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R E S E A R C H  S U M M A R Y  

Title: MARINE FARMING: MACROALGAL PRODUCTION AND GENETICS 

Contractor: NEUSHUL MARICULTURE INCORPORATED 

GRI Contract Number: 5083-226-0802-5 

Principal Investigators: M. Neushul and B. W. W. Harger 

Period of Performance: May 1, 1980 to December 311 1986 

Objectives: This final report discusses the work completed at all phases of 

the GRI contract including measuring the growth of individual 

kelp plants in the sear and the installation of an experimental 

coastal test farm. Subsq~ently~ a seedstock collection was 

established, and rrrethods for manipulating algae genetically 

were developed and mutants were produced and tested. Research 

programs were established and maintained with scientists and 

marine biologists in Japanr China, Korea and the Philippines. 

Major 

Achievements: The domestication of two float-bearing macroalgae has been 

completed and a vegetatively-propagated seedstock collection 

of some 800 strains has been established. The giant kelp, 

Macrocysti~~ has been farmed on a pilot scale in coastal 

waters for the first time, and engineering principles have 

been developed and applied (with co-funding from NSF). A six 

year study of the effects of oceanographic conditions on the 

growth of giant kelp in natural kelp beds has been finished. 

The gulf-weed, Sargassum, has been cultivated for over three 

years in the laboratory. New methods for applying mutagens 

to Macrocystis have been developed and tested and mutants 

have been isolated and cloned. Cloned mutant-stocks have 

been crossed and morphologically distinctive sporophytes 

have been produced for the first time. 
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As this and our other G. R. I. reports show, we are convinced that the 
Marine Biomass Program has been a major success. Nonetheless, when some twenty 
million dollars of rate-payers' and tax-payers' money is spent over a 
twelve-year period, and then the entire program is dropped, it is obvious that 
someone must have raised questions about the value of the research expenditure. 
~t is our hope that our reports and published papers will convince G. R. I. 
management, and the Gas Industry, that their substantial investment along with 
that of the National Science Foundation and the Department of Energy was 
worthwhile. It has set the stage for the development of a new U. S.  marine 
farming industry that may ultimately provide a vast renewable source of energy 
and other products for human use. 

Many people had grave doubts about this program from the very beginning, 
which perhaps explains why so many outside reviews and analyses were solicited 
and offered gratis by our critics. We view these critics as the major 
compnent of an inverted pyramid, with many people (most of whom had never seen 
a seaweed underwater) looking critically at the efforts of those few who 
actually got wet. 

Of course, it is logical that there should be considerable skepticism 
about a totally new, renewable source of energy. Atmospheric studies have 
documented an increase in the carbon dioxide level of our atmosphere, which has 
been traced to our use of fossil fuels, and as a result it has been predicted 
that the worldwide climate will warm (the "Greenhouse Effect", Bernard 1980, 
Barth and Titus 1984, Kerr 1986). Future use of abiogenic methane, if it in 
fact exists, would add to the atmospheric carbon dioxide load as much as fossil 
fuels do today, while growing seaweed as a source of methane would incorporate 
as much carbon dioxide as it releases, as well as provide a renewable 
resource. 

Critics' doubts about the energy-from-seaweed concept were reinforced by a 
series of discouraging setbacks. An unimaginative business assessrent mde by 
General Electric (Marler 1982) further compounded the problem by suggesting 
that marine farms would not be cormnercially successful. It is our opinion that 
we should still be working toward the goal of establishing large-scale marine 
biomass farms along our coasts and ultimately in the open sea. We feel that 
within a few years the products of these farms will make them self-supporting. 

Was the whole idea a bad one, as many of our critics claimed? Were t.he 
research milestones unrealistic and the program direction by the program 
managers intrusive and erratic? Has the money spent been wasted? Why have 
marine farms been commercially successful in China, Japan and the Philippines, 
while at the same time unsuccessful here in the United States? Why are the 
Japanese, Chinese, and Phillipinos continuing to invest in large-scale marine 
farming, while we are not? We return to these questions in the concluding 
section of this report. 

Early in the program, it was felt that nearshore farming was of no 
interest, because only offshore could one establish farms that were large 
enough to make a significant contribution (at least 5%) to the future U. S. 
energy needs. Consequently, vast sums were spent building and installing the 
first open-ocean farm module to prove that the offshore concept would work, 



that is, that one could pump deep, nutrient-rich water to the surface and grow 
mature kelp plants in it. In the end, this quarter-acre module produced no 
yield data, and was widely criticized. Then, the program directors at General 
Electric organized a meeting to solicit the advice of a panel of academic 
"experts". This panel endorsed a concept proposed by North and Gerard to build 
a rubberized bowlr the "Hemidome", at Santa Catalina Island. In it, kelp 
plants would be grown under "controlled" nutrient-enriched conditions, using 
deep, nutrient-rich water, to determine what the "optimum" kelp yield is that 
could be achieved. N. M. I. staff participated in these meetings and voiced 
misgivings about this approach. We were worried about possible fouling and 
bacterial growth on the walls of the "Hemidom'" and the low water motion that 
the plants would be subjected to inside the bowl, citing the work of Wheeler 
(1980) on water motion effects on nutrient uptake. Unfortunately, other views 
(Gerard 1982) prevailed. 

We proposed that a less controlled approach be takenl wherein an 
experimental kelp planting, patterned after a natural kelp bed, be established 
in the sea and fertilized in part. D. 0. E./S. E. R. I. Program Managers 
stipulated that their funds be used solely to support the "Hemidome" work. 
Fortunately, we were able to convince some of the G. R. I. Program Managers 
that our approach, although "flawed" scientifically in the eyes of some, would 
serve as a parallel path in case the main experimentr for some unlikely reason, 
did not produce yield data. G. E. Program Managers tried very hard to change 
our minds and to reduce the stop of our proposed project. They considered 
ours the "throw-away" project, while the "Hemidome" was the main project that 
would give the program the yield results that were so critically needed. In 
the endl the "Hemidome" failed to produce kelp yield data while this report 
summarizes the yield data which our nearshore test farm produced. 

We feel that the failures of the "Quarter-Acre Module" and the "Hemidome" 
were due to the fact that the participants in the Marine Biomass Program were 
unaware of basic hydrodynamic "facts of life" that influence the ways that 
floating macroalgae grow and reproduce in the sea, and how they interact with 
other organisms and with the farm. The Japanese, whose recent work is reviewed 
here, still seem to be unaware of these problems. While nearshore farms in the 
future may resemble existing natural kelp forests (Neushul 1984), open-ocean 
macroalgal farms are more likely to resemble the Sargasso Sea, and the plants 
cultivated may well be genetically-engineered to meet the specific hydrodynamic 
demands of that environment (Neushul 1985). We are sure that regardless of 
whether nearshore or open ocean farms are being operated, a detailed record of 
environmental conditions will be essential. We have included in this reportl 
such a record, made over a six-year period at our farm sites. 

In order to answer critical questions like those posed above, we have 
taken a broad view of our specific contributions over the past six years as 
they relate to the efforts made by others during this century. Fortunately, 
much of the technical information produced by the G. R. I. marine biomass 
program will be covered in the soon-to-be-published, multi-authored book, 
"Seaweed Cultivation for Renewable Resources" edited by P. Benson and K. Bird. 
Here, we examine the Marine Biomass Program as a scientific process, while at 
the same time examining the products of that process. For this reason, some 
chapters of this report are introduced and referenced separatelyl as 
"stand-alone" sections. Some chapters have been published elsewhere. This 
report is offered with the hope that the challenges of domesticating marine 
crop plants and animals, and farming them in the open sea, will again t~ taken 



up. Clearly the task is not one for the faint of heart! or those who are short 
of funds. On the other hand, the rewards for success will be enormous. 

Milestones 

AS a concise summary, it is useful to list the milestones achieved by N. 
M. I. during the 1980-1986 period! starting with the study commissioned first 
by the Office of Technology Assessment! as a component of their larger study of 
bio-energy! which was issued as a committee report by the Government Printing 
Office (see Neushul Mariculture Incorporated 1980). 

Year Milestone 

1980 -- Report on energy production by macroalgae for the Office of 
Technology Assessment! U.S. Congress. 

1980 -- Papers presented at Bio-energy '80r symposium on yield assessment 
and the development of foreign marine-farming technology. 

1981 -- A review of measurements required for the development of functional 
marine farms, particulary light! nutrients ana hydrodynamics. 

1982 -- A review of site-selection problems! direct-fertilization in-the-sea 
of juvenile sporophytes! and pilot-scale in-the-sea farms installed. 

1983 -- Test farming carried out and completed. Fifty tons of marine 
biomass were harvested from a stanaing crop of eleven tons in 12 
months. Yield enhancement! planting-technology and genetic studies 
pursued. 

1984 -- Yield verification studies undertaken! the effects of storms and, 
nutrient drought measured. Tissue culture studies performed on 
Macrocystis and Sargassum producing calluses and some 
regeneration. 

1985 -- Kelp genetics studied, seedstock collection developed. 
1986 -- Mutagenized gametophytic lines established and crossed. DNA measured 

and modern genetic techniques reviewed and tested. A six year study 
of the effects of environmental conditions on natural beds! and 
cultivated Macrocystis was completed. 



The Marine Biomass Program, a s  a s c i e n t i f i c  undertaking, has produced a 
s u b s t a n t i a l  da t a  base. However, i n  some i n s t a n c e s ,  p r o j e c t s  were unde r t aken  
w i t h o u t  knowledge of  p receed ing  work, due t o  t h e  obscu r i ty  of t h e  hi .s tor ica1 
record. Since research i n  t he  sea  is both expensive and hazardous, it pays  t o  
a v o i d  r e p e a t i n g  m i s t a k e s  and "re-inventing t h e  wheel. " Hopefully, t.hose who 
carry on t h i s  important work, w i l l  s t a r t  with a c a r e f u l  s tudy  of what h a s  been 
done p r e v i o u s l y ,  b o t h  i n  t h e  U. S. and elsewhere i n  t h e  world. This  chapter  
and appendix B t o  t h i s  r epo r t ,  are o f f e red  a s  such  a s t a r t i n g  p o i n t .  A s  t h e  
M a r i n e  B iomass  P rog ram deve loped  and  matured ,  i t  s u p p o r t e d  p r o j e c t s  i n  
Ca l i fo rn i a ,  New York and Florida.  The book ed i t ed  by Benson and Bird and c i t e d  
e a r l i e r  w i l l  summarize t h e  f ind ings  of t he  Marine Biomass Program. 

Kelp S tudies  i n  Ca l i fo rn i a  and Elsewhere 1900-1986 

The G. R. I. Marine Biomass Program ke lp  work d i d  not  begin, de novo, b u t  - -- 
was preceded  by s e v e r a l  major  r e s e a r c h  and  development  programs t h a t  had 
commercial a s  w e l l  a s  s c i e n t i f i c  o b j e c t i v e s .  I n  f a c t ,  o v e r  f i f t y  d i f f e r e n t  
p r o j e c t s  d e a l i n g  w i t h  ke lp  and ke lp  beds had been completed, before t.he G. R. 
I. Marine Farm Program began. T h i s  body of  i n f o r m a t i o n  is d i s p e r s e d  and  
d i f f i c u l t  t o  a s s e s s ,  c o n s i s t i n g  o f  t h e s i s  work, u n p u b l i s h e d  r e p o r t s ,  and 
mater ia l  published abroad t h a t  is n o t  commonly a v a i l a b l e  i n  l i b r a r i e s .  Of 
course,  much of t he  work done on the  development of products was, and still is, 
p rop r i e t a ry  . 

The l a r g e - s c a l e  Marine Biomass Program, funded by G. R. I., D. 0. E. ,  S. 
E. R. I. and o t h e r s ,  w a s  preceeded e a r l y  i n  t h i s  century by t h e  s i m i l a r  l a r g e  
program of  Hercules Chemical Company i n  San Diego, i n  which t h e  bas i c  problems 
of harvest ing na tu ra l  ke lp  beds and processing k e l p  were overcome. H e r c u l e s  
Co. h a r v e s t e d  o v e r  400,000 w e t  tons  per  year f o r  t he  production of energy and 
o the r  by-products from marine biomass, f o r  a comparatively b r i e f  per iod (Figure 
1). It is appropr ia te  t o  note  here t h a t  events  abroad, s p e c i f i c a l l y  t he  F i r s t  
World War, produced a market f o r  energy (explos ives)  produced from kelp. 

