhea will also eat its own ecast skin, dead
fdothea, and even cannibalize on living animals of the
same species, especially molting ones. The mouthparts
of Idothea are designed for biting and seraping on
large food masses. It cannot filter food from suspen-
sion, but was probably evolved, like other Paracarida
(amphipods and isopods), from a filter-feeding ances-
tor. The remnant of the filtering mechanism appar-
ently brushes into the mouth food particles which es-
cape the biting parts.

Idothea resecala has a reported range of Karta Bay,
southeastern Alaska, to southern California. This can
be extended at least to Bahia Tortugas (Turtle Bay),
Baja California, where it oceurs sparingly on Maero-
cystis. It eould range as far as the Macrocystis itself,
which eontinues to Punta San Hipolito and possibly
fo areas of maximal upwelling off Isla Magdalena
(Dawson, et al, 1960) : Punta San Hipolitoe is 70 miles
southeast of Turtle Bay.

fdothea resecata was first found in abundance on
eelgrass (Zosfera) in Tomales Bay, and it was con-
cluded, in spite of ocenrrences in the open ocean or in
kelp beds, that the isopod appeared to be predomi-
nantly a sheltered-bay inhabitant (Menzies, 1950).
Menzies had also seen it in the open sea, far from
kelp. We have not seen it locally, however, on either
Zostera marina (in Mission Bay) or Phyllospadiz tor-
reyi (La Jolla) despite repeated searches. Both of
these marine grasses have been offered to Tdolhen ex-
perimentally, but it never appeared to consume any
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Phyllospadiz, and only negligible amounts of Zostera.
A few of the experimental animals gained weight
slightly but much less than control animals presented
Macrocystis concurrently. Animals placed in jars with
more than a few blades of Zosfera invariably died
after a few days. Animals isolated with no plants
other than Phyllospadiz showed evidence of starva-
tion, and the blade-like leaves remained whole,

The kelp isopod has been found in the field on the
elk kelp, Pelagophyews porra as well as on Macro-
cystis and it has grazed on several other brown algae
presented to it in the laboratory. Tests have been
made with Idothea on Egregia laevigata, Eisenia ar-
borea and Pterygophora california, in addition to
Pelagophycus. In the laboratory, Egregia decomposed
more readily than the others, but evidence was finally
secured after many unsuecessful experiments that
Idothea can grow on it. One animal grew from 26 mm
to 31 mm in length within 8 days when fed exclusively
on Egregia. Eigsenia, among the most durable of the
brown algae, was kept in a grazing experiment for 15
days. After this period, a section of Eisenin blade ex-
hibited a grazing pattern similar to that on Macro-
cystiz blade,

ixperiments were designed to measure the weight
gain of the isopods and the simultaneons weight loss
of the Macrocystis being consumed. Typically, one
fresh blade with pneumatocyst was suspended in a
widemonth three-gallon pickle jar, with one or more
animals, depending on their size. These jars were kept
at the prevailing temperature of the SI0 sea water
supply system (within about 2°C of the ocean tem-
perature at the intake) by immersion in a tank.
Fluorescent lights, left on continuonsly, illnminated
this tank and caused a slight weight inerease of the
econtrol kelp blades, in jars withont amimals. The
water in the jars had to be changed at least every
other day; it was found that a complete rinsing out
of the jar was needed during each change; otherwise,
the fecal pellets left after successive water changes
considerably hastened the deterioration of the kelp,
killing the animals. It was also found that overcrowd-
ing the jars caused a high loss of animals; of 10 small
(ea. 14 mm in length) animals placed in one con-
tainer, six survived after eleven days and one after
26 days. Also in this first grazing-rate experiment,
only one of three other individuals, each in a separate
jar, survived for the latter period. In a subseguent
trial, all the animals survived for 32 days, the dura-
tion of the experiment. In the first experiment the
water in the jars was changed several times a week,
but the jars were not completely washed out during
the changes. The water temperature was usually 14°
to 17° C. In the summer and early fall, when the tem-
perature exceeded 18°, the kelp stored in the tanks
or used in the experiments deteriorated rapidly, and
animals were less healthy in the laboratory and less
abundant in the fleld.

A summary of weight increases (in grams), kelp
consumption (in grams) and efficiencies of the conver-
sion of kelp substance into animal substance is given
in Table 54. A more detailed analysis of this work
will be reported in a future paper (Clendenning and

Jones, ms in preparation). Efficiency represents ani-
mal weight gain divided by the kelp consumed. Un-
derestimation of the food consumption would result
from any growth of the kelp blade by photosynthesis
during the experimental period. No ecorrection has
been made for this in Table 54, but the blade-growth
data on control blades without grazing animals has
been ineluded and is seen to be a minor factor.

The animals were weighed by differences in a
beaker of water, after light swabbing and a few see-
onds exposure to air. The reproducibility of this
manner of weighing was within a range of .032 gram
for six weighing of a .535-gram (average weight) ani-
mal, or a standard error of 2.24% . Kelp blades were
superficially dried with paper towels, *“ polished’’ with
tissnes, and then weighed in a plastiec bag at 100%
humidity. The method yields resnlts reproducible to
about 19¢. Areal decreases of kelp blades were meas-
ured to aequire two types of information:

1. The pattern in different parts of the blade—pre-
ferred portions, if any—and shape of grazing
holes.

2. A check on the data coneerning blade weight
loss,

Tracings were made of blades in plastiec bags on an
illuminated table, ent out, and weighed. A rectangle
of the tracing paper with measured sides was weighed
for ealibration. There is roughly a linear relation be-
tween blade weight and area, as would be expected.
Grazing on a particular blade shifted its weight sub-
stantially off the line relating blade weight and area.
The pattern of grazing is shown for a sample blade in
Fig. 65.

The preferred portion of the blade grazed by the
Idothea is near the point of attachment to the pneun-
matocyst, where there is apparently a higher concen-
tration of plant nutrients (carbohydrates). These
produets of photosynthesis must travel through the
“*neek’” of the blade in order to reach the rest of the
plant. The blade is slightly thicker at this point than
at the periphery, and might be the last portion to
rot away if grazing animals were not present. This
maode of attack of the blades by Idothea causes loss
of the blade by severance from the rest of the plant
long before the blade is eompletely consumed. In the
pickle jars during the grazing-rate experiments,
blades were repeatedly severed from the pneumatocyst
well before the end of the experiments. Sometimes the
pneumatocyst and blade together are severed from the
plant, presumably by grazing, and these float in the
water; appreciable numbers of Idothea have been
seen on such blades being carried in by the surf on
the beach at 510, The fact that blades are often lost
before they are completely consumed amplifies the
amount of destruction to the kelp over that which is
actually consumed by the grazers. Blades cut off from
the pneumatoeysts sink to the bottom where they are
presumably abandoned by the Fdothea, which readily
swim to nearby intact kelp surfaces.

Idothea, therefore, forms an intermediate in the
food chains of the kelp beds. Efforts to eradicate sup-
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Table 54
e Growth rate and kelp consumpt'on of the iioped Idofhea resecato.
A e Kelp weight loss
Initial Inmitial Animal | i
. . L ! grams) Animal A
l'"?‘ﬂ' weight kelp weight weight gain (negative = efficiency Period ;m:*':ﬁnfln
grame) (grams) (Erama) weight gain) {percent) {days) {mg. /day)
o b iSRS R WU 16,91 0741 1.02 7.26 18 4.11
LT S RO 16.91 0028 4 80 1.89 32 2.00
{10 e 20,42 L0580 69 8,55 11 5.35
A L] S - 18,44 1125 1.79 14.2 18 6.25
i [ T SR 18.44 L2005 6.09 4.78 a2 9.08
] ot LR R 17 .66 0578 1.20 4.48 11 5.25
I e . S 15, 10 0301 LG4 470 18 1.67
TR v e e e ety 19.10 R E! 2. 70 3.76 32 3.18
RGO 16 .05 0115 L6 1.80 11 1.04
ok || R et e 16.05 0040 253 L1568 26 15
R e L 5. 80 0225 fir )+ EERR (i e B 18 —1.36
SIBR ey e 1580 i i 607 523 32 )
M- A BT T 15.83 00T 1.16 604 4 1.76
T oo el R 15.83 A2 5.38 595 15 2.13
i R 15.83 067 10.3 e a5 2 68
R e e 16.12 019 2.67 T12 4 4.75
TRENEE e 1G.12 030 8.20 366 15 2.00
[E s e - 16,12 036 11.72 307 25 144
confrol. ... 16,38 - 47 15
] Ty 1] S R 16,34 — 47 32
control_____________ 16,583 + .01 31
gonbrols- ool 18,04 — 3 18
[ ]y 1| 18,64 —. 16 32

* Animal had given birth to young during experiment peri

posedly harmful canopy grazers with a view towards
preserving the erop are not to be undertaken without
first estimating the deleterious effect that their re-
moval would have on fish. Furthermore, large bottom
grazers, such as the sea urching (Strongylocentrofus),
robably destroy far more kelp by feeding on hold-
asts and eutting stipes near their bases, Living sea
urchins are not important food sources for fish, al-
though sheephead (Pimelometapon pulchrum) will
congregate and feed on a freshly erushed speeimen
(personal observation and Quast, ms in preparation).

Reference experiments were eonducted by placing
several types of food in open pickle jars placed in a
laboratory tank, together with a jar containing sev-
eral isopods. The animals were able to swim into any
of the food jars through the tops which were about
2 to 5 cm below the water surface. Macrocystis
(blades, stipe lengths, or growing ends), Eisenia, C'ys-
toseira, Egregia, fleshy reds, fresh and old Macre-
eystis holdfast rhizoids, and Pelagophyeus stalks see-
tions were presented. It appears that the type of food
is not as important as the faet that the animals tend
to stay together (Table 55); few animals, however,
were found in jars without brown algae. Between
10 and 20 animals were released in each experiment,
with a size range of 10 to 35 mm. Experiments ran for
about 24 hours unless otherwise indicated. Six jars

oil. The young were not incluaded in the subsequent welghing.

contained food, and a seventh contained the animals
at the start of an experiment.

The kelp isopod is scarce in kelp beds when the
water temperature in the snrface levels is above abont
18" . Respiration-rate measurements have been made
at various temperatures, A fall-off in respiration and
presumably metabolism is observed at 25° C, at which
point some mortality is experienced. The optimum
temperature is 15°%, with only a slightly smaller res-
piration rate at 20°. Measurements were made at 0,
5, 10, 15, 20, and 25° C; only the latter temperature
was lethal to any of the experimental animals, Breath-
ing movements were very slow at 10°. Warm water
also has an adverse effect on Maerocystis; a level of
much over 18% . held for several weeks .is harmful.
Beds are rapidly decimated at or above 24° (Brandt,
1923). In the late summer, when these temperatures
are approached, the eanopy is often in poor condi-
tion, and Idothea was practically absent. Seasonally,
this animal appears to be most abundant in the winter
and early spring, when the plants are the most
healthy.

Idothea has seven pairs of walking legs, one from
each segment in the thorax. Each foot ends in a sharp
claw of two points accompanied by at least three
spines. The hooked claws enable the animal to cling
to the surface with considerable tenaecity, often mak-
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Figure &5, Blode grozing patterns from kelp exposed to ldothea resecata.

ing it difficult to remove the animal without possible
injury. Even dead specimens, when placed on a finger,
will eling to it. Figure 66 shows the arrangement
of a foot, typical for all the walking legs. In order to
get a firm hold on the kelp blade, necessary for pre-
venting disloeation in rough water, the animal must
puncture it. Such punectures, together with grazed
areas, might become centers for black rot, bacterial,

or fungal infections of blades. In warm water, in-
juries to the blades by grazing or puneturing probably
hasten their deterioration. Areas of blades covered by
colonies of the bryozoan Membranipora serrimella
were also seen to become centers of rotting when such
blades were held in laboratory tanks during the sum-
mer, It eannot be said, however, that Idothea is the
sole or chief agent causing blade deterioration by
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Table 55

Summary of Preferance Experiments involving Idothes resecota and marine algas.

Type of food in each jar found with animals,
and number of animals in that jar

Ciher typea of food, in jars without animals

Mac. blades 4, Cystoscira 2, o
Mae, blades 1, Mac. blades 3,
Cystoseira 10, ***outside 3

Mae, blades 1, outgide 9___ __

Mac. blades 1, Mac. ends 4, Mac. stipes 7. ____________
Mae, blades 1, outside jars 10%___ ]
Mac. blades 6**, old rhizoids 1, others outside
Mac. blades 7, Mac. blades 4, old rhizoids 2. ontzide 1.

iteide 7.,
Clystoseirg 9%

Mac. blades 1, Pell
Mae. blades 2, outside 8___

eahlazte oo
L2
&

- —

pliycus 1, Sutaila . et i

—— =

Eisenia, Cystoseire, two fleshy reds.
e eeen-| Mae, siipes, rhizoids,

M, stipes.

ceen-| Muac. stipes.

Mac. stipes, rhizoids,

Mee, stipes, rhizoids,

:Hrlr.‘. hl'.n{l-ﬂ:.lﬁarﬁ! stipes, rhizoids,
Cystoseira, fleshy reds, Pelagaphycus stipe.
Cystoseira, fleshy reds. it I
Cipstoscira, fleshy reds, Paagophiypeus stipe,

Mac, = Macrocystis

* The only food source In the tank cutslds the Jars was green alEae on the walls

" The

Jar had & blades, but 4 of the § animals were on one blade.

*** The animalz had obvicusly been eating the Cystozeira, leaving many droppings in the jar.

providing loei for infection; Membranipora, is usu-
ally far more numerous in the summer when kelp
decay is at a maximum, and at such times the isopod
is scaree.

In the field, we have taken Idothea resecata only
on the giant kelp Macrecystis pyrifera, and on the elk
kelp Pelagophyens porra, which grows on the outside
of Maeroeystis beds in deeper water. Thiz isopod oe-
enrs mainly in the canopy region, on blades and stipes,
but may range down to the holdfast biotope (Lim-
baugh, 1955). We have not seen I. resecate in hold-
fasts, but have observed another species, provisionally
identified as Idothea (Idothen) wrofema Stimpson, a
gray-black isopod, smaller than I. resecata, princi-
pally oceurring intertidally on rocky coasts (Menzies,
1950). A large colony of juveniles was discovered by
accident in an unused laboratory tank with running
sea water, apparently feeding on organie debris there,

A Burfgrass Eelative of the Kelp Isopod. An elon-
gated green isopod, tentatively identified as Idothea
{ Pentidotea) montereyensis Maloney, has been found
on the surfgrass Phyllospadiz in the open rocky-shore,
intertidal at La Jella. It is shaped and colored for
maximum camouflage; it always sits parallel to the
axis of the narrow blade-like leaves, and has about
the same width. In the laboratory, it feeds on the
Phyllospadiz leaves, but will not touch any Macro-

cystis presented to it. It grazes along either side of
the surfgrass blade, leaving a portion intact along
the opposite side, Like I. resecata, this isopod is in the
subgenus Pentidotea (five segments on the maxilliped
palp, rather than four as in the other subgenus Ido-
thea 8. 8.).

The Kelp Curler Ampithoe humeralis Stimpson.
The feeding rate of Ampithoe was measured the same
way as with Idothea resecate, usually with one animal
on one blade with pnenmatocyst per jar. The gam-
marid is a somewhat more difficult subject than the
kelp sopod for these determinations because it may
lie dormant in a ‘‘nest”’ made by eurling the blade
inward and not feed to any appreeiable extent for a
period of over a week (shown by the first Ampithoe
experiment run), These nests, where they are effec-
tively hidden from sight, are used as a refuge to
which the animals retreat after a feeding exeursion,
Several animals, such as a brood of young accompany-
ing 4 parent, may use the same nest. Mucus is used
to secure the overlying edge of the blade to the
surface at the inner edge of the nest,

When the animals are actively feeding, their food
consumption rates, growth rates, and efficiencies are
within the range indicated by Idothea, except that one
gammarid showed a slightly higher efficiency than
any isopod tested (Table 56).