The sudden s h o r t a g e  of p o t a s h  , due t o  Germany's r e f u s a l  t o  sell it t o  
o the r  coun t r i e s ,  l e d  t o  Congressional funding f o r  a survey of t h e  k e l p  beds  i n  
1911. F o r t u n a t e l y ,  t h e  k e l p  a c t  o f  1915 e s t a b l i s h e d  t h e  b e d s  a s  a s t a t e  
resource,  and provided f o r  t he  record ing  o f  k e l p  h a r v e s t s  by t h e  C a l i f o r n i a  
Department of Fish and Game. Unfortunately,  t h e  U. S. D. A. experimental ke lp  
harvest ing p lan t  and research s t a t i o n  a t  Summerland, near Santa  Barbara,  was a 
s h o r t - l i v e d  v e n t u r e ,  a s  it cou ld  have been t h e  basis f o r  t he  development of 
s eve ra l  new i n d u s t r i e s  e a r l y  i n  t h e  c e n t u r y .  A f t e r  t h e  war I when t h e  l e s s  
e x p e n s i v e  European potash was again a v a i l a b l e ,  Hercules shut  down the  l a r g e s t  
k e l p  biomass p r o c e s s i n g  p l a n t  i n  t h e  world.  The g l o b a l  market  f o r  k e l p  
p r o d u c t s  h a s  a lways  changed,  and even today t h e  Chinese e n t r y  i n t o  the  world 
a l g i n a t e  market  may have d i r e  consequences  f o r  t h e  a g i n g  U. S. a l g i n a t e  
ex t r ac t ion  industry.  

From 1925 t o  mid-century l i t t l e  research  was done, e x c e p t  f o r  some b a s i c  
s t u d i e s  of  k e l p  b i o l o g y  unde r t aken  i n  r e s p o n s e  t o  complaints from c i t i z e n s  
about d r i f t  ke lp  on t h e  beaches. Of course,  during t h i s  per iod rap id  advances  
were made i n  t h e  development  commercial products by t h e  a l g i n a t e  indus t ry  by 
the  Kelco Company of San Diego. With t h e  adven t  of  commercial  a v i a t i o n  and 
a e r i a l  photography,  u sed  f o r  s u r v e y i n g  c o a s t a l  land,  a e r i a l  p i c t u r e s  of t h e  



CALIPORNHA KELP 

Figure 1. Ca l i fo rn i a  ke lp  ha rves t s ,  1915-1986, show the  remarkably l a rge  harves t s  a t  t h e  
beg inn ing  o f  t h e  c e n t u r y ,  and  the gap during t h e  1921-1930 period.  before  Kelco learned, 
how t o  produce a lg ina t e s .  Then the re  w a s  a gradual  i n c r e a s e  i n  h a r v e s t e d  amounts u n t i l  
t h e  1 9 7 0 s  when t h e  y i e l d  of  n a t u r a l  b e d s  seemed t o  l e v e l  o f f .  For t h e  f o u r  y e a r s  
(h980-1983) t h a t  PaMI w a s  ca r ry ing  out  y i e l d  s t u d i e s  , envi ronmenta l  c o n d i t i o n s  worsened ,  
and a  r e c o r d  low n a t u r a l  h a r v e s t  of 5,000 tons  was recorded f o r  1983. Since then t h e r e  
has been a r ap id  recovery of t he  n a t u r a l  ke lp  bas, p a r t i c u l a r l y  those on rocky bottoms. 



kelp beds were taken and archived. N. M. I. in 1980 found that these could be 
used effectively to map the beds retroactively, and was able to produce a clear 
historical record using them (Harger 1983). Some pioneering oceanographic work 
done by Allen at the Scripps Institution of Oceanography in La Jolla, provided 
some of the first environmental records of seasonal variability in growing 
conditions in nearshore waters. Later records made by the Southern California . 
Coastal Water Research Program (SCCWRP), add additional environmental 
information! that when combined with the N. M. I. environmental measurements 
and records of kelp harvests, provide a useful view of the effect of 
environmental conditions on biomass production in cultivated and natural kelp 
beds. 

Other kelp research efforts in California, were responses to more local 
needs. For example the Institute of Marine Resources of the University of 
California, was funded by the California Department of Fish and Game! starting 
in 1957, to study the effects of kelp harvesting on sportsf ishing. This was 
extended with support from the Water Pollution Control Board, to study the 
effects of nearshore pollution on the kelp forests. The principal investigator 
for most of this work has been Dr. W. J. North, and the results of the work 
have been described in a series of Institute of Marine Resources reports, and 
elsewhere in the published scientific literature. 

Support from the California Department of Fish and Game, and Kelco 
Company, made it possible to begin working on kelp growth and reproduct:ion, and 
M. Neushul made one of the first attempts to grow kelp on floating platforms in 
deep water near the Scripps Institution of Oceanography. Subsequently, the 
National Science Foundation supported basic research on the exploration of 
benthic algal communities, and the effects of environmental conditions on plant 
growth and reproduction (Neushul 1981). 

Recently, an extremely well-funded kelp research program has been pursued 
by the Marine Review Cornittee, based at U. C. Santa Barbara. Their program, 
called the Kelp Ecology Project, started in 1975) and focused on studies of the 
effects of cooling water effluent from the San Onofre Nuclear Generationg 
Station on the giant kelp! Macrocystis. N. M. I. reviewed this program, as 
well as earlier work supported by the Southern California Edison Company, which 

- - 

dealt with the environmental impact of this large power plant. The total 
amount spent by the Marine Review Committee and its anticedents! on kelp 
research, approaches that spent by G. R. I. , and is continuing. In contrast 
with the G. R. I.-sponsored work; however! relatively few published papers have 
been produced by this research group. Most of the results obtained have been 
described in annual reports to the Marine Review Committee. 

The Marine Biomass Program was initiated by Dr. Howard Cvilcox at trhe Naval 
Underseas Center and received funding from the Navy in 1972 and 1973. The 
program continued under the direction of Wilcox with funding from the Energy 
Research and Development Agency and American Gas Association from 1974 to 1975. 
'In 1976 the American Gas Association and Department of Energy/Solar Energy 
Research Institute selected General Electric to direct the program through a 
competitive "Request for Proposal. " The program support was transferred from 
the A. G. A. to the Gas Research Institute which provided the main supprt trom 
1976 to December 1986. There was intermittent support from D. 0. E./S. E. R. 
I. in 1976 to 1978, 1981 to 1982 and 1986. General Electric directed the 
program from 1976 until April 1984. From April 1984 to December 1986 the 
program was directed directly by Gas Research Institute Program Managers. 



Neushul Mariculture Incorporated received program s u p p o r t  from A p r i l  1980 t o  
December 1986. 

Important research concerning k e l p  c u l t i v a t i o n  h a s  been c a r r i e d  o u t  i n  
o t h e r  coun t r i e s  a s  w e l l .  From mid-century t o  1975, t h e  Chinese ke lp  farms were 
e s t ab l i shed  and developed  by C. K. Tseng (1981a and 1 9 8 1 b ) ,  w i t h  r e s e a r c h  
s u p p o r t  from t h e  Chinese  Academy of  S c i e n c e s .  I t  is no tewor thy  t h a t  t h e  
Chinese  s u p p o r t  was n o t  e r r a t i c  l i k e  t h a t  i n  t h e  U. S . ,  b u t  s t e a d y  a n d  
c o n t i n u o u s ,  w i t h  a n  i n c r e a s e  i n  t h e  l e v e l  of  funding  of about 10% per year 
(Tseng, personal cormunication). 

A program t h a t  has been v i r t u a l l y  ignored by U. S. ke lp  research  workers 
was s t a r t e d  i n  1975 i n  Argentina, which h a s  l u x u r i a n t  k e l p  f o r e s t s  (Neushul  
1971a ) .  Several  conferences and u l t ima te ly  a well-run and productive research  
program was sponsored by the  Centro Nacional Patagonico. Much of the  work was 
based  i n  Puerto Madryn, i n  Chubut provence. Kelp was, and still is, harvested 
i n  l imi ted  amounts from t h i s  coast .  I n  1975 Fernando Gut ie r rez ,  r e p o r t e d  work 
on s e a s o n a l  v a r i a b i l i t y  of a l g i n i c  ac id  i n  Argentine ke lps ,  and i n  1975 Martin 
H a l l  p u b l i s h e d  t h e  f i r s t  o f  s e v e r a l  e x c e l l e n t  s t u d i e s  d e a l i n g  w i t h  t h e  
a s se s smen t  o f  t h e  k e l p  bed resources of t h i s  coas t ,  basing t h e  work on a e r i a l  
photography using in f r a red  film. H a l l  and Al i c i a  L. Boraso de Zaixso descr ibed 
c y c l i c a l  p a t t e r n s  o f  growth and r e p r o d u c t i o n  and i n  1980 four  r e p o r t s  were 
issued deal ing with ke lp  measurement, growth and reproduct ion,  where l a r g e  and 
r e g u l a r  samples  were taken t o  produce a unique data-base. Given t h e  cold and 
uncomfortable working condi t ions  of t he  Patagonian coas t s ,  t h i s  was c e r t a i n l y  a 
major  achievement. As f a r  a s  we know, D r .  Hall's involvement with t h e  program 
ended i n  1981, and progress  has been minimal s ince  then. Nonethelessr some 120 
m i l l i o n  d o l l a r s  U. S., w a s  provided by t h e  In t e rna t iona l  Development Bank t o  
Argentina t o  e s t a b l i s h  research  c e n t e r s  and fund fel lowships f o r  s tudy  abroad .  
Major r e s e a r c h  l a b o r a t o r i e s  a r e  under cons t ruc t ion  i n  Ushuaia, Puerto Madryn 
and Bahia Blanca ,  a l o n g  t h e  Argen t ine  c o a s t ,  ( a s  w e l l  a s  f o u r  new i n l a n d  
r e s e a r c h  c e n t e r s ) .  Thus it seems l i k e l y  t h a t  more ke lp  research  w i l l  be done 
i n  t he  fu tu re  along t h i s  coas t .  

Work i n  Tasmania by C. Sanderson  is more r e c e n t ,  and  h a s  focused  on 
e s t ab l i sh ing  the  s t r u c t u r e  o f  k e l p  communit ies ,  f o l l o w i n g  p r o d u c t i v i t y  and . 

s e a s o n a l i t y  and  making underwater t r a n s e c t s  and observa t ions  of t h e  extensive 
ke lp  beds t h a t  occur there .  Exploratory s t u d i e s  o f  k e l p s  i n  C h i l e  have a l s o  
been done by D r .  P. Dayton of t h e  Scr ipps  I n s t i t u t i o n  of Oceanography. He has 
a l s o  s tudied  n a t u r a l  k e l p  beds  i n  C a l i f o r n i a  and Alaska .  D r .  J. Cain has  
worked on European k e l p s  f o r  many years ,  being one of t he  f i r s t  t o  use SCUBA 
gear  t o  s tudy them f i r s t  hand. She began e x p e r i m e n t a l l y  fa rming  -- Laminar ia  
a f t e r  t h e  o i l  crisis o f  t h e  mid-1970s. Her p r o j e c t s ,  involve experimental 
farms of f  t he  I s l e  of Man, and a r e  continuing up t o  t he  p re sen t ,  with y i e l d s  of 
a s  much a s  50 tons  per  hec tare  being predic ted  from small s c a l e  p lan t ings .  

The above-mentioned s t u d i e s  can be seen t o  begin with resource s u r v e y s  of  
v a r i o u s  s o r t s ,  p rompted  by t h e  d e s i r e  t o  u t i l i z e  t h e  r e s o u r c e .  L i t t l e  
management of t he  resource is p rov ided  u n t i l  c o n c e r n s  a r e  r a i s e d  about. t h e  
o v e r e x p l o i t a t i o n  of  n a t u r a l  p o p u l a t i o n s .  Then when po l lu t ion  o r  harvest ing 
i n t e r f e r e s  wi th  o t h e r  u s e s  o f  t h e  r e s o u r c e ,  l i k e  s p o r t - f i s h i n g  o r  a b a l o n e  
h a r v e s t s ,  more d e t a i l e d  e c o l o g i c a l  s t u d i e s  a r e  unde r t aken .  With s o  many 
d i f f e r e n t  programs going on, it is d i f f i c u l t  t o  remain aware o f  t h e  p r o g r e s s  
made i n  e a c h  a r e a ,  a n d  t h e  i m p l i c a t i o n s  o f  t h i s  f o r  o t h e r  p r o j e c t s .  
Fortunately,  G. R. I. program managers f e l t  t h a t  it was i m p o r t a n t  t o  remain 



aware of research activity world-wide, and assigned this task to N. M. I.. It is 
particularly interesting that since there were no native kelp forests along the 
coast of China, work there focused immediately on cultivating the plants, a problem 
not faced by those working in U. S. waters until recently. However the problem of 
cultivation, and cultivation on a large scale, came up when H. Wilcox suggested 
that marine biomass could be a renewable source of energy. 

At present, macroalgal mariculture seems to be entering a new phase, where new 
biotechnological tools offer the possibility of producing genetically engineered 
cultivarsr adapted for either attached or f ree-f loating farms. The question of 
whether the marine farms of the future will be structurally engin'eered in the 
traditional sense, or genetically engineered is still to be answered. Perhaps an 
answer to this question will be obtained before the end of the century. This 
century will most certainly be known as that in which the foundtations for 
large-scale macroalgal mariculture were established. 

The Marine Biomass Program 

H. A .  Wilcox, in a paper addressing the prospects for farming the ocean 
(1972), estimated that given a 2% efficiency for converting solar energy into plant 
material, 5% efficiency for production of human food, and 50% effici~ency for the 
production of fuels and other products, one square mile of sea surface would 
produce enough food to feed 3,000 to 5,000 persons, and enough energy to support 
more than 300 persons at current U. S. per capita consumption levels. Since the 
oceans contain 80 to 100 million square miles of arable surface water, the marine 
farms could support a world population of more than twenty billion persons (the 
latter being a particularly unpleasant prospect). N. M. I., in it's first review 
of the potential of marine biomass farms for energy production (1980), undertaken 
for the Congressional Office of Technology Assessment, took a much more 
conservative view. S.V. Smith has compared marine macroalgal productivity with 
that of other plant life on earth (Figure 2). 

The contrast between optimistic, and conservative views persisted and are 
pictorially "summarized" by the illustrations of existing and future farms that 
have been published. These, and the text accompanying them, are particularly 
revealing. They serve as "samples" of past.views and draw our attention to 
specific aspects of the G. R. I. program. For example, a 1974 article in Newsweek, 
with an illustration, carries the heading, "Four-H Frogmen" and a quotation from 
Dr. Wilcox to the effect that marine farming is an easy, low technology task 
(Figure 3). This initial optimism was found to be misleading to say the least, 
since the program began in 1972 with the primary goal being to prove the concept 
that kelp could be farmed. N. M. I. produced the first (and only) yield data in 
1982-3, having joined the project in 1980. Our assumption was that the plant was 
exceedingly complex, and that it would be difficult to cultivate. We have found 
that marine farming must be built on a sound program of hydrodynamic measurements, 
and that this is most certainly a high-technology task. 

As the illustrations on the following pages demonstrate (Figures 4 & 5 ) r  there 
is a general lack of knowledge in the U. S. about marine farming. For example, the 
Washington Post cartoon, makes fun of the loss of 100 kelp plants on an early test 
farm (Figure 6 ) . No one bothered to find out that mature kelp plants are 
ephemeral, even though they are large and tree-like. Nearly one-third of all the 
plants in local beds are lost to storms and grazing damage in a single year (N. M. 
I., unpublished data). The loss of all plants in an experimental planting is not 
unusual. Nonetheless, this illustration alone ,caused great damage to the program. 



Figure 2. Carbon dioxide fixation by mcroalgae is shown here, compared with 
the amounts fixed by plankton, and land vegetation. It is clear 
that natural macroalgal fixation is substantial, and that the use 
of macroalgal biomass for energy would not add to the alarming 
increase in carbon dioxide in the atmosphere, attributed to the 
burning of fossil fuels. (From S.V. Smith) 

fig. 2..~eimar~ production. biomass. and turnova time for carbon in  the biosphere. adapted 
from 9 )  Letters A to N (italic) Indicate tevestdal ecosystems and remaining letters 0 l o  S 
(mman) indicate marine ecosystems: 1% tropical n i n  forest; B is tropical seasonal forest; C is 
temperate evergreen forest: D is temperate deciduous forest; E is boreal forest: F is woodland 
and shrubland; G id  savanna; H Is temjimte grassbmd; 1 is tllndra and alpine meadow;.' i q  deserl 
K N ~ ;  K is rock. kc, and sand; l, is cultivatfd land; M is swapp and marsh; N is lake and 
stream: 0 is wen wean: P is upwellipg rhles. Q Is continental sheC R is q l p l  bed and reef: and 
S is estuaries. The aumulative fossil carbon Ingqt and the input nfes ( I )  ?rc shown as a dashed 
h e .  Since the source Is qot constad !nSdre or hpk t  ate, h e  line . reprts!nt! , n I-s od points 
tD;bough time. 
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Figure 3. The Naval Underseas Center Farm, installed off San Clemnte Islarid 

California, was hailed as the first step toward commercial farnrs, 
thought to be possible by 1985. The accompanying article 
illustrates the optimism of the time. This farm was transforred 
into a ball ot polypropylene and kelp s o m  17ft in diameter, by 
a series of unfortunate accidents, but not before spores had 
settled on the lines and a croD of new ~ l a n t s  had started to Brow 
on it. 

Kelp is a form of seaweed native to 
colder ocean waters and has been culti- 
vated for centuries by the Japanese as a 
bask item of their diet. It is also used on 
a small scale in the West, providing a 
chemical binder that a pears in paints, 
toothpastes and such PwdstuffS as ice 
cream and salad dressing. Now, a group 
ot marine researchers in southern Cali- 
fornia is studyfng the feasibility of large- 
scale farming of a local giant kelp for an 
entirely different purpose-as an econom- 
ical new source of energy. 

Thc kelp in question, a plant known 
technicnlly as Afac~ocystts pydfera, has 
n twin a peal for energy experts. First, 
it cnn $sorb nutrients frcm the sea 
throrighout its entire surface area, and 
tlias it is one of the world's fastest-gow- 
ing plants. Typicall , the giant kdp  can 
grow at a rate of k feet a day until it 
attains an average length of 60 to 100 
feet. Just as important, the plant Is  a rich 
source of organic materials, and there- 
fore can be readily converted to methane 
gas, by the action of bacteria, or to pe- 
troleumlike compounds, by a simple 
hcating process. 

The California kel farmers are a team 
from the Naval ~ n 8 r s e a  Center in San 
Dlego, headed by engineedng physicist 
IIorva~J Wcux. They have begun their 
farm as a rectangular grid of 2-inch-thick 
ropes anchored 40 feet beneath the sur- 
face in the 300-foot waters off a small 
island 60 miles west of Sen Diego. Since 
they completed assembly of the frarne- 
work in May, Navy frogmen have been 
nttnchirig transplants of the giant kelp 
to it, at fntervah of 10 feet along the 
ropes. The ~ l a n t s  are anchored to the 

rid by tiny rootlike growths known as 
k ~ l d f a ~ t ~ ,  wbicl~ normally serve lo attach 
the plants to convcniient rocks; the frog- 
nren thread the holdfasts tl~rougli the 
1opc with lnrgc ncedles, niid then tie 
tlicm sccurely. "As long as you tie or an- 
chor the kelp somewhere, it'll grow," 
~ ~ o t e s  Wheclcr North, a rnarinc biologist 
from Cnltcch who developed tho trans- 
plantation technique. 

11) o l ~ l ~ + a n  
Weat Coast kelp farm: A fast-growing new source of eeonon~ical energy? 

Eat: Now, about 100 plants are in 
p!ace. And North Inns to make regular P tlivcs to chcck on t re kelp's growth. The 
kelp farmers' main worries are that dis- 
ense miglit develop among the plants, 
that such fish as Catnlilia perch nlny eat 
tlic growing kelp, rind that the waters 
around the framework mny not contain 
erioi~gh nutrients to support the plants' 
high growth mte. 

I h t  if thc prescnt 7-acre cxpcrimcntal 
fnrm is as succcssfril as it presently ap- 
pmrs, the wxt step will be thc plant- 
ilig of two 1,000-ncre farms in t h ~  deep 
waters of the Atlantic and Pacific oceans. 
n y  1985, W c o x  tliinks, n 100,000-acre 
kelp farm miglit be providing enough 
ciicrgy to power an American city of 
50,000 residents. Perhaps the biggest 
advn~itage of this new npproncl~ to the 
energy proldcm is its basic simplicity. 
"It's not high technology," says Wilcox. 
"We're just talking about plain old plants 
growing." 

Newsweek, S e p r c ~ a l ~ e r  23, 1974 



Figure 4. Prior to the establishment of the Gas Research Institutel 
contributions to the Marine Biomass Programl were made by the 
American Gas Associationl whose "artists impression" of a 
kelp farm illustrates several "hydrodynamic" misconceptions (note 
the diver swimming with a plant showing no buoyancy). 
Unfortunately this lack of appreciation for mving water, and it's 
effects on a large buoyant plant, like Macrocysti~~ was not 
limited to the artists associated with the program. 



A That's not an oil rig or a sunk- 
PROGRESS en ship you're looking at 

REPORT It's a man-made 
FROM underwater farm located 

GENERAL five miles off the coast of 
ELECTRIC California Here General 

Electric is working with t h ~  
Department of Energy and the Gas R e  
search Institute to grow energy 

The actual crop is the giant kelp, a 
kind of seaweed Kelp, believe it or not, 
can be processed into a gas like natural gas 

Kelp grows naturally at a fantastic 
rate, as much as two feet some days. On 
this experimental farm, GE is trying to make 
it grow that much every day If that can be 

done, ten acres of kelp could be harvested 
and turned into as much as six million 
cubic feet of gas a year. And someday, 
with more and bigger farms, kelp might 
make a dent in America's energy problems 

Th~s energy farm is one example of 
how General Electric is applying many drf- 
ferent technologies to help solve problems 
that face us all. in medicine, transportatton, 
pollution control, as well as in energy 
Because that's how progress for people 
happens. 

Progress for People 

E L E C T R I C  

Figure 5. The General ~lectric Farm Illustration and accompanying text 
suggests that G.E. was "growing energy in the sea" and shows an 
actual photograph of the farm, with plants attached (and already 
tangled with, and presumably abrading against the farm structure). 
No production data was obtained, which unfortunately is not. how 
"progress for people" happens. 
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By Jerry Knight ' 

T'hen General Electric Co. asked 
the Department of Energy for $1.2 . mil'nn to grow seaweed in the Pacific 
Octan and try to extract energy from 

',it. DOE sientists were dubious. 
11 may be possible to get energy 

from seaweed, they said, but It would 
be better to try growing the weed 
"under well-controlled conditions . . .  
on land-based aquatfe test sites!%' i 

4 Bvit Energy Department higher-ups 
approved the project anyway, and Gem 

,era1 Electric in  December 1978 care- 
full v transplanted 100 kelp plants one0 

!.a quarter acre of Padfie Ocean floor. 
V i t h h  two months, all-the kelp was 

a , . , I .  f q  . 4 . f .  r.1 4 )  g 

I T 1e6 kel@ , calahity is one ' of - 10 
exoi it? energy research projects critl., 
, Ized m an internal DOE report accusl 
.ing the agency of wasting millons of , dollazq on studies with Uttle momisC 
-of !;olving the nation's energy pr*' 
' b l e r ~ a ,  - , a  ,., ., - 9 :  - y f  , , ! t  

3 The department ignored the recom- 
mendations of its: own evaluators and 
zavt grants to  projects tile experts 
said were r waste of money, passed 
out funds without evaluating other 
~ppdcat lons land paid for "researhh" 
on equipment that could be bought 
right off the shelf, the report says. 

The departmmt's inspector gene- 
ral looked at the performance of only 
one small office-the Biomass Energy 
Systems Program-and concluded the 
whole DOE research funding systems 
needs to be tightened up. , ' 

Energy officials blame the biomass 
boondoggles 01 growing pains in a re- ' 
search budget that has jumped from 
$400,000 to $56 million in four years. 
The system had alrwdy been tight-' 
ened up-and several staff members' 
transferred-by the time the inspee-' 
tor general's ,?report a ,wds , prepared,, . 
theft insist. : / . ' I ,  1 ;  

- I  B U ~  by then* ~ljllio?; of ,doi+ haci,. 
been s p e n t  
, The seaweeci acientists1'not only had 

trouble keepfng . track of their -kelp, 
they also apiparentiy got t h e h  moqeyi 
for the project from the government 
when private[ f u n  d-7 wye,, r:adUy,' 
available. , - .  . , '., <' - .  , . 

The idea was to turn the seaweed 
into a gas that could replace natural 
gas. The Federd Energy Regulatory 
Commission allows ans companies to 
spend money collected from custom- 

This Washington Post Cartoon had an indelible, and unfortunately 
adverse, effect on marine biomass funding, labelling the project 
as "the kelp calamity" and describing differences of opinion 
within DOE at the time. It is interesting to recall 
that the Washington press ridiculed Langly 's efforts to fly his 
amphibious "aerodrome" off the Potomac, and a Congressional 
investigation was threatened, since he was also accused of wasting 
public money trying to fly. That press release was in 1903, nine 
days before the Wright Brothers1 first flight at Kitty Hawk. 

Figure  6. 

ers  on such projects. ' ' 

~ u t  DOE gront-giv& decided to 
spend the taxpayers' money, without 
determining that thair colleagues a t  
FERC had already told the gas compa- 
nles to pay for the project themselves. 



After  s eve ra l  farm los ses ,  General E l e c t r i c  decided t o  c a l l  i n  t h e  " e x p e r t s "  
and i n v i t e d  phycologists  from Canada and elsewhere i n  t h e  U. S. t o  a seminar, held 
i n  G o l e t a .  A s  n o t e d  e a r l i e r ,  t h e  consensus  a t  t h e  semina r  was hemidome a n d  
Druehl -cy l inder  experiments should be conducted. Thus, even though t h e  s c i e n t i f i c  
"community" was asked f o r  advice, i n  r e t ro spec t  t h i s  advice turned out  t o  be bad. 