Table 58
_____Growth rate and kelp comumption of the gammarid Ampithoe kumaralis.
Kelp weight

Initial loss (grams) Animal 5 Average

Initial animal weight kelp weight | Animal weight gain (negative= el’ﬁmnnn::{ Period growth rate

{grams) {grams {grams) weight gain) {percent; (days) (mg/day)
i 16.13 .0M465 (4 animals) 20 ot
ﬂﬂ.r?ﬂ'ftﬁj:f,--_-_-_ 16.13 0628 (1 animal) 10 s
14.45 0402 .25 2.01 20 2. 01
:ﬁmﬁ::::::::'::":::: 14,45 0949 1.85 2 37 i 5.12
14.32 0.676 .55 12.3 20 348
:iﬁ::::::::::.::::::::': 14.32 1714 4.72 3.63 10 129
LT e R R R 21.54 L0030 2.22 014 11 .25
e e s || e ety T e e T —. 29 P 20 511
e e g R O e = ® _
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mim.

Figure &8, |dothea resscats, the kelp isopod.

Like many other crustaceans, gammarids are pro-
vided with many spines, as well as hooked ends of the
walking legs (see Fig. 67). The animal moves on its
side on a kelp blade, adhering to it with the aid of
these spines and hooks, or claws. The possible effect
of puncturing kelp surfaces has been diseussed above.
It is possible that Ampithoe and other gammarids
feed only on the blades, and not the stipes.

The Kelp Snail Mitrella Carinata Hinds. The
small gastropod, Mifrells carinata, is sometimes the

most abundant maeroseopie animal living attached to
the Macrocystis canopy surfaces, but it appears to be
an unimportant link in the kelp food chain. An ex-
periment, supplemented by other observations, indi-
cated that this snail grazes very little of the kelp
tissue, but, instead, receives its nourishment from mi-
eroscopie detritus adhering to kelp blades and other
surfaces, such as the walls of a jar in which they were
placed. Twenty-seven of the snails, with shell lengths
of 2 to T mm (a typieal range), were isolated in a jar
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Figure &7. Ampithas humeralis, the kelp curler.

with a kelp blade for a total of 37 days. The blade was
examined after 2, 15, and 27 days. Small grazing
areas, where the top cell layers of the blade were re-
moved but which rarely penetrated, had a maximum
size of about 20 mm® Some holes were undoubtedly
enlarged by subsequent rotting of the blade; the lower
half was badly rotted by the end of the experiment.
The number of holes were as follows: after 2 days
12; after 15 days 13+ 11 =24; after 27 days
24 4+ 17 = 41; after 37 days about 21 holes in the
unrotted portion of blade. Grazing areas covered about
409 of the pneumatoeyst attached to this blade but
did not penetrate to much depth.

A e¢ount was made of various canopy animals from
a surface sample collected over a depth of 50 feet in
Turtle Bay, Baja California, November, 1961 when
Mitrella was abundant, but this should not be consid-
ered as an average or even a typical sample. There
was also a high abundance of the scallop Pecten lati-
auratus (all juveniles of a limited size range of 2 fo 6
mm, dorso-ventral). There were 850 Mitrella, 400
scallops, 18 brittle stars, 9 Lacuna and four other
mollusks. No kelp erustaceans were recovered in this
eount.

Mitrella is not only a Macroeystis dweller; it is also
common on the ocean floor among coralline or fleshy
red and smaller brown algae. It outnumbered other
animals enumerated in square-meter samples from the
bottom off La Jolla Cove, in 25 to 40 feet of water.

Evidently this snail is a wide-ranging microcarnivore
and detritus-feeder, more or less associated with kelp
and other algae.

The Chink Shell Lacuna unifasciate Carpenter.
The second most common shell-bearing gastropod lo-
cally found on kelp blades is another small form, ten-
tatively identified as Lacuna wnifasciata Carpenter.
The shells of this genus are distinguished by a hollow
or '‘chink’ in the coluomella. This species has a
rounded aperture and a single dark brown band at the
suture, and has a reported range from Monterey to
Lower California, clustering on seaweed. We have
found this snail on Macrecystis in the San Diego area
and at Turtle Bay, always in lesser numbers than
Mitrella. In the Turtle Bay animal count mentioned
above, there was about one Loacuna to 100 Mirella,
but later qualitative inspections of a shallow-water
kelp bed at a depth of 15 feet gave the impression of a
less extreme ratio, Grazing experiments indicate that
Lacuna feeds on the material of the stipe; after 20
days with sixteen snails, of which seven survived
about 13 small pits, largest about 6 mm® in area and
1.5 mm deep, appeared on a length of stipe, Snails
commonly were seen during the experiment at the eut
ends of the stipe, which they had apparently hollowed
out, leaving the skin intact. Lacuna also has been
found on coralline-algae-encrusted sand-rock bottom,
in smaller numbers than Milrella.
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length 6.5 mm.

Figure &8. The dove snail, Mitrella carinata {left] and the chink shell, Locuna unifasciata.

The Pillbug Paracercess sp. A second isopod ocea-
sionally oceurs in the Macrocystis canopy, and has
been found locally and at Turtle Bay. This pillbug
(Paracerceis sp.) is rounded in outline, more than
half as wide as it is long, and of a pale brown color
much lighter than that of kelp.

Paracerceis probably gets most or all of its nourish-
ment from the kelp, but it feeds slowly and grows
slowly. An animal, with a weight of about 83 mg, did
not show any measurable growth within nine days al-

though a few grazing areas appeared on the kelp
blade.

Field Studies

Many instanees were found of aetive destruction of
plants by grazers at Palos Verdes and Pt. Loma. An
intensive study was eonducted in the winter of 1959-
60 on a small bed that had developed at the tip of Pt.
Loma and which was destroyed by dense populations
of sea urchins.

Nea Urchin Grazing in the Field. A portion of the
Pt. Loma kelp bed (#2) growing in water approxi-
mately 40 feet deep was found to be suffering plant
loss at an alarmingly high rate due to stipe and hold-
fast grazing by two sea urchin species, Strongylocei-

;l;::tr;m purpuratus and 8. franciscanus, in December,
- &l P

To study the eomposition and dynamies of the sea
urchin population and to measure the rate of advance
of the grazing front upon the kelp bed, two nine
square meter quadrats were employed. The quadrats

length 3.6 mm.

were constructed by driving steel spikes into the bed
rock and passing a nylon cord between them through
rings welded on each spike. Quadrats were placed in
the ungrazed portion of the kelp bed, one directly
adjacent to the urchin fromt and the other eight
meters inward toward the eenter of the kelp bed (see
Figs. 69 and T0).

Observations and recordings made in each quadrat
at that time (21 Jan, 1960) and at subsequent visits
were: the number of kelp holdfasts and number of
stipes emerging from each holdfast (recorded one me-
ter above the bottom) ; a measure of the number of sea
urching of each species present: reeords of other
species of marine algae within quadrat bounds; and
the position of the grazing front with respect to the
quadrats, Temperatures on the bottom ranged from
11.0 to 13.0° C during the observational period from
21 Jan. to 31 Mar., 1960. The data are summarized
in Table 57. Data of Table 57, Quadrat I are also
presented in graph form in Fig, 71,

The band of sea urchins was approximately 30 m
wide and appeared to surround the north portion of
the kelp bed. Several spot dives on the south border
indicated the urchin coneentrations were high there
also. Greatest concentrations of urching were found at
and near the kelp bed border. The border (created by
the grazers) progressively moved toward the center of
the kelp bed at a rate of 10.2 m (approximately 33
ft.) per month. By the end of March the little bed
had vanished,
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The rate of adwvance of fthe sea uvrchin band was found to be approxi-
mately 33 fi. (10.2 m) per month,
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Table 57
Summary of data gothered from counts of grazers ond plonts in quadrat study.
Total
urching MNumbwer Range Mean
per Percent Percent of slipes, stipes/
Date Quadrat &, franciscanus | S, purpurelus holdlasts holdfast holdfast

Quadrat 1

1/21/60 76 95.0 5.0 7 5-16 9.7

1,/28/6G0 312 0.0 10,0 iy 016 5.9

2717 /60 &7, 44 .1 56.56 + 0 L]

3/ 2/60 204 42 .5 57.5 0 {I)* 0 0=

3/18/60 414 15.2 B4.8 0 (2) 0 0

3/31 /o0 248 12.1 87.9 02y ] 0
Guadrat 2

1,/21 /60 0 L] 0 b G-43 25.2

1,/28 /60 0 0 (1] 5 G-41 2.6

2717 fil 0 0 (1] ] 4-48 206

3/ 260 230 90.0 10.0 4 0-15 4.8

3 /1860 668 18 .8 fil.2 24 ] 0

5,/31 /60 479 18.5 81.5 @ (4) i 0

* Figures in parentheses indicate the number of recognizable holdfa st remnants. Flgures not encloged in parenthesea represent the nom-
ber of holdfasts with grazable haptera.
A square meter sample taken of sea urchins at the Table 58

grazing front illustrated a preponderance of Stron-
gylocentrotus franciscanus at that position in the sea
urchin zone. Samples taken at 9 and 18 m behind the
front showed decreasing numbers of that species and
increasing numbers of 8. purpuratus (see Table 58).
The same distribution is implied in data of Table 57
where measurements were made at quadrat locations
on six oceasions throughout the two and one-half
month interval while the grazers advanced across the
quadrats. Size and weight frequeney determinations
show an absence of the larger individuals of both
species. Both populations are composed of sub-adults ;
S, franciscanus, mean test diameter, 50.6 mm, range
25.0-92.0 mm, and . purpurafus, mean test diameter,
31.5 mm, range 24.4-53.0 mm. (Large individuals of
these species often found in kelp beds may have test
diameters of 120 mm and 85 mm for 8. franciscanus
and 8. purpuratus respectively.) Though numbers of
each are approximately equal when all sample data
are summed, 8. purpuratus forms a minor part of the
sea urchin biomass. The percentages of the total sea
urchin weights found in each of the three samples are
given, together with the total weights, in Table 58,

Photographs showing a recently attacked kelp plant
ﬁ;;l a well grazed holdfast are included (Figs. 72 and
[ .

Sporophylls and stipe bases appeared to be grazed
by the grazing front. 8. franciscanus concentrations
were high when this grazing was observed (Fig. 71,
period January 28 to February 17, 1960). General
holdfast routing may be effected by both wurchin
species, but the gradual holdfast reduction oceurs
when concentrations of 8. purpuratus are high. These
facts suggest that in this instance (Pt. Loma kelp
bed) 8. franciscanus was the chief offender while
8. purpuratus formed a “elean-up erew'’, reducing
the remaining holdfast tissue to rubble.

Concentration and biomoss of two sea urchin species in square maler
somples token ot three positions across grazing band.

i Relative Relative
density density
in numbsers in weight
Sample | Total Total
number &, A, ur- A, &, urchin
and Sran, _J'J:I.HI'E, china | fram. | purp. | weight
position (%) | (%) |per m® (%5) | (%5) | perm®
|
At grazing front. .| 94.0 £, 0 32 89,3 0.7 | 2,486 g
2
Nine meters
behind front__ .| 30.0 | 61.0 | 62 | 64.0 | 36.0 | 1,42 g
3
Eighteen meters
behind front___| 15.0 | 85.0 | 46 | 33.5 | 66.5 | 1,253 g

Two prominent algal species in addition te Macro-
cystis pyrifera were found in the ungrazed portion of
the bed, namely Pelagophyeus and Pterygophora.
These plants were grazed along with the kelp of the
quadrats., In the trail of the sea urchins no algae
remained, save the ubiquitous Lithothamnium. An in-
erease in the amount of pebbles and small rock pieces
was found in the denuded area. Perhaps the anchor-
age given this material by haptera was lost.

More importantly, large numbers of recently
emptied juvenile abalone shells were noted. These
were primarily of the species Haliolis rufescens, H,
assimilis and H, wallalensis.

Grazing by but a few sea urchins on or about the
apex of the holdfast is generally sufficient to weaken
or break the stipe bases. Such divorced stipes are then
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Figure 72. Kelp plant under attack by a dense population of Strengylocantrotus franciscanue,

carried the way of the eurrents. Thus by eonsumption
of a very few grams of stipe tissue from the stipe
bases, grazers may bring about the loss of great por-
tions of the ecanopy. Not always do sea urchins mount
the holdfast to the apex, but instead, cavitation of the
holdfast proper may oceur. In this case the holdfast
bhase may be so weakened that storm surge may dis-
lodge the entire plant.

That portion of the kelp plant above the level of the
sporophvlls is essentially ountside the grazing range of
sea urchins, thongh oceasionally an individual will
manage to ascend a stipe for some distance above the
holdfast. The lower levels of the plant are, however,
most vulnerable in view of the faet that relatively
minor grazing in that area may cause waste of large
quantities of stipe and canopy.

Other gquadrats were established during the sum-
mer of 1960 in advance of sea urchin fronts in an-
other area off Point Loma. The same phenomenon was

observed ; total denudation of the algal flora (exeept-
ing the ubiguitous Lithothamnum).

Samples of gonadal tissne from sea urchins col-
leeted near Point Loma from an area grazed bare as
much as six months previously revealed no reproduc-
tive activity. Gonads existed as mere rudiments.
Stomachs eontained little matter, primarily surface
serapings. An inereased rate of mortality was evident
in the empty, but perfect tests found in large num-
bers. Conversely, sea urchins collected from a rela-
tively algal rich area about 400 yards from the former
area had at the same time fuoll intestines and fully
developed gonads.

[n addition to the observations made at Pt. Lioma,
a small bed of Macroeystis near the south jetty of
Mission Bay was studied which suffered attack by the
smooth brown turban snail. That area was visited
during 1960 and 1961 in which time kelp plants de-
elined markedly in the late autumn and winter,
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Fj'glun 73, Holdfost remoins after the pf-cmr bose wos d-ei-hq-yvd hr sea urchins,

Macrocystis plants were apparently protected from
grazing  pressures during the spring when other
brown algae (Cystoseira, Halidrys, Egregia, Lami-
naric and Plerygophora) formed loxuriant new
growth. These plants flourished through mid-summer.
Following the deterioration of decoying algae, the
turban snails moved onto the giant kelp plants. A
relative inerease in numbers of snails on kelp plants
at a time when water temperatures were high
(warmer water consequently eausing an elevation of
feeding rates of grazers and perhaps also increasing
the deterioration rate of Macrocystis) led to heavy
damage in the early fall months.

In general, sea urchins appeared to be the most
destruetive grazers observed at Pt. Loma and Palos
Verdes and. they persisted long after other species
such as abalones, wavy tops, ete. had become redueed

in numbers or had disappeared. In the laboratory,
urchins can be starved to death over periods of a few
months to about a year, but large populations of adult
animals have been continuously widely distributed at
Pt. Loma and Palos Verdes since the start of the
project in 1957, a period of nearly six years. At Santa
Barbara, however, on a sand-mud bottom, very few
urching were ever ohserved.