A s  a r e s u l t  o f  t h e  G.  E./C. I. T. fa rm f a i l u r e s  t h e r e  was much negat ive  
p u b l i c i t y  and pressure  t o  shut  t he  program down. D. 0. E./S.  E. R. I. withdrew 
s u p p o r t  i n  1981. I t  was o n l y  th rough  t h e  v a l i a n t  e f f o r t s  o f  s e v e r a l  Program 
Managers a t  G. R. I. t h a t  t h e  program w a s  kept a l i v e  pas t  1981, though it cos t  some 
o f  them t h e i r  jobs.  I n  1982 a d v i s o r s  from seve ra l  major gas  companies i n s i s t e d  
t h a t  t he  program be stopped. Funding w a s  phased out  through 1986. 

T h i s  is j u s t  when N. M. I. w a s  ga ther ing  t h e  d a t a  and f a c i l i t i e s  which could 
have proven t h a t  t h e  k e l p  biomass fa rming  concep t  c o u l d  work. Y i e l d  d a t a  was 
c o l l e c t e d  t h a t  showed t h a t  t h e  n e a r s h o r e  k e l p  f a rm s t r a t e g y  was v i a b l e .  A 
1,000-acre ke lp  f o r e s t  w a s  l eased  (by N. M. I. ) from the  S t a t e  of  C a l i f o r n i a  t h a t  
c o u l d  form t h e  basis f o r  a p i l o t  farm. Kelp harves t ing  and research  boa t s  were i n  
t he  water  and r e a d y  f o r  use .  A t a l e n t e d  and t r a i n e d  s t a f f  was r eady  t o  move 
fo rward  wi th  t h e  program. The i n t e r e s t  of t h e  Southern Ca l i fo rn i a  G a s  Company had 
been engaged, This is when an  a l t e r n a t i v e  r o u t e  was p u r s u e d ,  t h a t  of  f o c u s i n g  
a t t e n t i o n  on l o n g e r  term kelp  gene t i c s  goals.  The f i n a l  blow t o  t h e  U. S. Marine 
Biomass Program w a s  d e a l t  by t h e  S o l a r  Energy Research  Program, i n  r e sponse  t o  
c r i t i c i s m s  made by t h e  Department of Energy. S. E, R. I. had proposed t o  cont inue 
the  program, but i n  late 1986 a l l  D. 0. E. funding v i a  S. E. R. I .  was f o c u s e a  on 
microalgal ,  not macroalgal, energy production. 

In  s p i t e  of t he  f a c t  t h a t  t h e  program has now been stopped, it is p o s s i b l e  t o  
s a y  t h a t  t h e  Wilcox p r o j e c t i o n  of  2% e f f i c i e n c y  is not  e n t i r e l y  out  of l i n e  (our  
ca l cu la t ions  from a c t u a l  farm tests, show values around 1%). It is poss ib le  t o  say  
t h a t  g i a n t  k e l p s  have an  e x c e e d i n g l y  h igh  r a t e  of biomass production ( ca  15  dry  
ash-free tons  per a c r e  p e r  y e a r ) ,  and t h a t  t h e  p l a n t s  can  w i t h s t a n d  q u a r t e r l y  
h a r v e s t s  where near ly  ha l f  of t h e i r  biomass is removed, s o  t h a t  s u b s t a n t i a l  y i e l d s  
a r e  poss ib le  without changing the  s tanding  c r o p .  The e x p e r i m e n t a l  fa rming  a l s o  
provided valuable  information about t h e  chemical changes i n  c u l t i v a t e d  p l a n t s  under 
l i g h t  stress (where they were planted c lose  toge the r )  and f o r  t h e  f i r s t  t ime  gave  
u s  information on frond i n i t i a t i o n  r a t e s ,  as these  relate t o  whole p l an t  growth. 

One of the  f i n a l  s t u d i e s  done by General E l e c t r i c  was a review of co-products  
and by-products of kelp. As with the  p r i o r  G. E. economic eva lua t ion  work, nothing 
innovat ive was produced. Indeed, t he  list of  p r o d u c t s  t h a t  t h e y  c o n s i d e r e d  was 
s h o r t e r  t h a n  t h a t  produced by H e r c u l e s  Chemical Company i n  1919, when they  were 
considering the  opt ions  of continuing t h e i r  harvest ing a c t i v i t y .  Valuable co- and 
by-products  beyond those mnt ioned  by G. E. j u s t i f y  f u r t h e r  work on t h ~ e  farming of 
macrophytes i n  t he  sea. 

The G. R. I. Marine Biomass program was c o n s t r a i n e d  i n  variclus ways. A t  
f i r s t  , nearshore work was not  f e l t  t o  be wor thwhi l e ,  s i n c e  t h e r e  was n o t  enough 
a r e a  t o  grow a huge amount of  biomass and not wi th in  t h e  k i lcox  concept. Later, 
t h e  work was expanded t o  i n c l u d e  n e a r s h o r e  c o n c e p t s .  Work o n  a l c o h o l  a n d  
by -p roduc t  development  w a s  n o t  emphasized s i n c e  b i o g a s  was t h e  f o c u s  of  t h e  
pro jec t .  Many small p r o j e c t s  were funded ,  where no f i e l d  work was done. The 
r e s u l t i n g  r e p o r t s ,  such  a s  t h e  Bate l le  marine farm engineering s tudy,  were o f t e n  
very i n t e r e s t i n g ,  but these  "dry" s t u d i e s  were not t r a n s l a t e d  i n t o  in-t.he-sea work, 
where t h e i r  p r a c t i c a l  value could be tested. Nonetheless, t h i s  broad approach was 
usefu l  i n  t h a t  the  need t o  expla in  our research t o  ou t s ide  r e v i e w e r s  gave u s  many 
o p p o r t u n i t i e s  t o  produce "review" documents. The following sec t ion  o f . t h i s  r epo r t  
is such a review document and d e a l s  i n  general  terms w i t h  mac roa lga l  fa rming  and 
products. 



A. MARINE FrnING 

The fa rms  on l a n d  t h a t  now produce  o u r  food  were o r i g i n a l l y  deciduous 
f o r e s t s  and grasslands.  The t ransformat  i o n  o f  t h e s e  n a t u r a l  e c o s y s  tems i n t o  
p r o d u c t i v e  fa rms  involved c l ea r ing  the  land and c u l t i v a t i n g  it and introducing 
new crop p lan ts .  The na tu ra l  f e r t i l i t y  of t he  o r i g i n a l  ecosystems was enhanced 
by c r o p  r o t a t i o n  o r  t h e  a p p l i c a t i o n  of  f e r t i l i z e r ,  and  e v e n t u a l l y  t h e  crop 
p l a n t s  themselves were rrodified t o  increase  the  s i z e  and q u a l i t y  of the  harvest .  
The f o r e s t s  and g r a s s l a n d s  o f  t he  sea  a r e  still unmodified ecosystems i n  most 
p a r t s  of t he  world. One of t h e  chal lenges fac ing  o u r  g e n e r a t i o n  is t o  d e v i s e  
methods f o r  c u l t i v a t i n g  and h a r v e s t i n g  t h e  open ocean (Neushul, 1959, 1984). 
The transformation of nea r sho re  mar ine  ecosys t ems  i n t o  p r o d u c t i v e  farm,s h a s  
a l ready  begun. 

Nearshore Kelp Cul t iva t ion  

Nearshore  k e l p  c u l t i v a t i o n ,  o v e r  t h e  l a s t  f o u r  decades, has progressed 
through the  experimental s t age  and is now a commercially v iab le  indus t ry  both i n  
China (Tseng and Wu, 1962)  and i n  Japan  (Kawashima , 1 9 8 4 ) .  The r e d  a l g a ,  
Porphyra, is e x t e n s i v e l y  c u l t i v a t e d  a s  a food  i n  J apan  and Korea, w h i l e  a 
t r o p i c a l  red a lga ,  Eucheuma, is grown commerc ia l ly  i n  t h e  P h i l i p p i n e s .  The 
a n n u a l  v a l u e  of  a l l  t h e s e  brown and  r e d  macroa lga l  c rops  grown i n  nearshore 
waters  a t  present  f a l l s  between 871 mi l l ion  and one bi l l ion-U.S.  d o l l a r s ,  (Doty, 
1982;  Tseng 1981a1b) .  I n  c o n t r a s t ,  o f f s h o r e  farming of macroalgae has only 
r ecen t ly  been attempted, and a s  y e t  t h e  open s e a  r ema ins  u n c u l t i v a t e d ,  even 
though l a r g e  masses o f  f l o a t i n g  brown a lgae  o f t e n  grow the re  na tu ra l ly ,  a s  i n  
t he  Sargasso Sea. 

Nearshore commercial macroalgal farms present ly  cover thousands of a c r e s  of 
s ea  sur face  i n  Asia. Tney a r e  genera l ly  made of r o p e ,  n e t s  , f l o a t s  and o t h e r  
f i t t i n g s  anchored t o  t h e  sea  f loo r .  The Japanese government, working with t h e i r  
p r iva t e  i n d u s t r i e s l  plans t o  p r o v i d e  funds  t o  d e v e l o p  fa rms  s p e c i f i c a l l y  t o  
p r o d u c e  e n e r g y .  They  h a v e  a l s o  funded t h e  l a r g e - s c a l e  i n s t a l l a t i o n  of  
a r t i f i c i a l  r e e f s  t h a t  enhance both p l a n t  and an imal  l i f e  i n  n e a r s h o r e  w a t e r s  
( M o t t e t  1 9 8 2 ) .  Ishikawa-Harima Heavy I n d u s t r i e s  C o r p o r a t i o n  o f  J apan  has 
r ecen t ly  embarked on an ambitious f i f teen-year  p ro j ec t  t o  grow ke lp  f o r  methane 
p r o d u c t i o n  n e a r  Uchiura  Bay on the  I s land  of Hokkaido (The Economist, October 
19, 1985; Honja, personal comunicat ion:  Figures  7 ,  8 & 9 ) .  

There  are no commercial-scale macroalgal farms i n  U.S. waters ,  even though 
s u b s t a n t i a l  q u a n t i t i e s  of macroalgae a r e  harvested from na tu ra l  ke lp  beds  e v e r y  
y e a r  and a r e  used f o r  t h e  product ion of a lg ina t e s .  With the  exception of t h e  
1980-1983 El Nino period,  when h a r v e s t s  o f  k e l p  from n a t u r a l  beds  plummeted 
(from 150, 000 t o  4,000 tons  ) , annua l  h a r v e s t s  of a round l50,OOO t o n s  o f  wet 
Macrocystis had been comnon s ince  mid-century. Nearly 400r000 w e t  tons  per year 
were h a r v e s t e d  from t h e  s o u t h e r n  C a l i f o r n i a n  ke lp  beds between 1917 and 1918 
(see P. Neushul, Appendix B) .  The Chinese now h a r v e s t  a round one mil l ic ln wet 
tons  of c u l t i v a t e d  Laminaria year ly  from t h e i r  nearshore Laminaria farms. 
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Figure 7. Japanese farms, like the General Electric farm, are planned as 
anchored, brute-strength units, with nutrient-upwelling pumps 
to provide fertilizer. 



Flow Chart of Seedling Transplantation 

Figure  8. Japanese  farms,  a r e  planned to  o p e r a t e  on a str ict  s e a s o n a l  
schedu le  where seeds tock  is produced, o u t p l a n t e d  and ha rves ted ,  
mechanical ly  , a s  i l l u s t r a t e d  here .  



B a s i c  Syscern I f o r  5 0 t h  
Laminaria and Sargassum 

B a s i c  System U v i t h  
By-product  Recovery 

Figure 9 . Japanese marine farm products and by-products are listed, and 
are remarkably broad, with no "programmatic restrictions" to 
the production of gas alone. Clearly commercial success is a 
central t h e m  of this on-going project. 



As might be expected, t he  s i z e  of the  Cal i forn ian  ke lp  beds-has  f l u c t u a t e d  
(Harge r  1983)t  due t o  c l imato logica l  f a c t o r s  and c o a s t a l  po l lu t ion  ( see  Chapter 
IV-B).  Accordingly, t he re  have been seve ra l  successfu l  e f f o r t s  t o  t h i c k e n  and 
extend t h e  ke lp  beds, and t o  rep lace  them i n  loca t ions  where they have been. l o s t  
(Wilson and North 1983, North 1972, 1976, 1981). 

The Giant Kelp, Macrocystis 

The term "kelp" w a s  f i r s t  used i n  Scotland between about 1720 and 1830 a s  a 
name f o r  seaweed ash. The word was l a t e r  u sed  t o  d e s c r i b e  l a r g e  brown a l g a e  
genera l ly ,  and today is given s p e c i f i c a l l y  t o  brown a lgae  t h a t  a r e  c l a s s i f i e d  i n  
t he  order  Laminariales,  s ince  these  p l an t s  produce l a r g e  blades,  o r  lamina.  A l l  
ke lps  cons i s t  of t h ree  bas ic  pa r t s :  a root - l ike  ho ld fa s t ,  a stem-like s t i p e ,  and 
e i t h e r  a s i n g l e  l ea f - l i ke  blade, o r  mult iple  blades.  The smal le r ,  simpler kelps  
c o n s i s t  on ly  of these  th ree  bas i c  p a r t s ,  while t h e  more complex ke lps ,  1 i k . e  t he  
g i a n t  kelp,  form complex branched ho ld fa s t s ,  b a s a l  b ranch ing  sys t ems  and many 
s t i p e s  and blades.  Some of the  l a r g e s t  ke lps ,  l i k e  Macrocystis produce buoyant  
g a s - f i l l e d  f l o a t s .  The l a r g e s t  g i a n t  ke lp  found to-date on t h e  North American 
Pac i f i c  Coast was 43 meters (140f t )  long (Frye,  Rigg and C r a n u a l l ,  1915) .  The 
l e a f - l i k e  b l a d e s  a r e  30-35cm (12-14 inches)  long and 8-10cm (3-4 inches)  wide, 
each having a pyriform f l o a t  a t  its base. S t ipe t  b lades  and f l o a t s  c o l l e c t i v e l y  
form a f e r n - l i k e  f r o n d ,  a t  t h e  t i p  of which is e i t h e r  a f a l c a t e  meristematic 
growing poin t  i f  t h e  frond is still growing, o r  a terminal  v e s i c l e  and b l a d e  i f  
t h e  f r o n d  is mature. The ke lp  frond is a determinate  s t r u c t u r e ,  i n  t h a t  l i k e  a 
f r u i t ,  such a s  an apple,  it cannot grow i n d e f i n i t e l y .  The a v e r a g e  l i f e  of  a 
g i a n t  k e l p  f r o n d  is only  6 months, a f t e r  which time it decomposes and is shed. 
T h e  b a s a l  b r a n c h e s  t h a t  f o r m  n e w  f r o n d s  a l s o  g i v e  r i s e  t o  
dichotomously-branched,  c y l i n d r i c a l ,  r o o t - l i k e  h a p t e r a  t h a t  grow downward. 
These form adherent t i p s ,  from which rh i zo ids  grow t o  a t t a c h  a given hapteron t o  
a r o c k  o r  o t h e r  s o l i d  s u b s t r a t e .  The h a p t e r a  w i l l  grow down i n t o  s a n d  o r  
sediment f o r  a s h o r t  d i s t ance  i n  places where the re  is no rock .  C o l l e c t i v e l y ,  
t h e s e  h a p t e r a  form a l a r g e  clump, i n t o  which sed imen t  and s a n d  d r i f t s  and 
accumulates. The weight of t h i s  mater ia l  s e rves  t o  produce a heavy anchor which 
h o l d s  t h e  p l a n t  i n  p lace  on a sandy sea  f loor .  Nearly 60% of t h e  ke lp  beds i n  
southern C a l i f o r n i a  grow on sandy ,  n o t  rocky ,  s e a  f l o o r ,  a s  was o r i g i n a l l y  
t hough t .  The d i s t r i b u t i o n  of  biomass i n  a ke lp  p l an t  harvested from Galeta ,  
Ca l i fo rn i a  is shown i n  Figure 1. 

Since the  g i a n t  kelp, Macrocystis, grows its own holdfast-anchor,  anchoring 
r o p e s  ( t h e  s t i p e s ) ,  and  even produces  its own buoys ( t h e  pneumatocysts), it 
dup l i ca t e s  i n  vegetable form some of t h e  f e a t u r e s  found i n  man-made o r i e n t a l  
k e l p  farms.  S i n c e  the  g i a n t  ke lp  is a l s o  perennia l  and very product ive,  it is 
w i d e l y  r ecogn ized  a s  a good c a n d i d a t e  f o r  b o t h  n e a r s h o r e  a n d  o f f s h o r e  
c u l t i v a t i o n .  Domestication and experimental c u l t i v a t i o n  of g i a n t  ke lp  has been 
attempted on the  U.S. w e s t  coas t  where it grows n a t u r a l l y  (Neushul  and Harge r ,  
1985) and i n  China, where it has r ecen t ly  been introduced. 

E a r l y  ( i n c o r r e c t )  t h e o r i e s  a b o u t  k e l p  r e p r o d u c t i o n  h e l d  t h a t  t h e  
r e p r o d u c t i v e  b o d i e s  of kelps  were formed wi th in  t h e  t h i c k  s t i p e s .  Thus it was 
r a t h e r  su rp r i s ing  when Sauvageau (1915) discovered t h a t  kelps  proauced spores  i n  
s p o r a n g i a  t h a t  formed thickened fern-l ike s o r i  on t h e  su r f aces  of t h e i r  blades,  
and t h a t  these  spores  grew not i n t o  a n o t h e r  k e l p  p l a n t  b u t  i n t o  m i c r o s c o p i c ,  



f i l a m e n t o u s  p l a n t s .  Even more s u r p r i s i n g  was t h e  d i s c o v e r y  i n  s u b s e q u e n t  
s t u d i e s  by Sauvageau and o t h e r s  t h a t  t h e  gametophytes  of a l l  t h e  ke lps  were 
remarkably s i m i l a r ,  even though the  sporophytes were v a s t l y  ciif f e r e n t  i n  s i z e  
and morphology. I t  was l a t e r  found  t h a t  t h e  microscopic  gametophytes hau a 
haploid chromosome number , w h i l e  t h e  macroscopic  s p o r o p h y t e s  o f  k e l p s  were 
d ip lo id .  

Haploid zoospores a r e  produced following meiosis i n  t h e  sporangia  on t h e  
d i p l o i d  sporophyte and a r e  r e l ea sed  i n t o  t h e  water. Re la t i ve ly  l i t t l e  is known 
about t he  zoospores o t  Macrocystis,  except t h a t  they a r e  small, about 5 uM long,  
and shor t - l ived  (Amsler, personal  c o m n i c a t i o n  1985). They a r e  no t  photo t rop ic  
(Haxo , personal  communication) but  a r e  pho tosyn the t i c  and can  be s e n s i t i v e  t o  
t o o  much l i g h t ;  t hey  can be k i l l e d  by exposure t o  f i v e  minutes i n  f u l l  sun l igh t  
(Luning and Neushul ,  1 9 7 8 ) .  They c o n t a i n  two p l a s t i d s  a s  w e l l  a s  r e s e r v e  
ma te r i a l s  and "adhesion" v e s i c l e s  (Chi and Neushul, 1972) and r e a d i l y  a t t a c h  ana 
r e c r u i t  near  pa ren t a l  sporophytes (Anderson and North, 1966) .  They a r e  e a s i l y  
washed away by water motion, and sediment g r e a t l y  reauces t h e i r  attachment ana 
su rv iva l  r a t e s  (Devinny and Volse, 1978). 

Spores s w i m !  and sett le i n t o  t h e  boundary l a y e r  a t  t h e  water-rock. i n t e r f a c e  
on the  s ea  f l o o r  where they a t t a c h ,  growing t o  form e i t h e r  ephemeral o r  p e r h a p s  
perennia l  male and female gametophytic p lan ts !  which i n  due course form eggs ana 
sperm. Spores can a t t a c h  t o ,  and produce gametophytes t h a t  grow e p i p h y t i c a l l y  on 
o the r  p lan ts .  On a sandy sea f l o o r  they w i l l  grow on t h e  t u b e  worm, D i o p a t r a ,  
which p rov ides  a f i rm  s t a r t i n g  p i n t  f o r  t h e  young k e l p  p l a n t  t h a t  subsequently 
anchors i t s e l f  i n  t h e  sand. The gametophytic phase i n  t h e  l i f e  h i s t o r y  can take  
a s  l i t t l e  a s  two weeks,  and  a new spore-producing k e l p  p l a n t  can be formea i n  
l i t t l e  over  one year .  

I t  h a s  g e n e r a l l y  been assumed t h a t  t h e  microscopic gametophytic phase is 
ephemeral and s h o r t - l i v e d .  I n  f a c t ,  w e  have found  t h a t  w h i l e  a f e w  of  t h e  
d i p l o i d  g i a n t  ke lp  p l a n t s  can surv ive  f o r  many yea r s  most a r e  uprooted and c a s t  
ashore i n  one o r  two years .  While it is s t i l l  n o t  p o s s i b l e  t o  d e s c r i b e  t h e  
f i e ld -g rown  gametophyte  a s  t h e y  have se ldom been found  i n  t h e  s e a ,  w e  can 
assume, based on observat ion of  o u t p l a n t e d  gametophytes  t h a t  most a r e  i nueed  
ephemera l  (Deysher  and Dean, 1 9 8 4 ) .  However, e x p e r i m e n t s  on gametophytes  
c u l t i v a t e d  i n  t h e  l a b o r a t o r y l  s u g g e s t s  t h a t  p e r e n n i a l  gametophytes  may a l s o  
occur i n  t h e  sea.  S tud i e s  of t he  n a t u r a l  recrui tment  p a t t e r n s  o f  t h e  sea-palm 
P o s t e l s i a  (Paine,  1979) suggest  t h a t  perennia l  gametophytes a r e  formea by t h i s  
ke lp  species. 

Macrocystis gametophytes r equ i r e  only low l e v e l s  of l i g h t  9 s u r v i v e  ( F a i n  
and Murray, 1982; Deysher and Dean I 1 9 8 4 ) .  About 260 uE/cm b l u e  l i g h t  is 
requi red  f o r  t h e  ga&tophytes of Macrocystis t o  produce eggs  and sperms t o z o  i a s  
i n  two weeks (Luning and Neushul! 1978) .  A s  w i t h  L a m i n a r i a ,  t e m p e r a t u r e  and 
n u t r i e n t s  a f f e c t  t h e  amount of  b l u e  l i g h t  r e q u i r e d  f o r  gametogenesis. More 
l i g h t  is requi red  a t  higher tempera tures  (Luning  , 1980)  w h i l e  h i g h e r  n i t r a t e  
c o n c e n t r a t i o n  decreases  t h e  l i g h t  requi red  f o r  gametogenesis (Hsiao and Druehl, 
1971) .  High c o n c e n t r a t i o n s  of  i r o n  s t i m u l a t e  g a m e t o g e n e s i s  w h i l e  h i g h  
c o n c e n t r a t i o n s  of  boron i n h i b i t  gamete formation (Motomura and Sakai ,  1984).  
Muller and Maier (Msc.) have found t h a t  t he  female gametophytes of  M a c r o c y s t i s  



produce a sexual  hormone c a l l e d  lamoxirene, which inf luences  antherozoid r e l e a s e  
and chemotax i s  i n  some 26 o t h e r  ke lp  spec i e s  a s  w e l l  (Luning ana Muller 1978; 
Muller,  Gassmann and Luning, 1979).  

An a v e r a g e  a d u l t  s p o r o p h y t e  h a s  0 .29 s q u a r e  meters of  sporophyl l  a r e a  
(Neushul , 1963) ana t h e  s p r o p h y l l s  p roduce  a b o u t  20.7 m i l l  i o n  z o o s p o r e s  p e r  
minute  p e r  s q u a r e  meter of  s p o r o p h y l l  a r e a  ( ~ n d e r s o n  and North, 1966). This  
means t h a t  an average a d u l t  produces 6 m i l l i o n  z o o s p o r e s  p e r  minute  , a b o u t  9 
b i l l i o n  z o o s p o r e s  p e r  day  and 1 6  t r i l l i o n  z o o s p o r e s  p e r  a v e r a g e  f i v e  year  
l i f e t i m e .  Of course,  most o f  t h e s e  a r e  l o s t .  Half  t h e  s u r v i v i n g  z o o s p o r e s  
produce  male and h a l f  female gametophytes, consequently on ly  one zoospore i n  6 
t r i l l i o n  needs t o  s u c c e s s f u l l y  produce  an  a d u l t  s p o r o p h y t e  f o r  t h e  n a t u r a l  
p o p u l a t i o n  t o  r ep l ace  i t s e l f .  This  is a very high reproduct ive r a t e  and a very 
low success  rate. 

Poin ts  i n  t h e  l i f e  h i s t o r y  of Macrocystis where t h e  g r e a t e s t  l o s s e s  o c c u r ,  
have  been c a l l e d  "env i ronmen ta l  t u r n s t i l e s "  by Nor th ,  s i n c e  env i ronmen ta l  
c o n d i t i o n s  d e t e r m i n e  how many k e l p s  s u r v i v e  t o  p a s s  t h r o u g h  t h e  t u r n s t y l e  
between one  l i f e - h i s t o r y  phase  and t h e  n e x t  ( N o r t h ,  1 9 7 2 ) .  b h i l e  it :seems 
l i k e l y  t h a t  t he  h i g h e s t  l o s s e s  p r o b a b l y  o c c u r  i n  t h e  m i c r o s c o p i c  s t a g ~ s ,  a 
n a t u r a l  k e l p  bed can  e x p e r i e n c e  s e v e r e  l o s s e s  d u r i n g  s t o r m s  o r  per ioc is  of 
n u t r i e n t  d rough t .  For  example ,  a t h o u s a n d  a c r e  k e l p  b e d  i n  G o l e t a  Bay 
( C a l i f o r n i a  F i s h  and  Game Bed #26) was completely destroyed during t h e  E l  Nino 
storms of 1983-4. In  o rde r  t o  compare mor t a l i t y  r a t e s  i n  p o p u l a t i o n s  o f  a a u l t  
k e l p  s p o r o p h y t e s ,  a " h a l f - l i f e "  has  been de f inea  a s  t h e  t ime it t a k e s  t o  l o s e  
one h a l f  o f  a g r o u p  o f  i n d i v i d u a l s  o f  t h e  same a g e ,  a s s u m i n g  a u n i i o r m  
l o g a r i t h m i c  m o r t a l i t y  r a t e  (North, 1964).  Half l i v e s  of p l a n t s  vary with age, 
l o c a l i t y  and season. Beds i n  more exposed l o c a t i o n s  have p l a n t s  wi th  ha l f  l i v e s  
t h a t  r ange  from 4.0 t o  15.9 months (North, 1964; Rosenthal,  Clarke and Dayton 
1974) ,  while beds i n  more pro tec ted  a r e a s  have p l a n t s  with ha l f  l i v e s  t h a t  range 
from 4.1 t o  85.8 months (North,  1964; Coon, 1981a).  