To characterize the urchin populations, samples
were gathered from 3 locations at Palos Verdes and 4
sites at Pt. Loma in the latter half of 1962 {Firs. T4,
75). Square quadrats varying in size from 4 to 1 m on
a side were employed, the size depending on the den-
sity of urchins. Blind casts were made and all animals
lying within the guadrat were collected for laboratory
measurement. Results indicated that the populations
were not nniform in their size distributions (Fig. T6),
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Figure 74. Chart of Pi. lomo, showing the sites of collections of sea
vrchin samples, denoled by A, B, C, and D.
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Figure 75. Chart of the Polos Yerdes peninsula, showing the sifes of
collections of seo wrchin somples, denofed by Xs.

and it is very likely that urchins at the different loca-
tions are not related as to time of origin, food sources,
intermingling by migration, ete. Examination of body
tissnes usually showed reduced gonad volume and
gut contents were typically composed largely ?f inor-
ganie sand crystals or amorphous material (Fig. 77).
Urchins gathered from an algal rich area at La Jolla

during the same period had voluminous gonads and
gut contents clearly of vegetable origin (Fig. 78).

One noteworthy disappearance of kelp which did
not involve destruetion by sea urchins but was pre-
sumably caused by highly motile grazers, was noted
in Bed 14 off Flatrock Point, along the Northwest
face of the Palos Verdes Peninsula in the fall of 1958
Every kelp plant examined was missing virtually
every blade, although the stipes and puneumatoevsts
were usnally intact. The basal areas where blades at-
tach to the pneunmatocysts were severely chewed, no
clean breaks or deterioration or sloughing was appar-
ent, Since the damage extended from the bottom to
the surface and was observed in scores of plants dis-
tributed over a eonsiderable area, it seems likely that
highly motile grazers were responsible, probably
schools of fish, A month later all of Bed 14 had van-
ished and has not reappeared. No recent surveys have
been made by the authors in the area, but loeal sport
divers report the bottom is now infested with sea
urchins and is guite barren of vegetation,

Effeets of Urehin Elimination. Oyster beds can be
cleared of predating starfish by spreading lumps of
caleinm oxide (quicklime) over the bottom. The chemi-
cal apparently is quite foxie to the starfish but is tol-
erated by the oysters (Loosanoff and Engle, 1942).
Experimentation with sea urchins on the Mission Bay
jetty showed that quicklime was similarly harmful to
these echinoderms.

This suggested field experiments to test the effects
of eliminating urching from an area of ocean bottom
sufficiently large so that complieations from migrating
urchins would not arise for a few weeks or months,
It was desirable to know if the urchins were the chief
grazers or if other animals, especially motile forms
such as fish, also were of importance in keeping rocky
areas near outfalls barren of kelp. Accordingly, a
site was chosen at Abalone Cove, on the Palos Verdes
peninsula, where a Macroeystis bed disappeared in
November-December, 1961, in the presence of thick
concentrations of the urehins Strongylocentrotus
franciscanus and 8. purpuratus, This site is approxi-
mately five miles west of the Loz Angeles County
Sanitation Distriets’ submarine outfall at Whites
Point. The rock bottom changes to sand at depths of
from 20 to 25 feet and in the zone of change, sizeable
““islands’’ of rocks, surrounded by sand, occur. Since
these urchin species are not common on sand, it was
hoped that the finer sediments could help act as a
barrier to migration, angd one of the rock *‘islands™
was selected as the test area. This isolated reef is
about 30 by TO feet in dimension and guadrat sam-
pling indieated that there were more than 50 urchins
per square meter of rock bottom at this location, or an
amount in excess of 10,000 animals to be killed,

Seven hundred pounds of pebble quicklime were seat-
tered by hand from a skiff over the test site on 26
May, 1962. Diving revealed that the urching and other
echinoderms were severaly affected, but fish and other
animals did not seem to be influenced. The area was
revisited on June 4 and it was estimated that perhaps
a 95 to 999 kill had resulted, Strongylocentrotus
franciscanus was affected more severely than the
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smaller species, 8. purpiralus. The results wers mmme-
diate and conclusive ; subsequent visits indicated that
the urehin populations were indeed of major impor-
tanee in keeping the area barren of seaweeds. Abun-
dant growth of Ketocarpus covered 50 to 809 of the
rock surfaces within a week and many other species
of seaweeds were flourishing, but were not vet domi-
nant, presumably because of slower growth, On 19
June, 10 young single blade sporophytes, 4 to 12 inches
hich, were observed growing on the roeks. By 6 July,
the number had inereased to 32 plants positively iden-
tifiable as Macrosystis ; 33 were counted on 8 Aug. and
35 on 28 Aug., and 14 on 2 Nov. at which time con-
siderable grazing by migrating urchins was again re-
ducing the vegetation. Since the time required for
development to the single blade stape exespds three
weeks, these plants must have been present at the
time of the quicklime treatment and presumably were
not affected, as they were entirely normal in appear-
Anee,

Confirming this observation, investigzators found
over G0 juvenile Macrocyefis sporophytes in the area
at the Mission Bay Channel Station where treatment
* with quicklime was the heaviest. The poisoning was
done 31 May, 1961, but the sporophytes showed no
mjury, grew vigorously, and those plants at depths of
2 to 10 feet had developed a canopy by 21 June.

Some urchin migration onto the west end of the
reef at Abalone Cove was observed and about 400 ani-

mals were killed on June 19 by crushing their tests.
The west end of the reef is the closest point to ad-
Jacent rocky bottom, All remaining urchins that could
be found elsewhere on the reef (perhaps 200) were
also killed. The migration continued and it was neces-
sary to elean the area every three to four weeks.

It would not be economically praetical to use the
concentrations of quicklime employed at Abalone Cove
over large areas of potential kelp-supporting bottom ;
this experiment purpozely emploved very heavy dos-
ages, intended to saturate the environment, Labora-
tory studies suggest that an efficient method for dis-
tributing quicklime will probably reduce the amount
required by at least an order of magnitude® Other
techniques, such as causing animals to concentrate
by the use of seaweeds as bait, use of more efficient
poisons, ete., may reduee eosts to the point where elimi-
nation of large concentrations of urchins in the ocean
iz feasible,

* 1g fx eatimated that the amount of gulekllme needed to KL all
the wrehins at Pt. Loma and Palos Verdes would cost less
than 34,000 if a 1009 eMciency could be achieved, that is,
if every particle of guicklime struck an wrehin (about 50 mE
are peeded for a lethal dosa). There are approximately 13-
000,000 m# of “urchin territory™ at Pt. Loma and perhaps a
similar area at Palos Verdes. Average urchin concentrations
would probably not exceed 100 per m® over this entire area
and may be around 10 per m?, so 120,000 kg of gqulcklime 18
wrobably & maximum guantity, glven 1005 efficlancy [ at
iau er 1000 ke, 3600 would suffice 1o eradicate the ap-
proximately 3 billlon urehins.
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Strongylocentrotus franciscanus
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Figure 77. Photomicregraph of guf confents of @ sea wrehin (Strongy-

lecentrotus francisconus) collected from o 40 foot :faplh at Station € on

Pt. Loma (Fig. 74} The orea supported very litte vegefotion and the

gut contents ware typicol of urching fram such an environment, dirplay-

ing chiefly sand porficles and omorpheus maleriol, with little evidence
of eellulor sfructhure.,
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Figura 78. Photomicragraph of gut contents of o sea wrchin (Strongy-
locentrotus franciseanus) collected from o 40 foo! depth off Le Jolle

in on area rich in vegefotion. The gut wos crommed with moaferial
disploying cellular struefurs.
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TURBIDITY
Introduction

An adequate supply of light energy must be avail-
able a substantial portion of the time in the Tegion
of the bottom if attached vegetation is to exist. An
outstanding exception iz the elimax community of
adult Macroeystis plants which often shade the bottom
50 eE’Futivnl_v that little or no small-statured vegetation
remains, even including very young, developing
Macrocystis itself. Becanse of the short average life-
span of adult plants in most beds, such a climax com-
munity is usually not a permanent feature and re-
placement by juvenile growth must oecur if kelp is
to maintain itself in a region.

How much of a change in water elarity is needed
to eliminate bottom vegetatfon? This fundamental
question has received much attention ; it is treated on
a theoretical level below, by the use of simplified
mathematical models. These |]m1.'ir|f' {tnm]gh under-
standing so that when taking the field data into ac-
ecount, a reasonably aceurate assessment can be made
of the potential influence the practice of waste dis-
c¢harge may have on turbidity.

Theoretical Considerations

Figure 79 shows the light intensities that may be
expected at different depths in the ocean for waters
of different absorbencies (the absorbeney is here de-
fined as the percentage of the incoming light which
is absorbed by a given water mass per meter of tran-
git). The enrves of figure 79 assume water of uniform
attenuation properites, but in practice, if one were to
determine the percentage of the light remaining at a
given depth with respect to the incoming radiation

just under the surface, one could deseribe the loss (at
that depth enly) as the equivalent of an average at-
tenuation per meter, even though the water is in-
homogeneons.
The curves of figure 79 derive, of course, from the
Lambert-Beers law,
[

I,

— pEOL

(1)

where I, is the incident radiation intensity and I is
the intensity after traveling a distance Li in a medium
of absorption coefficient K and a concentration of ab-
sorbing partieles C.

The relationship of such eurves to actual conditions
at sea may be geen when comparing them with curves
obtained by Neushul (1957) at La Jolla (Fie. 80).
The logarithmic decline as depth increases is elearly
evident. Absorption of the different colors, of eourse,
is not the same, as seen in Figure 81 (Neushul, 1957).

Figure 82 shows relative values of photosynthesis
determined for adult blades of the giant kelp, Macro-
cystis pyrifera, by Clendenning and Sargent (1957).
A photosynthesis to respiration ratio of 22 was used,
and on the ordinate seale a value of 3 eorresponds to
the compensation poeint, that is, where the produection
of plant tissue by photosynthesis just equals its meta-
bolie needs. The illumination required at this point
was found by Clendenning to be 15 foot-candles of
white light.

The enrve of firure 82 shows features ecommon to
photogynthetic curves of plants in general. First is a
compensation point, deseribed above ; seeond is a more
or less linear initial ascending portion of the curve,

PERCENT REMAINING OF ENERGY PENETRATING THE SURFACE

20 a

g0 B0 100

T 1 b | T

DEPTH IN METERS

LA JOLLA AUTUMN

0™ 30 8— ocEaNIC AVERAGE

ABSORBENCY —2

PURE WATER

Figure 79. Theoretical curves showing the percent of incident light remaining ot ony given depth for woters of different absorption coefficients.
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Figure 81. Penetration of subsurface light in opan woler, Lo Jollo
kelp trantect, 18 April 1957,

which then becomes nonlinear at higher light inten-
sities; saturation is eventually reached where in-
creased iilh"llﬁit}' causes little or no {:hung{- in photo-
synthesis,

Light of different colors is not utilized uniformly
for photosynthesis. While an aetion spectrum for
photosynthesis has not been published for Macro-
cystis, it is probably similar to the aetion spectrum
for Coilodeseme (Fig. 83) (Haxo and Blinks, 1950)
aceording to Haxo (personal communication).

The discussion below will relate the curves of fig-
ures 79 and 82 to each other in order to present a
theoretical picture of changes in photosynthesis at
different depths for various degrees of water clarity.
It might be well at this point, however, to indicate the
variables or influencing factors which we will neglect
in our presentation for the sake of simplicity or be-
cause of insufficient knowledge to enable adequate
treatment :

1. Btratification in the water column may result in
variations of the absorption coefficient with
depth. For simplicity, we will treat water masses
as having a uniform absorbeney,

2. The photosynthesis to respiration ratio for
Macrocystis varies considerably with the type
and age of the tissue under consideration. Our
ealenlations are based solely on the eurve of Fig.
82, where a ratio of 22 is assumed, this value
being about average for adult blades.

3. The photosynthetic capacity of Macrocystis has
been found to vary not only seasonally but also
with the type and age of the tissue, with the
temperature, and with the geographical souree
of the plant. These effects have been ignored in
the disenssion below.

4, The discussion will be limited to effects of poly-
chromatie light because insufficient knowledge is
available to treat the subject from a mono-
chromatie standpoint.

Fig. 84 shows how the relative photosynthesis may
be expected to vary with depth for water masses of
different absorbencies at a light intensity of 10,000
foot-candles (approximately the intensity of direct
sunlight) entering the surface of the sea (Fig. B4
derives from the information presented in Figs. 79
and 82), It ean be seen from the right-hand portion
of the curves that at this intensity, saturating values
extend well down into the water column, even in water
that is decidedly unclear. It is also worthy of note
that for nonsaturating light values, the slopes of the
major portion of the curves tend to decrease as the
water hecomes less clear : likewise, the depth at which
photosynthesis ean oceur becomes shallower,

The effects of high turbidity on adult plants would
probably be guite small, since they are able to main-
tain their blades up in the zones of higher illumination
{(this problem will be eonsidered further on). If the
average turbidity in a given region were to be in-
creased, one would expect that young plants could no
longer grow at the greater depths. Moreover, the zone
existing between where voung plants appeared in
abundanee and where they thinned out to nothing,
would become much better defined and less broad
(since the slopes of the eurves of Fig. 84 decrease
with inereasing turbidity).

It is instruective to consider how the family of eurves
shown in Fig. 84 changes when one considers an
“average day'’ instead of full sunlight. A correction
which is easily inserted is the effect of night, which
for a complete year decreases the amount of photo-
synthesis accomplished by one half. Less easily ac-
counted for are the effects of varying angles of the
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Fi 83. Action spectrum of fhe brown alga Colledesme californica, from Haxo and Blinks (1950). The aclion spectrum of Mocracystis is probably
d::f: similar fﬂm‘?-pﬁmf communication). Greatest photosynthetic activity is centered in the blue region of the specirum, with @ sharp peak
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RELATIVE PHOTOSYNTHESIS
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Figure 84. Curves showing the theoretical pholosynthesis of different

depths of Macrocysfis blodes conforming to the graph zhown in figure

B2. Curvas were delermined for waolers of different obsorbencies. Full

daylight illuminaticn of 10,000 foatcondles entering the surface wos
atsemed,
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sun from the horizon, eondition of the sea surface,
and percentage of the time when illumination is re-
duced owing to for or cloudiness. If the maximum
photogynthesis accomplished under saturating light
conditions is about 66 (Fig. 82), then our eorrection
for night conditions would reduce the daily average
to 33 at the surface. The other uncertainties (fog,
rough sea, low sun, ete.) might reduce the average
daily photosynthesis to about 30 (Fig, 85).

The portions of the curves of Fig. 85 lying to the
left of the vertical dashed line marked A A are regions
where the illomination never exceeds 600 foot-candles
at a surface intensity of 10,000 foot-candles; these
segments may be considered as aecurately located.
They were caleulated by assuming a conservative
“average’’ daily illumination of 1,000 foot-candles.
Portions of the curves lying fo the right of AA are
regions experiencing light energies greater than 600
foot-candles for varying periods. The wvertical seg-
ments of the enrves, at the extreme right-hand side of
their extent, represent photosynthesis accomplished
under saturating light intensities. There exists some
arbitrariness in deciding at what depth each eurve
should eommerce its leftward bend because of the
difficulties in establishing precisely the total illomina-
tion in an ‘‘average day’’. The uncertainty is greatest
for the smaller absorbencies (I/I, % 100). The ac-
curacy with which each eurve represents photosyn-
thesis therefore increases as one progresses towards
AA. Tt is believed, however, that any inaceuraey in
the representation is minor and that it is entirely safe
to utilize the graph for considerations based on dif-

PHOTOSYNTHESIS ACCOMPLISHED DURING AN
AVERAGE DAY, IIIEEI.#'.TI"'-.I'E I.IHITE-H'
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Figure 85. Curves showing the theorefical photosynihesis of different

depths of Mocrogystis blodes conforming fo the graph n!_ﬁgum a4,

Curves were delermined far waolers of diferent obsorbencies. Averoge
conditions ai deseribad in the text were oitumad,

ferences between one curve and the next (a minor
error in a segment of one curve should be repeated in
the entire family; when studying differences the
minor errors should therefore canecel).

One type of ‘“‘difference’ information which it
would be very useful to know is the change in net
photosynthesis which might be expected at different
depths and for waters of different absorption coeffi-
cients if the water clarity were slightly decreased, e.g.,
by a 1% inerease in the absorbency. To illustrate, sup-
pose a very young plant were attached at a depth of
15 meters and the absorption coefficient of the waters
around it averaged 15% attenuation per meter. Now,
suppose the average absorbency were inereased to
169%, owing to some permanent change nearby, such
as the installation of an outfall. The question we are
posing is, by what percent would the plant’s net
photosynthesis be decreased owing to the 1% inerease
in absorbeney §

Fig. 86 shows the family of eurves which describe
the percent deerease in net photosynthesis for a 1%
inerease in absorption coefficient. (The compensation
point was assumed to represent (0 photosynthesis for
these calenlations.) The answer to our hypothetical
question above, concerning a juvenile plant living at
a depth of 15 meters in water of 15% absorbeney, is
that the organism would experience about a 209 loss
in net photosynthesis owing to increase in absorbeney
to 1695,
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PERCENT DECREASE IN NET PHOTOSYNTHESIS FOR 4 17
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Figure B8. Curver showing the theorstical percent decreose in phofe-

synthesis of Mocoocystis for @ 19 increcse in obtorption coaficient, ot

a function of depth. Curves were defermined for waters of different
absorplion cosfficients.

It can be seen from Fig. B6 that, as depths are
approached where light intensity becomes more and
more limiting, the effect of a 19 increase in ab-
sorbency becomes quite large. Near the maximum
depth, of course, even a slight inerease in absorbency
would eliminate net photosynthesis entirely, and
therefore the eurves of Fig. 86 should all extend to
100% deerease in net photosynthesis as their theo-
retical terminations,

Figure 86 does not tell the complete story, however,
Let us take our example of a plant at 15 meters in
water which has an increased average absorbency of
16%. We have seen that the met photosynthesis was
reduced by about 209%. Let us suppose that grazing
pressure in the area is such that the 20% reduction is
sufficient to cause complete elimination of the plant.
From Fig, 87 we can see, however, that the immediate
effect on a kelp bed, spread over shallow and deep
zones, might be much less than one would suppose
from Fig. 86. Fig. 87 gives the net photosynthesis
as a funection of depth for the 15% and the 16%
absorbeney eurves. While the kelp at depths of 15
meters might be eliminated by a 1% change in ab-
sorbeney in our hypothetical example, it can be seen
that kelp at a depth of about 14 meters could main-
tain the same value of net photosynthesis as the
grazed plant was previously able to do in water of
15% absorbency at 15 meters. This would mean that
the outer edge of the bed would move shoreward. The
net effect on the total area covered by the bed would
be slight if the bottom had a steep slope, but a greater

DEPTH IN METERS

103
PHOTOSYNTHESIS ACCOMPLISHED DURING AN AVERAGE DAY
RELATIVE UNITS
0 0 20 ]
] T T
(] 5
15
] o
o5k |—compEnsaTion POINT

Figure 87. Curves showing the theorstical photorynihesis of Macrocystis
as o funchion of depth for woters of 15 and 18% abrorphion cosfficionts.

regression would be expected if the bottom had a
wentle slope between depths of 14 and 15 meters.

In the latter case one also must consider other fac-
tors as well. Any kelp grazers left in the barren part
of a receding bed must move into the remaining kelp
or starve. This has the effect of ereating a zone of
heavy concentration of grazers at the receding edge
of the bed (such a condition has been observed many
times at Point Loma and along the Palos Verdes
peninsula) and this may be a cumulative process.
The inereased numbers of grazers may reduce the
kelp to such an extent that further shoreward regres-
gion of the edge of the bed oceurs and then the zone
of inereased grazing moves shoreward, further in-
ereasing the coneentration of grazers, ete. In brief,
it would appear that where a biological equilibrium
exists, slight permanent changes of water clarity in
one direetion or another might have extensive results.

A sitmation is also coneeivable where a kelp bed
might produee enough organie matter to outweigh by
far the depredations by grazers. An outfall in the
area might initially have no effect, but if the effluent
volume inereased year after year, creating greater
and greater light attenuation in the area, the eritical
point of equilibrium where grazing outweighed the
replacement by photosynthesis might be reached and
then passed, and the kelp might disappear rather
quickly even though it had survived in the field of
influence of the ontfall for many years.
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From Fig. 86, it is evident that at all values of
absorbencies the percentage decrease in photosyn-
thesis beeomes much less at shallow depths; one wounld,
therefore, expect shallow beds to be less affected by
outfalls then deep beds. It may be significant that the
only kelp remaining in the Point Loma and Palos
Verdes area tends to be loeated in shallow waters,

This effect 15 also manifested in the curves of Fig.
BR. At shallow depths and high turbidities the earves
tend to approach each other. This means that gross
change in water clarity would be expected to cause
relatively little shoaling of a compensation point at
shallow depths, but even a small change might be
important at the depths of 10 m or greater in clear
water. To emphasize this aspect further, a family of
curves showing the effect on ambient light as a fune.-
tion of depth was computed for a postulated 19% in-
erease in absorbency, average over the whole water
column (the increase would be, say, from 109 to 11%,
209 to 219, 30% to 31% ). The considerable influ-
ence of inereasing depth in componnding the effeets of
such a change is readily appreciated (Fig. 89).
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Figure BB, Loss of light with depth.
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It can be seen that the actual process of dilution of
sewage by seawater does not necessarily increase the
amount of light incident on the bottom, since path
length as well as concentration is involved (see equa-
tion (1)). That is, it does not matter if sewage is lay-
ered on the surface or spread throughout the water
column because of the interplay between the factors
of coneentration of absorbing substances and the path
length light must traverse before reaching the bottom.
Dilution will help, however, if the diluted mixture is
carried into shallower water and the path length is
thereby reduced.

The Effect of Turbidity on Adult Plants

A slight change in water clarity may have a pro-
found effect on short plants in deep water. What is
the effect on adult Macrocystis? Before this can be
answered one must have an idea of the distribution
of plant tissues through the water column, especially
determining what portion lies near the surface where
presumably light is always above the compensation
point, even in very turbid water.

In order to assess this important problem, 67 adult
plants were gathered from the La Jolla bed during
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Figure 89. Groph showing the theorefical percent reduction of light af

different depths when the obsorbency it increased by 19%. (ie. from

10 to 119% ar 20 fo 219, efc.) Curves ore givan for wolers of different
initial absorbancy characteristics.

the summer of 1958; the depth where they were taken
was aceurately determined with a sounding line.
There was no selection of plants with respect to the
proportion of tissue contained in the canopy, sinece
the divers were never able to see the surface from the
bottom because of the excessive turbidity caused by
plankton blooms. (The plants were cut off at the
hottom. )

The severed plants were brought ashore, weighed
fresh, and then cut into two sections at a point which
would have been four feet below the surface if the
plant were extending straight up from the bottom.
(A point four feet below the surface would presum-
ably be above the compensation point for kelp for all
degrees of turbidity normally encountered in eoastal
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water). The portion which would have been in the
canopy was then weighed separately, Kelp eanopies
frequently deteriorate during the summer, possibly
hucauqe of temperature damage, and the La Jolla bed
gave indications of such deterioration during the
time our samples were taken. The results can probably
be assumed, therefore, to indicate about the minimal
canopy which would be expeeted to oceur in the La
Jolla region.

The results are presented in Fig. 90, The percent of
each plant which lay in the upper four feet is shown
as a function of depth, by weight. It ean be seen
that a considerable range of variation was found at
all depths. Several plants did not have any surface
material while at the other extreme, two plants had
60% or more of their total weight in the zome from
the surface to a depth of four feet.

With this information as a background, the rela-
tive photosynthetic capability for hypothetieal plants,
each weighing 100 kg an standing in 18 meters of
water of varions absorbencies was calenlated. Values
of 10 to 60% were assumed for the proportion of
tissue of each plant lying at the surface. The eurves
of Fig. 85 were used as a basis for the caleulation,
and because of the assumptions involved in construet-
ing the later graph, we are presenting the data in
relative terms only.

Fig, 91 shows the total photosynthetic capability of
the hypothetical 100-kg plants deseribed above (any
shading effects by the canopy were at first neglected).
It is evident that decreasing water clarity has a notiece-
able effect even on plants with a high proportion of
their total weight near the surface.

The model was then modified to inelude a factor for
shading. It was assumed that the canopy absorbed
light energy in direet proportion to the percent of
the plant by weight existing at the surface. Thus, for
example, it was assumed if 509 of the weight of the
plant were at the surface, this material wonld reduce
the penetration of light by 50%. The changes which
this assumption makes in our former model are shown
in the same figure. For clear water the total photo-
synthetic capability actually deecreases slightly with
inereasing percent of the plant at the surface if shad-
ing is taken into account. With increasing turbidity,
however, the advantages provided by maintaining
photosynthetie tissues in the well-illuminated zones
outweigh the shading effects produced thereby.

The model described above ean probably be justi-
fiably eriticized in that the effects of shading are prob-
ably underestimated for the denser canopies. Neushul
(1957) observed that a kelp blade aborbed about a
third of the ineident green light energy and he found
that illumination underneath dense eanopies in the
field could be reduced to less than 1% of the value
in open water under comparable conditions. The great-
est reduction indicated in our caleulations and figures
was 609. It is doubtful, however, whether the rela-
tionship of the different curves to each other would
be significantly altered, and it is this relationship
which gives rise to the conclusion. Turbidity does in-
fluenee substantially even adult Macracystis,
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Figure 90. Groph showing different values of the percent of the fotal

weight of Mocrocystis plonts which weuld have been removed by horvest-

ing as curranily procliced. The planfs were collected during the summer
of 1958,
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Light Absorbing Characteristics of
Sewage-Seawater Mixturas

In order to determine if discharged wastes could
possibly affect the turbidity over a wide stretch of
coastline, 24 hour composite samples from the City

0=

60- Chlorinated

2 Unchlorinated

Absorbance (%)
ol
o

of San Diego's treatment plant were analyzed in a
Beckman D U Spectrophotometer as to their spectral
absorption characteristics (Fig. 92). A path length
of 1 em was used and to eonvert these absorbencies to
the absorption coefficients used in the discussions

400 500
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Wavelength (mp)

Figure ¥2. Absorplion specirum of 24 howr composife sewoge somples collected of the sewage hreatment plont of the City of Son Disgo. Curves
were obfained vsing @ T cm poth length quariz cell in @ Beckman DU specirophofometer.
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Figure 93. Curve showing the dilution required fo decrease the absorbency to o 1% value.

above, caleulations for a path length of 1 meter must
be made, ultilizing equation (1). A value of 1 > 10-=°
was computed for the absorption coefficient at 500
mu, representing a spectral region important for kelp
photosynthesis and intermediate in the range of values
for absorption coefficient over the whole spectrum.

We have noted above that inereasing the average
absorbeney by only 1% is sufficient to produce a sub-
stantial change in ambient light at depths of 10 m
(33 ft.) or greater, typical of the kelp bed zone. The
amount of dilution required to lower the absorption
coefficient so that the final mixture is inereased only
by 1% can be computed from a family of dilution
curves (Fig. 93) and is shown as a funetion of ab-
sorbaney before dilution (Fig. 94). For the values of
absorbancy obtained above, a dilution of at least a
thousand fold seems desirable.

Use of these caleulations requires that the optical
character of the sewage-seawater mixture does mnot
change with the passage of time. In practice there
are almost certainly profound changes, but what these
are in the open sea, and exactly what influence is
exerted on water elarity remains to be established.
Gunnerson (1948) aseribes a major portion of the
disappearance of B. coli in receiving waters to rapid
sedimentation of suspended solids in the sewage-sea-
water mixture. We have noted no sludge deposits in
the nearshore areas of Point Loma, Palos Verdes, and
Santa Barbara, but the immediate vicinity of the out-
falls has not been examined (our kelp station at Santa
Barbara is about 1000 feet from the outfall terminus).

On calm days, however, at Palos Verdes and Santa
Barbara, a fine skinlike film of voze settles on hard
surfaces but appreciable wave action brings this into
SUSPETISLON.

Our measurements of ambient light in the sea tend
to indieate that regions near outfalls can be guite
turbid, and there is good indication that the Banta
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Figure 94, Curves illustrating the voriotion of abserbency of a Nguid
iz diluted with o non-absorbing fluid.
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Barbara area is less elear than a eontrol at Gaviota
(see Surveys Section). Turbidity is such a wvariable
factor, however, both with respeet to time and loca-
tion, that it is believed a wvery extensive series of
measnrements should be made before and after the
installation of an outfall if the question is to be
settled properly, We have seen that only a small
change might produce a large effect and detection of
siich a change in the presence of known high varia-
bility will be a most diffienlt task. At the present time
no definitive answer can be made except to say that
an adverse influence is well within the realm of possi-
bility.

Some Properties of Marine Leptopel

The light-absorbing agents in sea water columns
consist of (a) phytoplankton, (b) suspended and eol-
loidally dispersed non-living matter (leptopel), (c)
dissolved vellow substanee and (d) the water itself.
The leptopel is the principal light-abosrbing agent
suspended in coastal water when the phytoplankton
erop i8 low, as in autumn and winter. Leptopel in sea
water was investigated by Fox, Isaacs, and Corcoran
(1952). To study its optical properties, we recovered
this suspended matter from carboy lots of sea water
by high-speed centrifugation. Initially a Servall type
G centrifuge was employed, two liter volumes of sea
water being centrifuged batchwise at 3400 rpm for
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20 minutes or longer. By its use, the suspended matter
in & carboy of sea water ecould be recovered in 3 to 4
hours. Later, the Servall continuous flow centrifuge
was employed at 34,800 p (17000 rpm), with a sea
water flow rate of 100 ml/minute. Centrifuging re-
moved the bulk of the suspended matter, but upon
filtering the centrifuged water through a 0.5 micron
millipore filter, Mr. Peter Williams obtained a visible
vellowish deposit. The Tyndall eone intensity observed
in the centrifuged water also was appreciably higher
than in the water which had been passed through the
0.5 mieron filter, so the centrifugal separation method
does not recover the most finely suspended organie
matter,

The main purpose of this study was to compare the
finely suspended matter in water flowing out of San
Diego Bay with that in water collected at abont the
same time over the remaining patches of kelp beds
No, 2 and No. 3, which extend northward from Point
Loma to Point Medanos. The water samples from this
area were obtained in the colder months (September-
March) when there were few phytoplankton in the
water. The samples were collected near the surface
while the tide was receding, two to four hours after
high tide, Water flowing out of San Diego Bay was
sampled in the middle of the channel opposite Ballast
Point. The second sampling station (Table 59) was

Table 59

Amgunts and properties of leptopel recovered from coostal sea waler by high speed centrifugotion.