It  has been poss ib le  t o  comple t e  t h e  k e l p  l i f e  h i s t o r y  e n t i r e l y  i n  t h e  
labora tory  by growing sporophytes t o  matur i ty  i n  l abo ra to ry  tanks ,  although t h i s  
r equ i r e s  spec i a l i zed  marine c u l t u r e  f a c i l i t i e s  (Sanbonsuga and Neushul ,  1958) .  
Growing and measur ing  k e l p  s p o r o p h y t e s  i n  t h e  s e a  c a n  be  d i f f i c u l t ,  as an 
ind iv idua l  ke lp  p l an t  can weight up t o  a t on ,  and s i n c e  t h e  many f r o n d s  t a n g l e  
i n t o  a c o n f u s i n g r  s p a g h e t t i - l i k e  s t i p e  bund le  which is almost impossible t o  
d i sen tangle .  Consequently, experiments with ke lp  sporophytes  u s u a l l y  f o c u s  on 
one  o r  a t  b e s t  a few p l a n t s .  In  t he  few cases  where l a r g e r  numbers of p l a n t s  
have been s t u d i e d ,  v e r y  s i g n i f i c a n t  p l a n t - t o - p l a n t  v a r i a t i o n  h a s  b e e n  
encountered. This  v a r i a b i l i t y  makes it d i f f i c u l t  t o  gene ra l i ze  from t h e  r e s u l t s  
of experiments where only one, o r  a few p l a n t s  have been measured. N o n e t h e l e s s  
s t u d i e s  based  on small samples  p r o v i d e  t h e  b a s i s  f o r  most of  o u r  p r e s e n t  
knowledge of t h e  physiology and environmental requirements of t h e  p l a n t  (hh'eeler 
and Neushul, 1981; Lobban and Wynne, 1981; Lobban, Harrison and Duncan, 1985).  



KELP CULTIVATION 

The task of culturing kelps involves growing both the microscopic 
gametophyte and the macroscopic sporophyte. Therefore, both laboratory and 
field cultivation methods must be employed. 

Laboratory Cultivation and Seedstock Production - 

It is comparatively simple to isolate single spores and to grow filamentous 
game-tophytes from them. The resulting plants can be vegetatively propagated for 
many years. Our oldest cultures have been maintained in the laboratory for ten 
years. 

Gametophytes can be isolated in the laboratory using a simple technique 
developed by Sanbonsuga and Neushul (1978). A fertile sporophyll is collected, 
cleaned, folded in a moist paper towel and left in a refrigerator overnight. 
The next day, the undamagedr uncut parts of the blade are suspended in sterile 
seawater in a shallow dish, whilst the cut edges are kept out of the water, to 
prevent the release of mucilage from the damaged edges. The spores are allowed 
to release for 30 minutes and then the parental sporophyll is removed. The 
upper water layer is then decanted from the dish into a graduated cylinder which 
is placed in a refrigerator for five hours. During this time non-swimming 
spores and contaminating diatoms settle toward the bottom of the cylinder. 
After five hours, drops are pipetted from near the top of the graduated cylinder 
onto 5Ox50m square pieces of glass cut from a microscope slide. The spores are 
given five minutes to attach to the slide and then a stream of water from a 
wash-bottle containing sterile seawater is sprayed over each glass square to 
wash away any unattached spores. 

The glass squares with attached spores are then placed in a petri dish 
containing PESI medium (Provasoli's enriched seawater medium plus iodine, 
described in Tatewake, 1966). Five days laterr after the spores have germinatea 
to form dumbbell-shaped germlings, a drawn out pipette is used under a 
high-powered dissecting microscope, or the low-power objective of a compound 
binocular microscope, to dislodge and suck up individual germinated gametophytes 
from the glass pieces. Individual gametophytes are then transferred with a 
pipette to test tubes containing PESI where they grow vegetatively into a 
filamentous ball. If the clumps that grow in the test tubes are not perfectly 
round they are discarded as this indicates the presence of more than one 
gametophyte. The gametophytes can be maintained in a vegetative state and will 
not undergo gametogenesis if they are kept under red lights, limiting the amount 
of blue light that they receive (Luning and Neushul, 1978). 

Spores can also be isolated by using a sterilized glass chromtography 
sprayer filled with a solution of spores. The spores are sprayed onto agar or 
into liquid culture medium and allowed to germinate and grow. Clumps of 
gametophytic branches arising from single spores are usually symmetricaX, while 
those from two or more spores are assymetrical and are discarded. 



As noted e a r l i e r  vege t a t i ve ly  growing gametophytes  can  be h e l d  f o r  many 
y e a r s .  The c u l t u r e s  a r e  subcul tured a s  necessary,  o r  every two t o  four  months, 
by breaking a few f i l a m e n t s  f rom a b a l l  and p l a c i n g  them i n  a c u l t u r e  t u b e  
containing PESI medium. The tubes a r e  held i n  t h e  fol lowing condi t iqns :  l!iOc, 
12:12 LD photoperiod, and a f i l t e r e d  red  l i g h t  i n t e n s i t y  of 1 0  uE/m -sec. Our 
l a b o r a t o r y  now has a seedstock c o l l e c t i o n  of  over 800 d i s t i n c t  ke lp  gametophyte 
i s o l a t e s  from l o c a t i o n s  a s  f a r  away as Japan  , China ,  Mexico, A r g e n t i n a  and  
Alaska. 

I f  t h e r e  were only four  zoospores i n  each sporangium, i n s t e a d  o f  32, e a c h  
s p o r e  , because  o f  t h e  i ndependen t  a s so r tmen t  and segrega t ion  of chromosomes, 
would be genotypica l ly  d i f f e r e n t  from the  o the r s .  In  such a c a s e  t h e  a n a l y s i s  
of gene t i c  d i f f e r ences  between spores  from a s i n g l e  sporangium, would be s i m i l a r  
t o  te t rad-ana lys i s  i n  t he  fungus Neurospora or t h e  g r e e n  a l g a  Chlamydomonas. 
Although t h e  process  of s epa ra t i ng  t h e  32 spores   fro^ a s i n g l e  sporangium should 
no t ,  t h e o r e t i ~ a l l y ,  be p a r t i c u l a r l y  d i f f i c u l t  , it has not  y e t  been achieved. I f  
mutagen-induced v a r i a n t s  a r e  t o  be  i d e n t i f i e d  a s  t r u e  mu tan t s ,  then t e t r a d  
ana lys i s  is e s s e n t i a l .  

The m i t o t i c a l l y  produced  e g g s  from a s i n g l e  f ema le  gametophyte  a n a  
s p e r m t o z o i d s  f rom a s i n g l e  male gametophyte  s h o u l d  be  ( b a r r i n g  m u t a t i o n s )  
g e n e t i c a l l y  i d e n t i c a l .  He re in  l i e s  t h e  u s e f u l n e s s  o f  i s o l a t i n g  ind iv idua l  
spores  and growing c lorkd  gametophytes from them. When gametogenesis is induced 
i n  one  s p e c i f i c  male c lone  and one s p e c i f i c  female c lone  and t h e  r e s u l t i n g  eggs 
and sperm a r e  mixed, many g e n e t i c a l l y  i d e n t i c a l  p rogeny  a r e  produced  and t h i s  
c r o s s i n g  can  b e  r e p e a t e d  o v e r  and over  again.  To produce a s p e c i f i c  c r o s s  oi 
one female with one male, clumps of each a r e  fragmented t o g e t h e r  and p l a c e d  i n  
b l u e  l i g h t  ( N e u s h u l ,  1983)  o r  i n  a c u l t u r e  s o l u t i o n  w i t h  a low s a l i n i t y  
(Sanbonsuga and Neushul, 1978). 

A c u l t u r e  c o l l e c t i o n  of k e l p  gametophytes has some advantages over l a n a  
p l an t  t i s s u e  c u l t u r e  c o l l e c t i o n s .  It is a l abo r ious  process  t o  produce h a p l o i o  
t i s s u e  c u l t u r e s  from an the r s  o r  po l len  g r a i n s  of l and  p l a n t s  and such c u l t u r e s  
t e n d  t o  have a l i m i t e d  l i f e - s p a n .  A l so ,  i f  l a n d  p l a n t s  a r e  r e p e a t e d l y  
s u b c u l t u r e d ,  t h e y  a r e  s u s c e p t i b l e  t o  somaclonal v a r i a t i o n ,  gene t i c  d r i f t  ana 
mutations (see d iscuss ions  i n  Gressel, 1984; Mal iga ,  1 9 8 4 ) .  The game tophy t i c  
c u l t u r e s  of Macrocys t i s  a p p e a r  t o  have none of  t h e s e  d i s a d v a n t a g e s  and t h e  
c o l l e c t i o n  h a s  been used  t o  provide mater ia l  f o r  chromosomal s t u a i e s  i n  Japan 
(Yabu and Sanbonsugaf 1985) /  f o r  s t u d i e s  of s ex  hormones (Muller & Maier, mc . ) ,  
f o r  s t u d i e s  o f  t h e  e f f e c t s  of  p o l l u t a n t s  on ke lp  f e r t i l i z a t i o n  ( S t e e l e ,  prs.  
comm. ) , and f o r  s t u d i e s  of t h e  photosynthet ic  appara tus  of k e l p s  (Smi th ,  p e r s .  
comm.). I n  a d d i t i o n f  t h e  c u l t u r e s  have been used t o  produce i n t e r g e n e r i c  and 
i n t e r s p e c i f i c  hybrids. 

Another  t e c h n i q u e  f o r  propagat ing ke lp  sporophytes is by t i s s u e  cu l tu re .  
Ca l lus  t i s s u e  has been produced from m e r i s t e m a t i c  t i s s u e  o f  Laminar ia  b1,ades 
( F r i e s ,  1980)  and  s t i p e s  (Saga and Sakai ,  1983). But on ly  Fang, Yan and Wang 
(1983) have repor ted  t h e  complete regenerat ion o f  a s p o r o p h y t e  from a c a l l u s .  
O t h e r s  h a v e  r e p o r t e d  t h e  p r o d u c t i o n  o f  a p o s p o r o u s  game tophy te s ,  i . e .  
gametophytic branches growing out  from sporophyt ic  t i s s u e  w i t h o u t  s p o r e s  be ing  
produced ( F r i e s ,  1980 ; L e e ,  1985). 



Successful  t i s s u e  c u l t u r e  of  sporophyte c a l l u s  o r  aposporous  game tophy t i c  
f i l aments ,  depends upon t h e  t i s s u e  being completely f r e e  of  bac t e r i a .  A v a r i e t y  
of methods have been used t o  c lean  macroalgal t i s s u e s  i n c l u d i n g :  a n t i b i o t i c s  
(Drueh l  and Hs iao ,  1 9 6 9 ) ;  e t h a n o l  ( F r i e s ,  1980);  untrasound (Polne, Gibor and 
Neushul, 1981); Betadine (Gibor  -- e t  a l . ,  1981)  and sodium h y p o c h l o r i t e  (Lee, 
1 9 8 5 ) .  B a c t e r i a - f r e e  c u l t u r e s  o f  M a c r o c y s t i s  g a m e t o p h y t e s  h a v e  b e e n  
s u c c e s s f u l l y  grown, although t h e  sporophytes produced from them were i r r e g u l a r  
i n  morphology and s h o r t - l i v e d  (Zarmouh, 1 9 8 5 ) r  which s u g g e s t s  t h a t  s u r f a c e  
b a c t e r i a  produce  growth hormones t h a t  i n  t u r n  in f luence  t h e  development of t h e  
young sporophyte. 