Sediment characteristics
Sample packed Volume of
Diate volume, mm? solids, ash, aediment,
Bea water sample oollected liters Appearance volume mg mg ml /m*
1. Mid-channe! off Ballast Point, out- gelatinous upper frac- 33.0
going tide 9/15/58 8.0 tion over Rn-a el 400 54.1 (B295) 50.0
Mid-channel off Ballast Point, out- 6.
going tide 12/15/58 | 13.65 Brownish grey mud 110 12.5 (555%) 8.1
Mid-channel off Ballast Point, out-
going tide 2/ b/58 18.1 Brownish grey mud 110 S50 il 6.1
Mid-channel off Ballast Point, out- 7.0
going tide 3,/26,/59 25.2 Brownish grey mud 100 12.8 (629%) 4.0
2. Kelp bed No. 2, Point Loma, 8. shore-
ward side 09/16/58 2.1 Brownish grey mud ] —_— o 3.8
Kelp bed No. 2, Point Loma, 8, shore-
ward side 2/ /50 | 28.25 Brownish grey mud 125 —=2 ik 4.4
Kelp bed No. 2, Point Loma, 8. shore- 13.5
ward gide 3/26/59 33.3 Brownish grey mud 120 20.8 (6555 3.6
#. Kelp bed No. 2, Point Loma, 8. sea-
ward side 12/15/58 16.0 Brownish grey mud 25 ¥ S 1.56
Kelp bed No. 2, Point Loma, B. sea- 1.5
ward side 12 /23 /58 40.0 Brownish grey mud &0 4.4 (3495) 1.25
4. Kelp bed No. 3, Point Medancs, N. 7.0
shoreward side 3,/26,/50 27 .6 Brownish grey mud a8 13.2 (539%) 3.55
5. Gulf of Tehuantepee 97*W,, 14720°N. 1.6
(60m depth) 11/30/58 45.0 Brownish grey mud 110 .6 (24.3%) 2.44
6. BI0 sea water (stormy period) 10.1
12/16,/58 10.5 Brownish md 140 17.9 56,59 10.33
SI0 sea water (stormy period) / pagh ! m.é{’]
1,27 /59 10 Brownish grey mud 150 20.9 (709) 15.0
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about two miles out from Ballast Point over the south
shoreward edge of kelp bed No. 2, or the part elosest
te San Diego Bay. When the water samples were
collected at this station, the surface kelp fronds were
drawn northward by the tidal enrrent, which shonld
therefore have been bringing water from the Bay over
kelp bed No. 2, The third sampling station was be-
yond the seaward edge of kelp bed No. 2, about one-
half mile due south of the shoreward sampling point.
The fourth sampling station near Point Loma was at
the northern edge of kelp bed No. 3 opposite to that
over kelp bed No. 2 at the same time. This southward
surface current at outgoing tide seemed to extend
over most of the kelp bed No. 3 area. Thus on the
days our water samples were collected (December-
April}) water from San Diego Bay appeared to be
flowing northward over kelp bed No, 2 off the tip
of Point Loma, but in kelp bed No. 3 farther north,
the prevailing surface eurrent was southward. While
the tide is receding, kelp bed No. 3 could be directly
exposed to water from the vicinity of Oecean Beach
and Mission Bay, but not from San Diego Bay. On
any one day, water samples were collected off Ballast
Point and from different stations over the Point Loma
kelp within about 90 minutes, The order of collecting
and of centrifuging the samples from the Point Loma
area was varied to avoid bias from this source. Five
ml of Hutner's volatile preservative (one part chloro-
benzene, one part 1, 2-dichloroethane and two parts
1-chlorobutane) was stirred into each carboy that
could not be centrifuged within a few hours after
colleetion. (Mercurie chloride was not used as a pre-
sorvative becanse it contributes ash to the sediments.)
The Gulf of Tehuantepec sample was provided by
Galen E. Jones for comparison. This 45-liter sample
was collected 85-90 miles offshore at 60 m depth in
a relatively unproductive oceanic region. Samples of
sea water from the Scripps Institution pumping sys-
tem were also examined on two stormy days when
the water was rendered unusually turbid by surf
action and runoff.

The sea water samples sometimes contained a few
large pieces of debris (fragments of kelp, ete.) which
were strained off on a sereen of one millimeter mesh.
The largest particles recovered by centrifuging were
of visible size, up to about one mm in diameter. The
present water samples did not seem to eontain any
particles which rose when centrifuged. The eentri-
fuged water was always examined visually before
being discarded and it appeared to be as elear as dis-
tilled water. The suspended particles formed aggre-
gates when centrifuged down; when the sediments
were resuspended, they would settle spontaneously.
Packed volumes were measured in hemotoerit tubes
or graduated centrifuge tubes which were spun on
clinieal centrifuge for twenty minutes. The packed
sediments were resuspended and washed three times
with distilled water, then transferred with distilled
water to tared erucibles. Solids were measured after
drying the erucibles overnight at 100°C. The eru-
cibles’ eontents were then ashed to constant weight

at 575-600°C,

The largest variation in contents of suspended mat-
ter was observed in the water samples collected off
Ballast Point; one sample contained 50 ml packed
sediment per m*, and the other three contained 4 to
8 ml/m® The corresponding sediment volumes for
water colleeted over the exposed southern end of kelp
bed No. 2 were lower and more uniform (3, 8, 4.4,
and 3.6 ml/m*), Still lower volumes of sediment were
obtained from water collected on the seaward side
of kelp bed No. 2 (1.56 and 1.25 ml/m®). Equal
amounts of suspended matter were recovered from
water collected over the northern and southern ends
of the Point Loma kelp, with the surface eurrents
flowing in opposite directions when these samples
were taken. The guantities of sediment recovered
from water over the Point Loma kelp in the autumn
and winter months were similar to that found in the
water from the Gulf of Tehuantepee. Turbid water
from the Seripps Institution pumping system obtained
on two stormy days contained more than twice as mueh
sediment than any of the water samples collected so
far over the Point Loma kelp beds. Water samples
were not collected over the Point Loma kelp during
storms, and the water in this area is rendered turbid
by violent surf action, as at La Jolla. It is likely that
higher contents of suspended matter oceur over the
Point Loma kelp in mid-winter, but the cause of the
extra suspended matter is adverse weather, not San
Diego Bay water. Our data indicate lower amounts
of suspended matter over the Point Loma kelp in
calm winter weather than in the water flowing out
past Ballast Point in San Diego Bay, but even off
Ballast Point the amount of suspensoids recovered
from the water was not large (4 to 8 ml/m*) during
the winter months {December-Mareh), Our studies of
the water in the Point Loma area could be improved
by the use of composite samples, by tracking the water
mass, and by synchronizing the water sampling with
light penetration studies. Remarkably enough, the
southern portion of kelp bed No, 2 which is most ex-
posed to San Diego Bay water has had an abundance
of yvoung sporophytes developing on the bottom (50
to 60 ft. depth) at the same time that young plants
ecould not be found in the La Jolla kelp bed. There
were large numbers of young sporophytes on the
shoreward side of kelp bed No. 2 when sampling the
water above them was begun, but in March 1958, their
tops were eaten off almost to the holdfasts by sea
urching and possibly other grazers which were ob-
gerved in that vieinity.

The sediments from the Point Loma area had the
appearance of a fine brown silt, sometimes gelatinous
at the top. The sediments from water collected off
Ballast Point, over the Point Loma kelp and from the
S10) sea water system had ash contents which ae-
counted for 50-70% of the solids. (The ash content
of the Gulf of Tehuantepec sediment was only 24%.)
These local sediments became distinetly red when
ashed, indicating high iron contents. In this econnee-
tion, eolloidal ferric hydroxide absorbs organic matter
from sea water and is eurrently being used for this
purpose by Mr, Peter Williams at Seripps Institution.
It has long been known that iron exists as particles
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of ferric hyvdroxide in sea water. These iron particles
presumably have formed part of the sediments we
have collected.

SEDIMENTATION

At no time at Point Loma, Palos Verdes, or Santa
Barbara was anyv substantial aceumulation of sedi-
ments observed which eould be attribunted to dis-
charged waste material. Shifting and filling in by
gands was often observed, but these processes are a
normal feature of the sea floor, unvelated to the dis-
charging of wastes. The immediate vieinity of outfall
termini at Palos Verdes and Santa Barbara was not
inspected, and it is posible that sludge and other sedi-
ments of sewage origin might be found in close prox-
imity, Wave action, however, keeps fine sediments in
suspension at the depths ordinarily oceupied by kelp.
At times of extremely flat seas a fine scum covered
most surfaces at Palos Verdes, but was easily brought
into suspension by slight wave surge along the bottom.

At our Santa Barbara growth station, occupied over
a vear and a half, several lengths of iron pipe, about
9 inches diameter, had been discarded. They were
thickly covered with barnacles and remained exposed
about the same amount throughout the study; no
burial by sludge or other sediments oceurred. The
station was about 1000 feet from the outfall terminus.

Sludge was found on the floor of San Diego Bay at
the outfall terminus and about a mile northwest at
the 28th Street Maole. The sludge did not inhibit all
life, however, as the surface was oxidized and a wide
variety of organisms were observed thereon (North,
1958a).

No sedimentation has ever been observed on kelp
blades in the open sea, although silt and sludge have
been observed adsorbed onto the blades of Sargassum
in Florida waters; in eontrast to the microbiota-poor
water, such siltation is rich in ciliates, colorless flagel-
lates, englenids, and diatoms. Sedimentation has been
found on Macrocystis blades where quiet water exists,
such as in bays, but this is not necessarily related to
sewage discharge as the phenomenon may be found
in areas such as Turtle Bay, Mexico, far removed from
submarine ontfalls.

Although there is apparently little or no permanent
aceumulation of sediment of sewage origin in the
shallow zones near outfalls, considerable quantities of
material are discharged by the larger installations.
Computations of the amount of snspended solids com-
ponent discharged annually by the Los Angeles
County Sanitation Distriets faecility at Whites Point
and the City of S8an Diego treatment plant, based on
ronnded figures for recent years (Table 60) indicate
that there is probably sufficient material to eause
noticeable accumulations if it were distributed as sedi-
ments within a square mile surrounding the outfall
terminus. The organie matter contributed to the re-
ceiving waters is substantial when compared with the
average annual production of organic matter by phy-
toplankton (0.05x10° ft* per square mile). For ani-
mals which ean utilize the organic matter in the
suspended solids, a tremendously rich environment
should result.

Table &0

Caleulated annual dischorge of suspanded solids frem Whites Point and
Son Diego, bosed on rounded figures for recent years.

Annual
discharge
Annual of organic
dizcha matter in
Diaily Bus- | of suapen snapended
dis- | pended ds, aolids,
clmr%z solids millions millions
MG ppm of ft? of ft**
Whites Point. .. 250 300 3.6 2.4
San Diego_ ... 50 85 0.26 .04

* Ammuming that the suspended solids are | organic matter, after
Fmbog, et ol (1956).

PHYTOPLANKTON
Intreduetion

Phytoplankton and associated mierobiota were of
interest to the study for several reasons. It is possible
that they compete with attached plants for light and
nutrients. Likewise any discharged toxic substances
harmful to life might affect the microbiota as well
as vegetation such as kelp. It has lomg been known
that discharged wastes can affect the composition and
abundance of phytoplankton. Henee knowledge of ex-
pected normal populations might be of use in analysis
of conditions in kelp beds located near outfalls.

Preliminary Studies of the Phytoplankfon of San Diego Boy

H. E. Miller and I. Nusbaum investigated the photo-
synthetie activity of phytoplankton in San Diego Bay,
and showed that photosynthesis in this contaminated
water serves as an important source of oxygen. Very
marked oxygen enrichments were observed throughout
most of the bay during ‘‘blooms’’ in the spring and
summer months. The lowest dissolved oxygen concen-
trations in San Diego Bay were observed by these
investigators during the fall and winter months; these
low values were attributed to reduced photosynthetic
activity (Miller and Nusbaum, 1952},

In conneetion with the foregoing investigation, the
types and numbers of photosynthetic organisms in
different parts of San Diego Bay were determined by
Dr. Beatrice M. Sweeney, Department of Marine
Botany, S10. This work was based on water samples
collected by Mr, 1, Nusbaum in the summer and
autumn of 1952 at known dates, depths, and locations.
Sea water samples collected off the SIO pier were
examined at the same time as controls (Table 61).
This unpublished 1952 study revealed characteristies
of the San Diego Bay phytoplankton which have ap-
peared arain in more recent studies. The bay water
samples nsually contained a high proportion of small,
naked, photosynthetic flagellates. Some, at least, of
these organisms are positively phototactic, which pre-
sumably allows them to congregate in the illuminated
surface zone of the turbid water. Representatives ex-
amined in the laboratory have shown organic growth
factor requirements, which should be supplied by
orranic wastes in the bay water. Beeause of their
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Table &1
Phyteplankton of Son Diego Bay and of uncontaminated coastal water
' [Counts and Identifications by Dr. B. M. Sweeney).
1 Total Emall naked
Date Location Phytoplankion fngellates Distoms Dinoflagellates
7/11/62 (depth 1 foot)...____| B 8t. Pier______.. 5,360 5,000 nil 360
Rowing Club. .. ._ i, 160 5,700 niil 460
28th B, ____ | .. 3,200 2,970 nil 230
BI0 Pier, La Jolla._ 260 ahaent 20 240
7/17/62 (depth 2-3 feet) . ____| B Bt. Pler_______. 330 50 20 200
Rowing Club_ . __. 270 200 40 30
aEthBb 545 100 (not counted |separately)
17tk 8t. Channel . _ 4, () 3,000 1, none
F 8t. Shore-...... 500 (nfot counted separatel|y
Foot, Armory-
Silver- . .. 1,850 1,850 nil nil
Glorietta Bay_____ 1,730 1,100 0L, 230
BIO Pier, La Jolla_ 335 nil 90 140
T g T SEthRE i 70 55 10 B
BI10 Pier, La Jolla_ 0.3 nil 0.1 0.2
Mid-summer, 1954
(R. W. Holmes)___________| Pier No. 11._____. 21,130 11,630 1,050 8,450
P e R R S T T 110 095 8 7
fragility and small size, these flagellates can escape “bloom’" proportions. Fourteen different types of

notice in rontine plankton analyses ; they pass through
fine plankton silk, disintegrate or become unrecogniz-
able when stored in 5 percent formaldehyde, and they
are easily destroyed by centrifuging. The green
marine Euglenoid, Ewtreptia viridis has usually been
present in the San Diezo Bay water samples, and in
some of these, it was observed in conecentrations above
1000 eells/ml. This organism has been maintained in
laboratory culture at SIO since 1952. Eutreptia has
not been observed in sea water samples collected off
the SIO pier. Although diatoms and dinoflagellates
are usually present in San Diego Bay water, the
species tend to be of small size.

Seasonal changes and depth profiles in phytoplank-
ton density have not been examined in detail, bhut
the seasonal trend appears to be similar in the bay
and outside. Phytoplankton are more abundant in
spring and summer than in fall and winter, but the
photosynthetie microorganisms are usually much more
numerous in the bay, and with a different species com-
position.

Accelerated corrosion of ship hulls moored in San
Diego Bay was shown to arise in part from the high
oxygen concentrations resulting from intense photo-
synthetic activity in the surface water (Kittredge and
Coreoran, 1955). In conneetion with the latter study,
phytoplankton identifications and eounts were pro-
vided by Mr. Robert W. Holmes for water samples eol-
lected at the surface off Pier No. 11, which is about
one km south of the municipal outfall. The phyto-
plankton densities observed by Mr. Holmes were re-
markably high (20,000 photosynthetic eells per ml).
The naked flagellate group again predominated, but
diatoms and dinoflagellates were also present in

algae were identified in Mr, Holmes' study (Kit-
tredge and Corcoran, 1955).

During 1957-58, additional samples of San Diego
Bay water were examined. A bloom which oceurred
in the spring of 1957 near Shelter Island was mainly
eomprised of eryptomonads, a tvpe of naked flagellate,
but also eontained the marine Euglenoid, Euireptia,
as well as several types of diatoms and dinoflagellates.
Cryptomonads and Ewtreptia could not be found in
sea water samples collected at the same time off the
Seripps pier. Sea water collected off the 28th Street
Male in late antumn 1957 showed a preponderance of
naked marine flagellates, which again included Eu-
treptia (Table 61). The relatively low numbers of
cells per ml observed in this December sample accords
with the 1952 autumn sample obtained at the same
location. Water collected at the San Diego municipal
outfall was essentially devoid of all phytoplankton;
only four cells were seen in several slides, even after
coneentrating 100-fold.

In May, 1958, a dense bloom oecurred in the bay
which was found to econtain 17,500 cells/ml. by Mrs.
Anne Dodson. The predominant organism in this ex-
tensive bloom was a small unarmored dinoflagellate,
identified as Massartic by Drs. B, Sweeney and E.
Balech. Thiz organism has frequently been seen in
water samples from San Diego Bay, but not from
off the SIO pier.

Phytoplankien in Coastal Waters, 1958

The importance of phytoplankton as enmpetitiw
light-absorbers within kelp beds was revealed in stud-
ies this vear of conditions prevailing at the bottom
of a selected station in the La Jolla kelp bed. There
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was insufficient daily photosynthesis by young kelp
fronds near the bottom to balance daily respiration,
on clear days in January, March, May, and June,
1958. This observation was eonfirmed in the laboratory
by reprmiuﬂl]g the green light intensities observed
at midday in the field, which proved to be insufficient
for net photosynthesis. At first the dense shade was
attributed to the surface canopy, but examination of
the entire water eolumn revealed high turbidity which
doubtless contributed to the low light intensities near
the bottom. The cause of the turbidity throughout the
water column wag sought by Dr. B, Sweeney and Mrs.
Anne Dodson through microscopic examination of
water samples. F'rom May onward through the sum-
mer, the cause of the turbidity at this station was
phytoplankton, present to the extent of 200 or more
cells per ml. upwards. These observations refer to
uncontaminated eoastal water at the north end of
the La Jolla kelp bed. With other conditions the same,
heavier crops of phytoplankton are to be expected
when extra nutrients are supplied from organic
wastes,

Microbiota of San Diego Bay and Point Loma, 1959

The phytoplankton, protezoa, and sulfur baeteria
in San Diego Bay, in Kelp Bed No. 2 near the bay
entrance at Point Tmma and off the SBeripps Institu-
tion of Oceanography pier at La Jolla were investi-
gated during the summer of 1959.

As noted above, observations in previous years
(1952-1958) by B. M. Sweeney and Anne Dodson had
revealed substantial differences between the phyto-
plankton of San Diego Harbor and of coastal water
sampled off the 810 pier (Clendenning, 1958a, 1958b,
1959, 1959b). One of the purposes of our investiga-
tion was to define these differences taxonomically and
by guantitative population measurements, A second
objective was to determine the effects of San Diego
harbor wastes on the Point Loma kelp through stud-
ies of the phytoplankton and other microorganisms.

Six stations were selected in mid-ehannel at ap-
proximately two-mile intervals throughout the navig-
able length of San Diego Bay (Station 1 was at the
southern end of the channel opposite Chula Vista,
Btation VI off Ballast Point, ete.). The seventh sta-
tion was located in the Point Loma kelp about one
mile offshore alongside the harbor entrance. Station
VIIT was the SIO pier which served as a control, Sur-
face water was collected weekly off the pier and at
outgoing tide from the San Diego Bay Stations I-VIL
Later in the same week, the sediment-water interface
was sampled at the bottom under these eight stations
by divers. All samples were examined promptly with-
ont use of preservatives.

The following types of microseopie algae were iden-
tified to genus or species:

Dinoflagellates Eunglenids
Diatoms Xanthophyceae
Cryptomonads Volvoeales
Chrysomonads Chlorocoecales
Chloromonads Blue-green algae

When any organism was present in large numbers,
the population density was also determined, and other-
wise frequencies of occurrence were recorded.

Owver 100 species were observed in the dinoflagellates
alone, and a total of 145 phytoplankton blooms were
observed in the samples. (Diatoms T3, Chlorococecales
30, Chrysomonads 14, Cryptomonads 13, Volvocales
13, Dinoflagellates 1, Eutreplia 1 (occurrences of over
500 eells/ml).)

Largest number of dinoflagellate species, greatest
frequency of their ceeurrences and densest dinoflagel-
late populations were observed at the control station
at La Jolla, followed by the Point Loma kelp station.
Within San Diego Bay, the dinoflagellate populations
deereased progressively with increasing proximity to
the municipal outfall. This limiting effect of the har-
bor water was expressed on the sedentary species in-
habiting the sediment-water interface as well as on the
planktonie species collected at the surface. Dinoflagel-
lates eommonly predominate in the coastal phyto-
plankton during the summer solstice, and the leading
coastal species are well known from several decades of
preceding work at SI0. These leading coastal species
were present as usual at the two coastal stations (La
Jolla and Point Loma), but they were absent at the
inner San Diego harbor stations I-IV, which spanned
the bay from Chula Vista to the 10th Avenue pier.
The outer harbor (Shelter Island to Ballast Poeint)
was intermediate in this respeet, showing fewer dino-
flagellates than the coastal stations and more than
were observed in the inner harbor. This finding is
borne out by less detailed observations made in pre-
vious vears. Thus, in the summer of 1958, Gonyaulax
polyedra was absent or insignificant in San Diego
harbor while Gonyauler red tides were oecurring
along the coast. Certain types of algae were favored
by the extra nutrients in San Diego harbor, but the
opposite was true of the dinoflagellates, and most es-
pecially the leading types of coastal dinoflagellates
which were excluded.

Cryptomonads were judged highly characteristic of
the fertilized harbor water, but eryptomonads were
not more abundant in the samples collected from the
Point Loma kelp than from the 810 pier at La Jolla.
From the work of Dr. M. B. Allen, it is known that
certain species of the Chlorococcales (a group of green
algae) attain vast numbers in sewage oxidation ponds
(10% to 107 eells/ml). Chlorococcales bloomed fre-
quently in inner San Diego harbor, but the population
densities were from several hundred to several thou.
sand times lower than were observed in Dr. M. B.
Allen’s study. (This is to be expected since over 600
gallons of sea water are exchanged tidally by San
Diego Bay per gallon of elarified sewage released by
the municipal outfall and sewage oxidation ponds
therefore receive much higher eoncentrations of nn-
trients such as nitrogen and phosphorus.) The Chlero-
coccales were not more abundant in the Point Loma
kelp than off the SIO pier at La Jolla. There were
more diatom blooms in the Point Loma kelp than off
the SI0O pier, but this was balanced by decreased
numbers of blooms in other phytoplankton eategories.
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Relative frequencies of phytoplankton blooms
throunghout the summer of 1959 in the outer part of
San Diego harbor, in the Point Loma kelp and off the
S10 pier are reported in Table 62.

Table &2

Phytaplankion bBlooms observed in water collocted in outer San Diege
harbar (the partian of the bay mest closely resembling the cutside
waters and presumably freest from influence of wostes), in the
Paint Loma kelp, ond off the 510 pier, July-August 1959,

Point NI
Shelter Ballaat  Loma Pier,
Tsland Paint Kelp Lo Jaolle
(Station (Htation (Stafion [(Stafion

F) ¥I) ¥II) VIII)

Dinoflagellates i i 0 1
Crypromonnids 2 2 i i}
Cheysomonails 3 i 1 3
Chlorocoreales 51 4 1 ]
Volvocales o 1 1 1
Digntoms 14 12 ] i
Total Phytoplankton =T e — o

Blooms 26 19 12 13

Phytoplankton blooms were observed more fre-
quently off Shelter Island and off Ballast Point than
at either of the coastal stations. This difference arose
mainly from small diatoms, which also were observed
in bloom more frequently in the Point Loma kelp than
at the coastal control station at La Jolla. But for phy-
toplankton blooms as a whole, their frequency of oe-
currence did not differ significantly at the two coastal
stations (12 blooms in the Point Loma kelp vs. 13 at
the SI0 pier, La Jolla).

The Microbiota of Mission Bay and of the Coastal Kelp
Area Between Point Loma and Bird Rock (La Jolla) 1941
Research on the microseopie algae of Mission Bay
and of the coastal kelp areas extending from kelp bed
no. 2 to bed no. 4 was conducted during the summer
of 1961. The area of investigation included the entire
eoastal kelp area between San Diego and Bird Rock,
La Jolla, plus four stations within Mission Bay. Three
of the 1959 stations were used again in 1961, which
allowed comparisons between years. Positions of the
regularly sampled stations were fixed by shore

markers:

MNo. 6 Ballast Point

No. T Point Loma kelp, southern end

No. 8 BIO pier

No. 10 Convair gantry, one mile offshore

No.11 BSunset Cliffs Park, southern end, one mile
offshore

No.12 Ocean Beach, one mile offshore

No. 13 Bird Rock end of kelp bed No. 4, La Jolla

No.14 Mission Bay entrance, within the break-
water

No.15 Mission Bay, near projected Oceanarium
site

No. 16 Mission Bay, by F. A. A, tower

No.17 Mission Bay Yacht Club

Stations 10, 11, 13, 16 and 17 were sampled early
on Monday mornings during the summer of 1961, and

the remainder were sampled at ebb tide on Wednes-
days. The offshore stations were sampled at depths of
50 feet as well as at the surface, using Van Dorn
samplers lowered with a windlass. Water temperatures
of each sample were recorded at the time of colleetion,
and the samples were brought promptly to the labor-
atory immersed in water. The coldest or bottom water
samples were analyzed first. The main block of infor-
mation was obtained from these regular samplings
which involved sixteen boat eruises with a crew of
two or more, Every third week was left free for spe-
cial studies. Shallow sections of Mission Bay which
could not be navigated by the large motor launch were
sampled in these periods, and samples also were taken
along San Diego Bay as a check on the 1959 study.
The groups investigated remained the same as in the
1959 study.

1. There was a large standing erop of phytoplank-
ton in Mission Bay all summer. This was espe-
cially evident in small lagoons leading off from
the main body of Mission Bay, Turbidity of this
water throughout the summer was mainly eaused
by living algae rather than by suspended soil
particles, Mission Bay ocenpies about four square
miles which has been completely transformed hy
dredging and filling. Over 20 miles of artificial
shoreline have been created within Mission Bay,
and during two wvears, 1960 and 1961, over
twelve million eubic yards of soil were dredged
from Mission Bay, Mission Bay is reserved for
recreational use and receives no industrial or
municipal wastes. The abundant erops of phyto-
plankton in Mission Bay may have been fos-
tered by nutrients released by the soil. The
dredging system that was in use during this
study operated on a closed cyele basis, which
retained the soil but presumably allowed soil
leachings to percolate into Mission Bay.

The leading phytoplankton species of Mission Bay
during the snummer of 1961 were the unarmored
dinoflagellates Gymuodinium fovum and FPro-
fodinium baltica, this being the first record of
their oceurrence there, Both of these species have
golden chromatophores, and Profodinium baltica
is now in laboratory culture for the first time.
Gymnodiniwum flavim became so abundant in
parts of Mission Bay that the water was colored
distinetly vellow, Rising numbers of this species
were monitored at Station 17 (Mission Bay
Yaeht Club) over a period of a few weeks. Then
on the weekend of July 22nd, dead and dying
fish began drifting into Asher Cove, a public
bathing beach near Station 17. The yellow water
now had a rank odor, and lifeguards reported
that at least twenty different kinds of fish were
killed. Water samples colleeted at this time in
Asher Cove contained 1800 cells/ml of Fymno-
diniwm flavum which was the cause of the yellow
water and presumably of the fish mortality. It
was observed in smaller numbers at several other
stations, even miles outside Mission Bay, but was
not detected in the 1959 study (Lackey) or in
any other plankton study in the San Diego area.

[ ]
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Unly one bloom of this golden dinotlagellate had
ever been recorded previously. In July 1914, this
species turned the coastal water yellow near La
Jolla for a period of three weeks, and it was
during that earlier oecurrence of *‘vellow tide"’
that Gymnodiniwm favum was discovered and
named (Kofoid and Swezy, 1921), Why this
organism faded from the seene for 47 years
(1914-1961) and then suddenly reeurred in large
numbers is a mystery, Gymnodinium flavuem has
vet to be eultured in the laboratory and essen-
tially nothing is known concerning its physiol-
oy, The fish kill in Asher Cove, Mission Bay,
is the first on record for California that was
associated with a Gymaodinivm bloom.

A major difference between the algae in 1959
and 1961 was the predominance of diatoms in
1958 and of dinaflagellates in 1961, The biomass
of the dinoflagellates usunally exceeded that of
all other groups during the 1961 investigation.
(feratium facatiforme was a dominant species,
especially in regard to biomass. Such eontinued
dominance of this species of Ceratium over a
period of time has not previously been observed
in California coastal waters.

. Most of the inshore photosynthetie nannoplank-

ton were green Volpocales and Chlorecoccales,
most of the offshore or oeeanie nannoplankton
belonged to the Chrysophyceae. Small unarmored
dinoflagellates have been guite abundant in the
inshore samples. Most of these dinoflagellates are
poorly known and very few of them have ever
been cultured or studied physiologically.

. The erops of phytoplankton at the offshore

(oeean) stations were sometimes large but flue-
tuated widely. The algal populations were con-
sistently smaller at 50 foot depth than in the
corresponding surface waters, The populations
of microscopie algae ranged from about 2 to
20,000 per ml during this study.

. The major populations and the majority of spe-

cies represented in the 1961 collections were
dinoflagellates (greatest biomass), diatoms rela-
tively few species and Chrysophyceae. Despite a
paucity of species. Cryptophyceae have also been
abundant. Large populations of the green eugle-
nid, Futreptia, were encountered, and at times
Coceolithophora, which should be considered
members of the Chrysophyceae. Silicoflagellata
have been constantly present but in small num-
bers, Volvocales, Chlorococcales, Chloromonadida,
Rhizopoda, Ciiata and Zooflagellata have been
few in numbers and species.

. New species of algae discovered during this 1961

study inelude: at least three of Chrysochromu-
ling, a new species of Chlamydomonas, and a
new Amphidinium. The Diplosalis encountered
early in the summer resembled D, lenficula, with
recognizable differences. Additional details have
been provided for species heretofore incompletely
deseribed such as Protodinium baltica.

MICROBIOLOGY

Collection Methods

Inhibition of bacterial growth by kelp frond ma-
terial makes definitive counting of the bacterial popu-
lations attached to kelp surfaces a complicated affair.
The sampling technique employed requires that the
sample be suspended in unsterilized water from the
kelp bed. An underwater sampling deviee is used
with which a diver punches out dises of kelp blade
tissue as he swims through the kelp bed, the dises
being deposited as they are collected in a sterilized
sample bottle. No handling by the operator is re-
quired, redoeing to a minimum, loss of organisms
from the samples and also contamination. Sinee the
kelp is suspended in sea water with its own popula-
tion of bacteria, a definite volome of this sea water
must be taken with the kelp sample to minimize
error from this source. The counting proecedure for
such a sample requires that a count be made of the
sea water population and this value is then subtracted
from the value obtained from the combined sample of
sea water and kelp sections. To take account of the
inhibitory action, the plate counts of kelp frond ma-
terial are determined by running a third set of counts
in which the inhibitory effect against the sea water
bacteria is ascertained. In the laboratory, standard
methods of enumeration, identification, enlturing, ete.,
were employed. The following econclusions were
reached during a 2 vear investigation of the micro-
biology of kelp areas:

Temperature of Optimum Growth

Coneurrent with each baeterial plate counting
series a determination was made of the optimum tem-
perature for maximum growth of the bacteria of the
kelp bed in the sample. In this procedure 0.1% pro-
teose peptone was added as a nutrient source to a sus-
pension of kelp bacteria made by shaking kelp blades
in sea water from the kelp beds where the blades
were taken. Aliguots of this suspension were ineu-
bated at temperatures ranging from 12°C to 46°C
at two-degree intervals (18 temperatures in all).
Baeterial growth in the suspensions was measured in
a nephelometer after a period of growth sufficient to
produce a dense turbidity at the temperatures of
maximum growth (8 to 18 hours, depending primarily
on the initial baeterial count of the suspension).