The easiest way to  produce ke lp  sporophytes i n  q u a n t i t y  f o r  outpl-anting is 
sexua l ly ,  using e i t h e r  known gametophytic l i n e s  o r  by obta in ing  spores .  A f t e r  
g r ind ing  up and mixing a s p e c i f i c  male and female gametophyte, gametogenesis ana 
f e r t i l i z a t i o n  t a k e s  p l a c e  and young s p o r o p h y t e s  a r e  f o r m e d .  h h e n  t h e s e  
p l a n t l e t s  a r e  v i s i b l e  t o  t h e  eye,  they a r e  t r a n s f e r r e d  t o  "bubble f l a s k s "  where 
f i l t e r e d  a i r  is pumped t h r o u g h  a g l a s s  p i p e t t e  w i t h  its t i p  r e s t i n g  on t h e  
bottom of t he  f l a sk .  A i r  bubbles up through, and mixes wi th ,  t h e  c l t u r e  m 
dium. 8 sporophytes grow g i t h  a c r i s p ,  r i g i d  blade a t  12 C =and below, 
but form a l a x ,  f l e x i b l e  blade a t  15 C and above. The p l a n t s  f l o a t  f r e e  i n  t h e  
bubble f l a s k s  u n t i l  they a r e  2 t o  3 c m  long (Sanbonsuga and Neushul, 15378). 

The p l a n t s  a r e  then t r a n s f e r r e d  t o  greenhouse tanks  w i t h  f l o w i n g  s e a w a t e r  
(Sanbonsuga and  Neushul, 1978) u n t i l  they  reach l0cm o r  more i n  s i z e  (Char te rs  
and Neushul, 1979; Devinny and Leventhal, 1979). They a r e  then o u t p l a n t e d  i n t o  
t h e  s e a ,  by i n s e r t i n g  t h e  ho ld fa s t  i n t o  t h e  l a y  of a rope (Harger and Neushul, 
1982). The time i n  t h e  greenhouse s t rengthens  t h e  p l a n t s  and  i n c r e a s e s  t h e i r  
s u r v i v a l  r a t e s  when they are eventua l ly  t r a n s f e r r e d  t o  t h e  sea.  The p l a n t s  can 
be held i n  t h e  greenhouse f o r  long p e r i o d s  i f  t h e  a v a i l a b l e  l i g h t  is g r e a t l y  
reduced. 

The commercial method f o r  producing Laminaria sporophytes  f o r  o u t - p l a n t i n g  
i n  t h e  sea works w e l l  with -. Sporophytes a r e  grown from a populat ion 
o f  gametophytes,  each a r i s i n g  from a s i n g l e  spore. A s  noted e a r l i e r ,  t h e  g i a n t  
k e l p  produces prodigeous numbers of spores  (North and Neushult 1968; Jackson ana 
N o r t h ,  1 9 7 3 ) .  Z o o s p o r e s  can  be  r e l e a s e d  e i t h e r  by t h e  g e n t l e  o v e r n i g h t  
t reatment  of  sporophyl ls  i n  paper towels ,  o r  by gr ind ing  whole s p o r o p h y l l s ,  a n a  
t h e n  s p r a y i n g  t h i s  m i x t u r e  o f  t i s s u e  and sporangia  on to  a s u i t a b l e  subs t r a t e .  
The Japanese have developed a smooth woven "Kuremona" s t r i n g  which is e s p e c i a l l y  
u s e f u l  a s  a s u b s t r a t e  f o r  spore attachment. The Chinese use twis ted  palm f i b e r  
t h a t  has been s inged t o  remove excess  small f i b e r s  f o r  t h e  same pu rpose .  The 
s t r i n g s  a r e  h e l d  f o r  a month i n  i n c u b a t o r  tanks  during which time t h e  spores  
germinate t h e  gametophytes mature and game togenes i s  and f e r t  i l i z a t  i o n  t a k e  
place.  The s t r i n g s  are then t r a n s f e r r e d  t o  a seawater suppl ied  greenhcuse where 
water temperatures a r e  c o n t r o l l e d  and t h e  p l a n t s  a r e  "hardened .  " J u v e n i l e  
sporophytes a r e  then ready f o r  outplant ing.  





Several t e c h n i q u e s  have been deve loped  f o r  p l a n t i n g  a d u l t  g i a n t  k e l p  
p l a n t s  on rocky  ocean  bottom. North used a long k n i t t i n g  needle a t tached  t o  
twine t o  pene t ra te  t he  h o l d f a s t  and a t t a c h  i t  t o  a buoy o r  l i n e ,  i n  e f f e c t  
sewing t h e  p l a n t  t o  a support s t ruc tu re .  Medium-sized a d u l t  ke lp  p l a n t s  have 
been successfu l ly  planted on the sea f l o o r  by a t t ach ing  the  holdfas t  t o  a rock  
(Nor th  and Neushul ,  1968;  Wilson and North, 198.3). Wilson and McPeak (1983) 
cu t  o f f  Pterygophora o r  Eisenia  p l a n t s  and then a t tached  juveni le  k e l p s  t o  t h e  
stumps with rubber bands. 

Attaching ke lp  t o  a sandy bottom requ i r e s  d i f f e r e n t  t e c h n i q u e s .  Neushul 
and Harger  (1985)  have used nylon mesh bags f i l l e d  with grave l  a s  anchors f o r  
25-frond ke lp  p lan ts .  These anchors with the  ke lp  p l a n t s  a t tached  were r o l l e d  
o v e r  t h e  s i d e  o f  a b o a t  and s a n k  t o  t h e  ocean f l o o r ,  thereby "plant ing" t h e  
kelp. The bags soon accumulate d r i f t  sand and s i l t  and become f i r m  a n c h o r s .  
I f  t h e  t r a n s p l a n t e d  ke lp  is dislodged o r  d i e s ,  juveni le  ke lps  w i l l  develop on 
the  g rave l - f i l l ed  bag t o  rep lace  it. 

Ano the r  p r o p a g a t i o n  method f i r s t  employed by W .  J. Nor th  is c a l l e d  
"broadcast seeding. " Here zoospores I game t o p h y t e s  o r  young s p o r o p h y t e s  a r e  
c u l t u r e d  i n  mass and poured i n t o  a pipe extending from the  sea  su r f ace  t o  t h e  
sea  f loo r .  The masses of gametophytes with a t tached  sporophytes a r e  s p r e a d  by 
a d i v e r  moving t h e  end of t he  pipe over t he  sea  f l o o r  (North, 1972).  Resul t s  
from the  broadcast ,  mass-cultured p l a n t s  have v a r i e d ,  r a n g i n g  from comple te  
f a i l u r e  t o  the  appearance of exce l l en t  s t ands  of juveni le  p l a n t s  i n  t he  months 
following d i s p e r s a l  (North 1972, 1976, 1981; Wilson and North, 1983).  However, 
i t  h a s  been v e r y  d i f f i c u l t  t o  prove t h a t  t h e  p l a n t s  t h a t  do grow succes s fu l ly  
a r e  t he  same ones t h a t  were o r i g i n a l l y  broadcast.  

KELP YIELD 

The p o t e n t i a l  f o r  h i g h  growth r a t e s  i n  b e n t h i c  mar ine  macroalgae was 
s u g g e s t e d  many y e a r s  ago by R y t h e r  ( l 9 5 9 ) ,  b u t  f e w  a c t u a l  p r o d u c t i o n  
measurements have been made t o  v e r g y  t h i s .  In t ens ive  confined c u l t u r e  i n  
tanks on land h a 3  produced 31 dry  gm/m -d f o r  -- G r a c i l a r i a  (Ryther -- e t  a l . ,  1979)  
and 16  d r y  gm/m -d f o r  Chondrus ( C r a i g i e ,  1985J. N a t u r a l  p o p u l a t i o n s  of  
Laminaria  o f f  Nova S c o t i a  produced 25 d r y  gm/m -d (Mann, 1 9 7 3 ) .  K a t u r a l  
populat ions of t he  Ca l i fo  nian g i a n t  ke lp ,  Macrocystis p y r i f e r a ,  a r e  known t o  5 produce up t o  15 dry  gm/m -d (Neushul Mariculture Incorporated,  1980).  

Theore t ica l  Yield Estimates 

Wilcox (1972, 1979) 5a lcu la ted  t h a t  an open-ocean ke lp  farm could y i e l d  a s  
much a s  30 t o  60 d ry  gm/m -d. However, these  o p t i m i s t i c  p r o d u c t i o n  e s t i m a t e s  
d i d  n o t  go  unques t ioned .  Wilcox had no phys io logica l  o r  production da t a  t o  
s u p p o r t  h i s  e s t i m a t e s  and he d i d  n o t  c o n s i d e r  t h e  e n v i r o n m e n t a l  g r o w t h  
r e q u i r e m e n t s  n o r  t h e  p a t t e r n s  of  ca rbon  a s s imi l a t ion  and t r ans loca t ion  t h a t  
occur i n  t he  p lan t .  Nonetheless, g rea t  i n t e r e s t  i n  marine biomass p r o d u c t i o n  
f o r  ene rgy  was g e n e r a t e d  by t h e  high r a t e s  of production est imated by Ryther 
and W ~ ~ C O X ,  and ke lp  y i e l d  s t u d i e s  were supported, beginning in  the  1.970'sr by 
t h e  U . S .  Navy, t h e  Energy Research  and Development A d m i n i s t r a t i o n  ( l a t e r  
re-named the  Department of Energy), t h e  National Science Founda t ion ,  American 
Gas A s s o c i a t i o n ,  t h e  G a s  Research  I n s t i t u t e  and t h e  S o l a r  Energy Research 



I n s t i t u t e .  The e a r l y  work was s u p e r v i s e d  by Howard Wilcox a t  t h e  N a v a l  
Undersea Cen te r .  S c i e n t i s t s  were employed a t  t h e  C a l i f o r n i a  I n s t i t u t e  of 
Technology by Gene ra l  E l e c t r i c  Company a n d  G l o b a l  M a r i n e  Deve lopmen t  
I n c o r p o r a t e d  t o  work i n  a  "Marine Biomass Program." However, s i n c e  no y i e l d  
measurements were made t o  v e r i f y  Wilcox's r a t h e r  o p t i m i s t i c  growth y i e l d  r a t e s  
t h e  program was reviewed c r i t i c a l l y .  Ashare -- e t  a l .  (1978)r working on a  r epo r t  
f o r  t h e  Department of Energyr s a i d  t h a t  " in  every respec t  open-ocean farming of 
aqua t i c  biomass does not merit f u r t h e r  development." Knight (1980)  q u o t e d  an  
i n t e r n a l  Department of Energy r epor t  t h a t  s a i d  " the  agency was wasting mi l l i ons  
of d o l l a r s  on s t u d i e s  w i t h  l i t t l e  promise of  s o l v i n g  t h e  n a t i o n ' s  ene rgy  
p r o b l e m s . "  Goldman ( q u o t e d  i n  B u d i a n s k y ,  1 9 8 0 )  saw t h e  " t remendous 
mismanagement of a  program and a  tremendous waste of money... There is n o t  one 
p i e c e  o f  d a t a  on a n y t h i n g  done i n  t h e  ocean .  I d o n ' t  t h i n k  we've learned 
anything." Smil (1983) went a s  f a r  a s  t o  say  t h a t  t h e  program was based  on a  
" sc i - f i  tale of kelp-run c i v i l i z a t i o n . "  

A very important a s p e c t  of  any  marine farm p r o d u c t i o n  e s t i m a t e  is t h e  
r e l a t i o n s h i p  between t h e  o r i g i n a l  p l a n t e d  b iomass  dens i ty  and t h e  u l t imate  
y i e l d .  Macroalgae grow a t  reduced  r a t e s  w i t h  i n c r e a s e d  a e n s i t y  i n  t a n k s  
(Ryther -- et a l .  r 1 9 7 9 ) .  T h i s  r e s p o n s e  is p robab ly  due t o  s e l f - s h a d i n g  and 
competition f o r  l i g h t  and o the r  resources i n  a  l imi t ed  space. However, na tu ra l  
populat ions of macroalgae growing i n  t he  sea  have shown the  opposi te  r e s p o n s e  I 
w i t h  h i g h e r  growth rates s e e n  a t  h i g h e r  d e n s i t i e s  (Sch ie l  and Choat, 1980). 
The causes f o r  t h i s  response a r e  not y e t  c l e a r .  The p lan t ing  d e n s i t i e s  i n  both 
c a s e s  were s i m i l a r r  b u t  t h e  d e p t h  of  w a t e r  was o b v i o u s l y  g r e a t e r  f o r  t he  
na tu ra l  populat ions than those grown i n  tanks. 