Results of these experiments showed that two dis-
tinet optimum temperatures existed for the growth
of bacteria from the kelp frond surfaces. Figure 95
shows the results from one such experiment with a
sample taken from the ‘' Five-minute Kelp Bed'' at
South Coromado Island. As is indicated in the curve,
two maxima oeccur, one at 26°C and another, less
distinet in outline, at 34-38°C. Results from three
other experiments, one from each sampling area, give
substantially the same results, with the shapes of the
curves being slightly different but indieating the
same points of maximal growth. One previous experi-
ment from the ““Five-minute kelp bed,’”’ on January
28, 1960, gave the results shown in Figure 96 in which
the higher optimal temperature at 34.38°C was not
present, From the small amount of data now available
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it is not possible to determine the significance of such
a result. It is important to note, however, that the
population of baeteria in the kelp beds does change
appreciably with time, and therefore possibly with
the seasonal change of temperature.

On the basis of numbers of individuals, and to a
lesser extent, on the total volumes of the various types
of organisms, bacteria comprise a large majority of
the mierobial flora which live on the surface of lkelp
plants,

The types of bacteria found on kelp plant surfaces
are the same as those which are representative of the
littoral waters in which kelp beds exist.

The characteristies typical of the epiphytic bacterial
flora are as follows:

a. Gram negative rods predéminant with few cocei
and spiral rods and a very few Gram positive
rods.

b. Mostly aerobie or microaerophilic with regard to
oxygen requirements with some facultative or
anaerohic bacteria also present.

¢, Growth on peptone agar medium in the form of
smooth, pigmented, cireular, entire, convex col-
onies, Pigment of most, greyish white in appear-
anee with yellow, orange, and red or reddish
brown also oceurring frequently.

d. Poor growth, if any at all, on kelp homogenate
ggar medinm at any  concentration. Where
growth appears, organism produces better growth
on simple peptone media. Inhibitory materials
present in the homogenate produce the effect.

e, Little or no utilization of earbohydrate or poly-
aleohol substrates.

f. Btrong utilization of proteinaceous materials sueh
as peptone, yveast extract, and casein hydrolysate
18 evidenced.

. Motility is of common oceurrence ; type of flagel-
lation undetermined.

e

A positive correlation exists between the magnitude
of the bacterial population attached to kelp blade sur-
faces and the environmental temperature, the number
of bacteria increasing as the water temperature rises
in the spring and decreasing as the temperature of the
water drops in the fall. By contrast, the bacterial flora
of the surrounding waters varies in magnitude over a
wide range with no apparent correlation with seasonal
temperature eveles. Reeorded bacterial counts ranged
from a low of 40 bacteria per em?® of kelp blade surface
during the winter (water temperature 13.4°C) to a
high of 12000 in the summer (water temperature
17.3°0).

The “‘giant kelp,"” Maecrocystis pyrifera, exudes a
material composed of one or more active substances

during the late winter months which is inhibitory to
the growth of most of the bacteria which are present
on the surface of the kelp and in the surrounding
waters. It is significant that the bacterial count of
the kelp surface is at its lowest at this seasonal period.
The antibiotic poteney demonstrated is quite high.
In one experiment, the exudate from 20 mg of kelp
blade segments, suspended in 100 ml of sea water
medinm, inhibited the growth of 94% of the bacteria
associated with the kelp segments and the sea water
in which the sample was taken.

On the basis of the temperature at which the maxi-
mal growth rate is achieved in wifro the bacteria of
the kelp beds may be divided into two distinet groups,
one of which grows most rapidly at 26-28°C and the
other, at 34-38°C. The relative numbers of these two
groups change systematically in response to eyelie
seasonal change in water temperature (Figure 96).

In summer, when the water temperature is highest,
the group with the higher temperature optimum, e.g.,
the 34-38°C group, is the predominant one in the
bacterial population. With the onset of winter, this
group diminishes in numbers (and apparently may
even disappear in some cases) at which time the lower
temperature, 26-28°C group assumes dominance. At
this time, the total bacterial ecount approaches its
lowest point.

The 34-358°C group is nonetheless capable of growth
in wvifre at temperatures muech lower than those at-
tained in the winter period. Therefore, the loss of this
segment of the bacterial population must be attributed
to the funetion of attritional factors. Grazing by filter-
feeding organisms, inhibition of growth by the anti-
biotie activity of the kelp, and loss to surrounding
water are all faetors which are probably important.

Bacterial eounts are higher in general on the see-
tions of the kelp plants which are near the surface
of the water than those obtained from parts of the
plants near the bottom. The difference between counts
from the two sections of the plants is greatest and
most eonsistent in the summer when strong thermeo-
clines are commonly present, which in turn reflect
the presence of greater differences between surface
and bottom temperatures.

Water from San Diego Bay, which contains appre-
cighle quantities of sewage effluent, does not produce
apparent differences in the numbers or types of bae-
teria found in assoeiation with the kelp from beds
located at the mouth of the bay off Point Loma. Nor
is the occurrence of “*black rot’’ or temperature dam-
age more apparent in this area than in other beds
where effluent is not present. There is therefore no
evidence at present that bacteria are a factor in the
recession of kelp which had oceurred during the
preceding 10 to 20 years.



CONCLUDING DISCUSSION

The three areas adjacent to submarine outfalls
which have been most intensively studied during the
project have been Point Loma, Palos Verdes, and
Santa Barbara. Numerous eontrol regions have heen
kept under surveillance to provide a basis for com-
parison. Ecologically, Point Loma and Palos Verdes
are quite similar, eonsisting predominantly of rocky
bottom open coast. Santa Barbara is very different,
being a fairly well protected sedimentary bottom.

The degree of subjection to discharged wastes is
quite different for the three areas. The Santa Barbara
kelp is immediately adjacent to a modest volume of
effluent, composed largely of domestic wastes. The
intimate contact was clearly demonstrated by our mie-
robiological survey which revealed a substantial re-
duction in bacterial populations on the kelp fronds
during periods of chlorination. The Palos Verdes
peninsula receives an enormous quantity of domestie
and industrial wastes. Formerly the contact with
kelp zones was much more intimate than al present.
The Point Loma kelp region is more than ten miles
from a moderate volume of largely domestie dis-
charge. The rather torturous route which the diluted
efflnent must travel through San Diego Bay before it
reaches the open sea provides considerable oppor-
tunity for modification of the waste materials.

In view of the differences in environment and ex-
posure to wastes of non-similar character, it is not
surprising that effects on the kelp beds of the three
areas are quite different. The Santa Barbara bed
has regressed somewhat, but principally in the viein-
ity of the harbor, while the region nearest the outfall
actually showed improvement in the vears immediately
following the warm water period of 1957-38. The
Palos Verdes beds have suffered most heavily of the
three. A small patch of kelp in protected shallow
water is all that remains of kelp beds formerly ex-
tending along some twenty miles of eoastline. The
Point Loma bed displays considerable fluctuations in
extent and density at its northern end (furthest away
from San Diego Bay) and widespread losses at the
southern end, with the oceasional sporadie appearance
of patches of kelp which never become permanently
established. The great variety of conditions and
changes embraced by the investigation necessitated an
approach of broad scope and the eonclusions are ae-
cordingly quite general and applicable to a wide
range of environments.

No evidence was obtained that any area near an out-

fall studied by the anthors was devoid of life; indeed -

the abundance of animals present was often impressive
and when attached vegetation existed, the stands were
often luxurious. Although life was abundant, the
variety was frequently impoverished and extensive
areas supporting only a few species, were common.
In the deeper rocky areas, for example, the usual eom-
munity consisted of one to three urchin species and
a moderate stand of one or two coralline algae.

(117 )

At Palos Verdes and Point Loma, the historical
charts and harvest statistics first show a gradual thin-
ning and disappearance of kelp in those regions
elosest to an outfall ; subsequent losses tended to oecnr
at increasing distances from this initial point. At
Point Loma a complieating feature has been extensive
fluctuations of kelp in the northern section of the bed
nearest the entrance to Mission Bay. This may be
partly an artifast arising from the smoothed eontours
depicted in the earliest charts, but much variation is
evident in the aerial photographs and virtually all the
kelp was eliminated during the warm water period
1957-59. Since the return of colder temperatures,
however, the northern section has been the only por-
tion of the Point Loma beds to reestablish on an ex-
tensive scale, It seems likely that the northern section
has not been influenced by San Diego Bay, but is,
nonetheless, fairly unstable, possibly due to the
proximity of Mission Bay. Such factors as dredging,
inereased small boat activity, possible alteration of
such things as nearby water temperatures, sedimenta-
tion characteristies, ete., by the bay, may influence the
adjacent kelp.

At Santa Barbara the outfall terminus is about 4
mile southwest of the harbor entrance and this zone
from the harbor to the outfall is now almost barren
where formerly a thick bed of kelp existed. Immedi-
ately east of the terminus the bed still exists, however,
henee it is believed that harbor activities may have
contributed importantly to the deeumented decline of
kelp and it is not possible to separate these effects
from potential influenees by the outfall. In spite of
losses in the area, kelp still persists within the sewage
field where viewed from the air.

The kelp losses at southern Point Loma and Palos
Verdes are unusual because of the apparent perma-
nency of the disappearances. Large scale fluetnations
and disappearances are not uncommon in beds far
removed from the influence of discharged waste, but
sooner or later (up to several years) reestablishment
ocenurs. Because of the permanency of the losses, and
in view of the initial disappearances oecurring in
those regions nearest the outfalls, with subsequent
losses tending to progress away therefrom, there 1s a
firm basis for suspecting that an adverse influence
has been exerted on the kelp zomes at Palos Verdes
and southern Point Loma by discharged wastes. Any
explanation of how such an effect operates must, how-
ever, take into account the persistence of kelp to
within a thousand feet or less of the Santa Barbara
outfall. f

Of the possible adverse mechanisms investigated,
toxie effects sedimentation, and disease or deleterious
action by microorganisms were found to be less !ik_l'l_‘r'
than benthic grazing with possible complicating
effects arising from changes in water clarity. :

Among the grazers, three species of sea urchin
(8trongylocentrotus franciscanus, 8. purpuratus, and
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Latechinus anamesns) often oceur in such numbers in
the regions now devoid of kelp that it is extremely
doubtful if attached vegetation could become estab-
lished. These dense urchin populations have persisted
during five vears of surveillanee. Urchinsg ean be
starved to death in the laboratory in a year or less,
hence, it is likely that the populations at Peint Loma
and Palos Verdes are deriving sustenance from
suspended detritus or from organie-rich sediments or
both. Phytoplankton studies over a limited period did
not reveal any substantial differences between the
suspended flora of a control station at La Jolla and
a station off southern Point Loma. The Mission Bay
and San Diego Bay phytoplankton were, however, in
many respeets guite different from the mierobiota of
the offshore stations. The sources of urchin nutrition,
therefore, may not reside in abundant phytoplankton
produection and as yet remain obseure, but the pres-
enee and persistenee of these grazers is well estab-
lished for the Point Loma and Palos Verdes barren
areas. They are found only rarely at Santa Barbara,
even though Lytechinus oeenrs commonly on sedi-
mentary bottoms,

Our preliminary experiments on poisoning urchings
at Abalone Cove support the conclusion that these
animals prevent attached vegetation, including kelp,
from developing.® It is possible that other unnoticed
grazers were also killed by the quicklime used to
eliminate the urchins, but certainly the urchins were
present in sufficient numbers (over 100 per yd?*) to
keep the bottom devoid of algae. The winter, 1960,

= Note added in press: Considerable additional work on urchin
control strongly supporte this conclusion. A description of
thess 1962-83 studies |s contained In Final Roport, Kelp
Habitat Improvement Project, Univeraslty of California, In-
stitute of Marine Resources, 1963, TME Ref. §3-13.

study of a kelp patch off Point Loma Light, during
the course of its complete destruction by Strongyla-
centrotus franciscanus and 8. purpuratus, plus many
other observations of plant denudation by these
species, leave little doubt that the dense populations
now present along many miles of coast at southern
Point Loma and Palos Verdes must be totally effec-
tive in preventing reforestation by Macroeystis. The
presenee of abundant seaweed stands in shallow water
(down to 25 feet at Point Loma and down to 10 feet
at Palos Verdes) may be a result of sufficient light
penetration to maintain plant productivity combined
with enough wave surge to make the shallow environ-
ments unfavorable for grazing by urchins.

An adequate explanation for the permanent dis-
appearance of kelp is thus provided, as is the prob-
lem of why the Santa Barbara outfall has not pro-
duced a similar widespread loss in adjacent kelp beds.
If the effluents in some way encourage establishment
and survival of urchins, and if a change in water
clarity oceurred which reduced plant produetivity in
deep water, the historical record of initial disappear-
ance of that kelp nearest outfall with subsequent
losses progressing away from this site, becomes under-
standable, as does the persistence of good seaweed
erowth in shallow water. The guestion of urchin
control and the relation of submarine waste dis-
charges to the ecology of these species is currently
under investigation.

The Turbidity Section defines the problems of meas-
uring effects of outfalls on water clarity; an abund-
ance of data deseribing turbidity before and after
installation of a discharge is needed and was beyond
the scope of this program.
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K = Kelp Program P = Pollution
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Annual Progress Reporis:
AP = Annual Pollution Keport
AK = Annual Kelp Program Report
Example—AT-50-60 = Annual Pollution Heport, TH580-60
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Temperature amd H7-6G, pp. 11-14
Blade {szee Apical Blade)
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Btipe index 57-6, p, 22

Cedros Island Aren Studies 53.0, pp. 1-3
Fish eollection, San Benitos 50-0, pp, 30-32

Communities {zee Algnl Communities)

Cutting (see Harvesting) 55-12, pp. 3-4: 538-15, pp. 6:8
La Jolla heds G8-10, p. 39
Paradise Cove beds 57-4, p. 21; 500, pp. 18-17 ; 59-10, pp.
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Photosynthesis, effect on 57-4, pp. 30-31
Regenerative eapaecity, effect on AK S0-60, pp. 7-0
Water clarity and I*-1-81, pp. 2-3
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Environment, Rocky, Nearshore P-4.61, pp. 1-2
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Dredging, San Diego Bay P-4-61, pp. 4-5
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Grazing Organisme, Light Micro-organisms, Meteorological
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Faunal Relationships (see Fishes, Mysida)
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Microfauna of fronds 60-G, p, 11
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Food of 68135, pp. 13-15; 50-6, pp. 1-2; 5840, p. 33; 60-2, pp.
2-3; AK 559-G0, pp. 37-38
Food preferences of AK 59-60, pp. 41-43
Harvesting and 58-12, pp. 7-8
Relp bass 60-2, pp. 11-13;
Kelp hass, food of 60-2, pp, 11-13
Kelp bass production and mortality 60-5, pp. 15-23
Bhelter from Macrocystiz surfaces AK S9-60, pp. 37-41
Bportfishing and harvesting 55-3, pp. 4-5, 11-25; 554, pp.
160 585, pp. 2-8; 58-15, p. O
Bportfishing, Point Lomn beds, 60-5, pp. 14-190
Frond
Average weight 58-15, p. 6
Coiling of AP 5O-80, p. 54
Firat generation G-3, p. 13
Growth rate P-4-61, pp. 7-8; A" 5060, p. G
Girowth, regularity of AP G081, pp. 2-3
Growth in SBanta Barbara beds I-1-61, pp, 1-2
Lifespan AP 60-G1, pp. 1-2
Microfauna of 60-8, p. 11
Motile invertehrates in 50-6, pp. 4-18
Nourishment of AP 59400, pp. 6.9, 50
Holids content H:-0, pp, 2102
Ginmetophyte 57-4, pp. 52-55; 55-10, p. 16
firazing Organismz, Benthic 574, pp. 15-16, 47; 3494, pp.
22.9%. G011, pp. 26-26; PAG0, p. T: A 5960, pp. 12,
14-10; AP 61, pp. 27-34 5 =161, pp. 68 K-1-61, pp. 46
Eatimation of domage S8-1, pp. 8-10
Feeling hehavior 603, pp, 1-5
Feeding rates 60-7, pp. 20-22; G0-5, pp. 35087
Field investigntions B0-8, pp. 2883 ; 6T, pp. 1320
Food preferences GG, pp. 12-13; AK 5960, . 13
Fuel oil toxicity 59-11, pp. 2-3
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Grazing Organisme—Continued
Grazing potentinl AK 50-00, pp. 13-14
Point Loma studies P-3-G0, pp, 3-10
Pollution and P-3-80, pp. 7-8; P<4-01, pp. B, 28.20
Htarvation of I*1-82, pp. 6-T
Tampico studies 58-12, pp. 18-14 ; P-1462, pp. 5-06; AK 58460,
pp. 10:-11
Grazing Organisms, Canopy 00-8, pp. 10-13; P-4-00, pp. 3-5;
P-1-61, pp. 5-6; K-1-61, pp. 2-3; AT 6061, pp. 21-23
Food preferences of Pd-00, pp. 5-6; K-1-61, pp. 83-4; AP
G081, pp. 24-26
irowih
Comparative rates of 5812, pp. 10-14
Decentralization of 574, p. 28
Environmental infuences upon 57-4, pp. 4047
Froml AT* 60-61, pp. 2-3; P4-61, pp. 7-8; P-1461, pp. 1-2
Intercalary 0.6, p. 11
Rate of AT 5G0:60, p, 6
Rate of {(normal curve) P-3.61, pp. 1-2
Sporophyte 55-12, pp. 416
Stipe 60-3, pp. 5-12
Htipe (length measurements) K-1-61, pp. 7-10
Htipe (meristematic) K-1.61, p. 2
Water clarity AP 50-00, pp. 5:00: P-4-50, p. 2
Harvesting 083, pp. 3-7: 00-10, p. 8
Bench conditions affected by 59-3, pp. 48-50
Fish life affected by 58-12, pp. 4-T
Organic produstivity AK 59460, pp. 6-7
Organie productivity estimates 60-6G, pp. 2-5
Paradise Cove studies 57-4, pp. 21-24
Sportfishing affected by 58-3, pp. 4-6; 683, pp. 11-25; 585,
pp. 2-3; 5815, p. O
Water elarity and 59-1, pp. 19-21 ; 594, pp. 19-21
Holdfast (zee Benthie Graging Organiems) AP 59-60, pp. 54-55
Animal communities in GL3, p, 12; AP 50680, pp. 23
Nutrient stornge in H8-10, p. 30
Bolids eontent of 50-0, pp. 26-28
Hygroscopicity of Tisaue P-4-G0, pp. 1-2
“Bound water” P-4-60, p. 2
Kelp Program List of Publications K-3-60
Kelp Program Papers
Muodification of light by seawater and its influenes on certain
shallow water bottom communities T-3-01 Appendiz T
Experimental transplantation of the giant kelp, W. pwrifers
P-3-61 Appendix 1T
Kelp Program Slide Library Index 60-2, pp. 20-50
Kelp Program Summary 5910, pp. 1516
La Jolla Studies
Cutting experiment 58-10, p. 39
Growth 58-10, pp. 7-10
Water clarity 58-10, pp. 25-27
Leptopel 58-8, pp, 10-13
Light absorbency of 50-4, p. 13
San Dvego Bay 50-11, p. 14
Life eycle 57-4, p. 39: 58-11, pp. 24
MMagram of 57-4, p. 38
Light 0684, p. 15
Attenunation of 50-11, pp. 20-31; 594, p. 13; 60-4, p. 41
Attenuation of (intensity measurements) 594, p. 17
Growth affected by 574, pp. 4048, 47: P4-50, p. 2
Intensity measurementa of 580, pp. 5-8; 685, pp. 8.9
Organic productivity affected by 60-G, pp. 7-10
Photosynthesiz 57-4, pp. 28-30; 55-10, p. 25; 591, pp. 212
Pollution affects intenzity of P-3-60, p. 1
Reproduetion affected hy 57-6, pp. 7-8
Meristems AP 530.60, p, 52: K-1-681, p. 2
Meteorological Factors
Precipitation 604, p, %1
Wave data G0-4, pp. 33-35
Winil data -4, pp. 31-338

Micro-organisms (see Black Hot, Phytoplankton) 5812, p. 14;
G-3, pp. 18-21: §0-G, pp. 16-17
Antibiotics 58-3, p. T: AI* BO-80, pp. 22-2%
Bacterin enumeration AP 59-680, pp. 20-22
Basteria enumeration and identification 60-7, pp, 47 :; K-1-61,
pp. 89

Micro-organisms—Continued

Baeterin, optimum growth temperature G0-7, p. 7T: 608, p. 6
Bacterin and pollution I-3-60, pp. 34: AP 50-80, pp. 20-30
Hﬂ;:lf;!iﬂ populations 608, pp, 46; P-1-61, pp. 89 604, pp.
ll
Foraminifera 50-0, pp. 19-20
Fungus populations G4, pp. 47-49
Sampling atations and methods P=4-50, pp, 12-19
Temperature affects populations P—3-60, pp. 11-12: AP 80-81,
P HE-AH
Monterey Studies P-1-6G2, pp. 1-4
?4[1!:‘|;|||nlrht:|.'
Point Loma Beds 50-8, pp, 4-5
Point Loma Beds { morphometrie mensurements) 50-0, pp. 5-T
Seuthern kelp 57-6, p. 20
Muortality Studies I'-1-62, p. 6; P-4-61, p. 7; P-3-61, p. 2
Mysida
Binomies of AK 5960, pp. 20-31
Dhisteibution of AK 50200 pp. 2805
a8 Foml source AK 5900, pp, 22-23, 31
Bpecies Identification AK 5960, pp. 26-20
Organie Preductivity AP 50-80, P H0-540
Ash eontent 59-9, pp. 24-26
Beach drift, amount of AK 589-60, pp. 67
Commercial prodoct H-10, pp. 3-8
Clommunity metabaolizm G0-6, p. 2
Error in solids and water mensurements 59-9, pp. 19-21
Harvesting estimates 60-8, pp. 2-5
Harvesting, loss of primary food source G0-2, pp. 14-19; AK
DY, pp. O-7
Primary food souree 910, pp, 3-5; 606, pp, 1-2
Holids content of blade 58-89, pp. 22-24
Solids content of fromd 599, pp. 21-22
Hyntheziz of organic matter GG, pp. 7-10
Palos Verdes Studies P-4-61, pp. 8.9, 15.26
Historical data 60-4, pp. 2.5; P=4-61, pp. 14-15
Pollution studies 58-8, pp. 10-11 ; 58-11, pp. 13-25
Papalote Bay Studies 58-1%5, pp. 3-6; 60-3, p. T
Avernge stipe weight 60-8, p. 18
Paradise Cove Studies 583, pp. 14-18
Cutting experiments 57-4, pp. 21-24; 588, pp. 13-17; 6010,
pp. &10
Stipe index 5T-6, pp. 25-26
Photosynthesis
Blade AP 50400, p. 47
Bevozoan encrustations and 57-4, p. 34, 55-10, pp. S3-34
Coleium deficiency and 57-8, p. 34
Canopy eapacity for 59-11, pp. 24-25; 57-6, pp. 30-34
Cutting and 594, p. 20; 57-4 ; pp. 30-31
Diecentralization of 574, p. 27
Ivurnal changes in AP 589-60, p, 52
Field measurements of 57-0, pp. 205350
Frond eapacity for 5585, pp. G-8
Light intensity affects 57-4, pp. 28-30; 58-1, pp. 2-12
Omtogenetic changes in 57-4, pp. 31-34 ; AP 58460, p. 51
Drganic productivity and 60-6, p. 2, 7-10
Phytoplankton amd 582, pp, 2-4
Pollution affects HE-2, pp. 1-2
Sporophyte 57-0, p. 30
Stipe K-1-61, p. 2 -
Temperature and 57-6, pp. 34-35; 594, pp. 15-17
Turtle Bay Mocreoystiz B84, p. T
Phytoplankton
trowth of P-3-60, pp. 5-0
Mission Bay P-3-61, pp. 44 o
Photosynthesis of G8-2, pp, 2-4; 5811, pp. 37-48
ns Primary food source 808, pp. 1-2
san Diego Bay 60=1, p. 44 ; AP G000, pp. 27-20
Point Loma Studies P-4-61, pp. 15-26
Bryozean encrostations G0-4, p. 45
Currents G0-4, pp. 44-45
h';zing un:mliEI!ﬂH P-1-61, p. T; AP 6081, pp. 17-20; K-1-61,
1. B =
HI:Inlurl'mi data 604, pp. 2453 AP 6061, pp. 18-17; P-401,
pp. 14-15 : e
Kelp hass production and mortality S0-5; pp. 19-23
Morphology 59-8, pp. 4-5
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Point Loma Studies—Continued

Phytoplankton 60-4, p. 44

Pollution 58-2;, pp. 12-14 ; 58-8, p. 13 ; 68-11, pp. 5-13

HSan Dego Bay pollution AP 60-61, pp. 13-17

Pollution {see Toxieity) 57-4, pp. 16-19; 558-11, pp. 2-4

Bacteria and P-53-60, pp. 34

Grazers and P-3-60, pp. 7-8, AP §0-81, pp. 13-20; P-4-61, p. 28

Outfalls G4, pp. 20-30 ; AP 5980, pp. 1-2, 4-5

Palos Verdes studies H8-6, pp. 10-11 ; 5813, pp. 13-25

Petrolewm products 57-4, p. 19 ; 67-8, pp. 14-18

Phytoplankion and P-3-60, pp. 5-0

Point Loma Studies 58-2. pp. 12-14; 588, pp. 1011 ; G818,
pp. 9-13; P-3-60, pp. 8-10; AP 60-61, pp. 13-20; 688, p. 13

Red tide 504, pp. 12-13

San IMego Bay H8-2, pp. 1-12

Banta Barbara beds 588, pp. 8-8; 56813, p. 25; P-3-80, pp.
1-2; P-1-61, pp. 1-2; AP 60-61, p. 15

Bedimentation P-4-81, p. 27

Tampico Studies P-1-62, pp. 4-6

Water elarity and 60-4, p. 44 ; P-4.50, p. 1; P-4-60, pp. 28-20

Red Tide 50-6, p. 23 ; 508, p. 3
Pollution and 58-11, pp. 37-3% ; 59-4, pp. 12-13
Reproduction
Light affects 57-6, pp. 7-8
Spore production 57-4, pp. 52-55 ; 5810, p. 15
Temperature affects 57-6, p. 8
Santa Barbara Studies P-4-61, p. 26
Historical Data 60-4, pp. 2-5
Pollution 586, pp. 88; 5811, p. 26; P-3-80, pp. 1-2; AP
6061, p. 15
Pollution and frond growth P-1-61, pp. 1-2; AP 8081, p. 3

Bouth American Wecrocystiz 55-10, pp. 16-24

Bporophyte 57-4, pp. 40-52 ; 574, pp. 6556
Btipe (see Stipe Index)
Average weight 58-10, pp. 40-42 ; 60-6, pp. 18
irowth K-1-61, pp. 7-10; 60-8, pp. 8-12; K-1-61, p. 2
Primary AP 59-60, p. 54

Stipe Index 57-6, p. 24
Canopy and H7-6, p. 22
Paradize Cove Stodies 57-6, pp. 20-26
Houthern .Il'ucr'nr.'y:fi: 07-6, pp. 24-256

Hubstrate J0-4, p. 16; 6812, p. 13 ; 576, p. 24
Nature of P-3.61, pp. 1-4

Tampice Studies 57-4, p. 19; 57-6, pp. 14-18; 558-3, p. 14 ; 53-10,
pp. S6-37 ; 5815, pp. 2-3; 60-3, pp. 6-7
Grazing Organisms 58-12, pp, 13-14; AK 059-60, pp. 10-11:
P-1-82, pp. 4-6

Tampico Studies—Continued

Growth 5810, pp. 5T
Toxicity of fuel oil 55-11, pp. 1-10
Temperature 57-4, p. 15; 58-12, pp. 11-13; 50-6, pp, 21-23 ; 60-4,
pp. 30-31
Bacteria and P<4-60, pp. 11-12 ; AP 59-60, pp, 21-22
Black rot and 57-8, pp. 11-14
Monterey studics P-1-62, pp. 1-4
Photosyntheais affected by G7-0, pp. 84-35; 504, pp. 15-17
Reproduction affected by 57-6, p. 8
Bouthern Waorocysfiz G7-6, p. 20

Tiszue AP 59-60, p. 53
Distribution ns a function of depth, 60-8, p. 18
Toxicity Studies 58-8, p. 13 ; AP 59-060, p. 25
Chlorine 58-6, p. 8 ; 68-11, pp. 30-31 ; 58-8, pp. 1-3
Chrominm 58-6, p. 3; 68-11, p. 12
Copper H8-11, p. 12; 58-6, pp. 1-3
Cresol 604, pp. 4547
Iietergents HE-11, p. 85
Fuel oil 59-4, pp. 5-12; 58-11, pp. 1-10
Hydrocarbong, ehlorinated 58-11, p. 36
Los Angeles County industrial wastes 80T, pp. 9-11; P-4-50,
pp. 7-11
Metallic ions 58-11, pp. 31-85
Salinity 58-11, pp. 31
San Diego Bay 58-11, pp. 27-30
Bewage 58-11, pp. 30-31 ; 558-6, p. 3
Transplantation Studies 58-12, pp. 88
Attraction of Macrecystis 558-3, pp. 10-13 ; 685, pp. 10-11
Growth GB0-8, pp. 1-2
Pollution 58-2, pp. 7-12
Turtle Bay plants 60-8, pp. 1-3 ; K-1-61, p. 10
Turtle Bay Stundies 60-3, pp. 7-8 ; 60-3, pp. 14-17
Photosynthegis of intertidal Macrocystiz 55-3, p. T
Transplantation 60-8, pp, 1-3; K-1-61, p, 10
Water Clarity (see Pollution, Leptopel)
Canopy formation and 60-4, pp. 39-44
Cut Macrocysiis and 50-1, pp. 19-21; 604, p. 20: P-1-61,
pp. -3
Growth and P-4-58, p. 2; AP 5880, pp. 5-9
La Jolla Beds 58-10, pp. 26-27
Light intensity and 59-1, pp. 2-12
Pollution and 39-11, pp. 16-31; P-<4-G1, pp. 28-20; P-4-59,
p- 1; AP 58-80, pp. 1-2, 4-5
Precipitation and 604, p. 31
Water Movement 58-12, p. 13; 574, p. 15
Point Loma beds G0-4, pp. 44-45
Transport of drift Macrocystis 58-3, pp. 46-48; 60-3, p. 14
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