Extrapolated Yield Estimates 

S e v e r a l  w o r k e r s  have based  y i e l d  e s t i m a t e s  on e x t r a p o l a t i o n s  from 
p h y s i o l o g i c a l  o r  growth measurements made on p a r t s  o f  k e l p  p l a n t s ,  o r  on 
measurements of  one o r  two p l a n t s .  These include: t he  use of c u t  d i s k s  f o r  
photosynthet ic  measurements (Clendenning, 1964; Viheeler, 1 9 8 0 ) ;  u s i n g  whole 
b l a d e s  f o r  p h o t o s y n t h e t i c  measurements (Arnold and Manleyr 1985); measuring 
rad ioac t ive  carbon a s s i m i l a t i o n  (Towle and P e a r s e ,  1973;  Lobban, 1978)  and 
measuring f r o n d  e longa t ion  (North, 1971; Coon, 1981b; Gerard, 1982).  Resul t s  
from these  approaches have been conf l i c t i ng .  Disk-cutting and even the  rennoval 
of  whole b l a d e s  produce wounding e f f e c t s  (Arnold  and Manley, 1985). These 
a u t h o r s  s u g g e s t  t h a t  t h e  k e l p  p l a n t  h a s  " i n t r i n s i c  v a r i a b i l i t y  i n  PS 
( P h o t o s y n t h e s i s )  and R (Respi ra t ion)"  among its p a r t s r  consequently it is very 
d i f f i c u l t  t o  take an adequate sample f o r  an a c c u r a t e  e s t i m a t e  of  whole-p lan t  
ke lp  product ivi ty .  The general  p a t t e r n  of decreasing frond elongat ion r a t e ,  on 
a  percent b a s i s ,  with increasing s i z e  has been used  t o  e s t a b l i s h  and compare 
r e l a t i v e  growth r a t e s  and e s t i m a t e  t o t a l  p l a n t  growth  r a t e  (North, 1971).  
However, i n  f i t t i n g  the  curve, t h e  "s low growing" f r o n d s  a r e  n o t  c o n s i d e r e d  
(Nor th ,  1972)  making t h e  measurements a  biased ind ica to r  of t he  optimum and 
n o t  t h e  mean of  t h e  a c t u a l  p o p u l a t i o n  t h a t  can  be  u s e d  f o r  s t a t i s t i c s l  
e s t i m a t e s  and p r o j e c t i o n s .  There  is a l s o  a  major unresolved quest ion a s  t o  
whether a l l  fronds grow a t  the  same r a t e .  



Some s t u d i e s  show t h a t  a l l  f ronds grow a t  t he  same r a t e  during each f a s t -  o r  
slow-growth period (e.g. ,  Gerard, 1982),  while i n  another  s tudy measurements o t  
ind iv idua l  tagged fronds pul led  out  of the  s t i p e  bundle underwater  showed t h a t  
t h e r e  w a s  no o v e r a l l  synchrony i n  frond growth (Coon, 1981b). Ins tead ,  it has 
been found t h a t  some fronds grew f a s t e r  a t  a  given time whi le  o t h e r s  grew more 
s lowly .  L a t e r ,  t h e  s a w  slow-growing fronds were found t o  be transformed i n t o  
f a s t  growing ones and vice-versa. The only p a t t e r n  t h a t  seemed t o  emerge was 
t h a t  t h e r e  w a s  a  symmetry of  growth ,  where f r o n d s  on one  s i d e  of  a  b a s a l  
branching system seemed matched i n  growth r a t e  responses t o  matching f r o n d s  on 
the  o the r  s i d e  of t he  p lan t .  

Yield From A Coastal  Test  Farm 

I n  1981,  a c o a s t a l  t es t  fa rm was p lan ted  i n  Goleta (Neushul and Harger, 
1985) t o  supply the  y i e l d  information t h a t  was lacking.  Ins tead  of es t imates  of 
y i e l d  based  on e x t r a p o l a t i o n ,  or on the  measurements of a  few p l a n t s ,  t he  aim 
was t o  take msasurements from a reasonable number of p l a n t s  grown i n  the  sea .  A 
t o t a l  o f  722 p l a n t s  hav ing  25 f r o n d s  each  were t ransplan ted  from nearby ke lp  
beds i n t o  two p l o t s ,  u s i n g  t h e  g r a v e l - f i l l e d  bag p l a n t i n g  method mentioned 
e a r l i e r  (Figure 10) .  One experimental p l o t  was f e r t i l i z e d ,  while the  o the r  was 
n o t .  Each p l o t  had s u b s e c t i o n s  p l a n t e d  a t  t h r e e  d i f f e r e n t  d e n s i t i e s :  1 
p l a n t / s q u a r e  m e t e r ,  1 p l a n t / 4  s q u a r e  meters  and 1 p lan t / l 6  square meters. A s  
might be expected, p l an t s  a t  t he  highest  d  n s i t y  produced the  highest  y i e l d  pe r  
u n i t  a r e a ,  an a n n u a l  a v e r a g e  of  7  gm/m5-day (Neushul  a n d  H a r g e r ,  1 9 8 5 ) .  
However, these  p l a n t s  decreased i n  s i z e  a s  t he  experiment progressed. The r a t e  
a t  which new fronds were produced was much lower than t h a t  measured :€or p l a n t s  
i n  l e s s - d e n s e ,  and hence less-shaded, p lan t ings .  P l a n t s  a t  t h e  lowest dens i ty  
produced the  most biomass p e r  p l a n t ,  a b o u t  350 w e t  gm/day. Some i n d i v i d u a l  
p l a n t s  produced much more than t h i s  average ( see  Figure 11). I f  a l l  t h e  p l a n t s  
were high-yielding, then p r o j e c t  y i e l d s  would be much g r e a t e r  t h a n  t h o s e  we 
m e a s u r e d .  A l s o ,  f e r t i l i z i n g  t h e  f a r m  i n c r e a s e d  p r o d u c t i o n  d u r i n g  t h e  
low-nutrient slow-growth p e r i o d  i n  l a t e  summer. P r o d u c t i o n  was h i g h e s t  i n  
s p r i n g ,  following the  na tu ra l  upwelling of n u t r i e n t s  and increas ing  day length.  
This t e s t  showed how much ke lp  could be harvested on a q u a r t e r l y  b a s i s  from a 
c o a s t a l  t e s t  f a r m ,  and t h a t  t h e  e s t i m a t e s  o f  Ryther  and  Wilcox were n o t  
u n r e a l i s t i c .  The t e s t  p l o t s  planted i n  1981 a r e  st ill s u p p o r t i n g  s u b s t a n t i a l  
amounts of biomass today some f i v e  years  l a t e r ,  although the  p l o t s  have not  been 
c u l t i v a t e d ,  thinned o r  harvested s ince  1984. 

F e r t i l i z e r s  

One of  t h e  most i m p o r t a n t  i n n o v a t i o n s  introduced by t h e  Chinese, i n  t he  
development of t h e i r  e x t e n s i v e  n e a r s h o r e  k e l p  f a r m s ,  was t h e  a p p l i c a t i o n  of  
f e r t i l i z e r .  The Chinese  f i r s t  a p p l i e d  f e r t i l i z e r s  by pu t t i ng  them i n  porous 
c l ay  pots  a t tached  t o  t he  wickerwork holders  on which p l a n t s  were p l a n t e d .  I n  
C a l i f o r n i a  p e r f o r a t e d  p l a s t i c  p ipes  were used t o  apply f e r t i l i z e r  ~[Harger and 
Neushul, 1982) and on a  small s c a l e  p l an t s  were pe r iod ica l ly  taken from plan t ing  
l i n e s  and dipped i n  nutr ient-enriched water. 



LOW DENSITY MEDIUM D 

Figure  10. A perspec t i ve  view o f  the p lan ted  farm. Th is  shows the  chain and 
rope attachments f o r  the  gravel-bag p l a n t  anchors w i t h  a t tached 
p l a n t s  t h a t  formed a sur face canopy. 
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F igu re  11 Since al l  t h e  p lan ts  g r o w n  were ind iv idua l l y  numbered and  harvested,  o n  
the  test  farm, it was re la t i ve ly  simple t o  i den t i f y  ' t he  "super  ke lps"  in test  p lo ts .  
Some o f  these p lants ,  shown he re  by number,  p roduced  ove r  a k i logram o f  wet 
biomass p e r  day, wh i ch  was s ign i f i can t l y  g rea te r  than  the  average ra te  o f  biomass 
product ion.  T h i s  data set  suggests t ha t  h igh -y ie ld  p lants  can b e  obtained t h r o u g h  
genet ic selection and  b reed ing  programs.  



On a l a r g e r  s c a l e ,  l i q u i d  f e r t i l i z e r  has been appl ied  by spraying it from a 
he l i cop te r  (North, Gerard and McPeak, 1981) o r  small  boa t s  (Tseng 1981a; Neushul 
and Harger, 1985). The p r a c t i s e  of applying f e r t i l i z e r  i n  p e l l e t  form was n o t  
a s  e f f e c t i v e ,  s i n c e  t h e  p e l l e t s  t e n d  t o  g e t  t r a p p e d  i n  t h e  
horizontal ly-posi t ioned b l a d e s  of  t h e  k e l p  f o r  l ong  enough t o  burn  h o l e s  i n  
them, I n  China f e r t i l i z e r  app l i ca t ion  has been very e f f e c t i v e  when t h e  a rea  of 
ke lp  c u l t i v a t i o n  is l a rge ,  and t h e  water mass is calm (Tseng and  hu, 1962)  , 
s i n c e  t h e  f e r t i l i z e d  water remained i n  t h e  farm long enough f o r  t he  p l a n t s  t o  
e f f e c t i v e l y  absorb the  nu t r i en t s .  The residence time of wa te r  i n  n a t u r a l  k e l p  
b e d s  h a s  b e e n  f o u n d  t o  b e  a matter of  d a y s  ( J a c k s o n  and  h i n a n t ,  1 9 8 3 ) ,  
s u g g e s t i n g  t h a t  l a r g e - s c a l e  f e r t i l i z e r  a p p l i c a t i o n  i n  k e l p  b e d s  wou ld  b e  
e f f ec t ive .  

Diseases,  Epiphytes and Grazing 

Kelp d i s e a s e s ,  which have been a t t r i b u t e d  t o  p h y s i o l o g i c a l  f a c t o r s  o r  
pathogenic organisms by Tseng (1981a) o r  t o  b a c t e r i a l  o r  f u n g a l  i n f e c t i o n  by 
Goff and  Glasgow (1980)  can  a f f e c t  ke lps  grown i n  marginal environments under 
crowded condit ions.  Kelp d i seases  have been c a t e g o r i z e d  a s  b l a c k ,  w h i t e  and 
green r o t .  Black r o t  i n  M a c r o c y s t i s  o c c u r s  a t  h i g h  t e m p e r a t u r e s  ( S c o t t e n ,  
1971). White dot  d i sease  which spreads r ap id ly  from p lan t  t o  p l an t  o f t en  occurs  
when n u t r i e n t  l e v e l s  a r e  low and t e m p e r a t u r e s  a r e  h i g h  i n  greenhouse  t a n k s .  
Tseng h a s  found t h a t  i n c r e a s e d  l i g h t  and n u t r i e n t  l e v e l s  o f t e n  cure  green and 
white r o t  i n  Laminaria (1981a). To e rad ica t e  white dot  d i sease  completely i n  a 
r e c i r c u l a t i n g  greenhouse  c u l t u r e  system, it is usua l ly  necessary t o  shut  down 
t h e  sys t em,  f i l l  it w i t h  f r e s h w a t e r  and c h l o r i n e  and t h e n  r e f i l l  i t  w i t h  
seawater only a f t e r  t h e  tank has been thoroughly cleaned. 

Epiphytes and comgeti tors  can a f f e c t  both young and o ld  kelps.  Very young 
k e l p s  must  c o m p e t e  w i t h  many o t h e r  a l g a e  i n  o r d e r  t o  grow. C u l t i v a t i o n  
condi t ions  a r e  usua l ly  managed t o  f a v o r  t h e  growth of  k e l p  o v e r  t h a t  of t h e  
competing weeds. I n  o l d  kelps ,  ep iphyt iza t ion  by bryozoans can be a problem and 
can eventua l ly  s ink  fronds. This is e s p e c i a l l y  t r u e  d u r i n g  l a t e  sumner when 
growth condi t ions  a r e  sub-optimal. 

Grazers can be a problem f o r  l a r g e  and small kelps.  Areas where t h e r e  a r e  
h i g h  c o n c e n t r a t i o n s  of f i s h  and s e a  u r c h i n s  s h o u l a  be avoided, as these  can 
decimate a ke lp  p lan t  o r  an e n t i r e  bed (Bernstein and Jung, 1 9 8 1 ) .  Wilson and 
Nor th  (1983)  d e s c r i b e  methods used t o  con t ro l  grazing sea  urchins ,  incluuing: 
crushing with hammers, suc t ion  dredges, quicklime and commercial f i sh ing .  iSorth 
h a s  obse rved  t h a t  t h e  p r e s e n c e  of sea  l i o n s ,  which feed on kelp-grazing f i s h ,  
seems t o  help. 

Harvesting 

There  is c o n s i d e r a b l e  controversy a s  t o  whether harvest ing na tu ra l  ke lp  
beds has a de t r imenta l  e f f e c t .  North (1968)  and  Coon ( l 9 8 l a )  were unab le  t o  
d i s c e r n  any d e t r i m e n t a l  impact  of  h a r v e s t i n g  on n a t u r a l  ke lp  beds t h a t  they 
s tudied.  Coon and Roland (1980) showed a reduced growth r a t e  a t  one t ime a n a  
not a t  another.  B a r i l o t t i ,  McPeak and Dayton (1985) could f i n d  no d i f f e rence  i n  
haptera l  e longa t ion  and b ranch ing ,  w h i l e  McCleneghan and  Houk (1985)  found 



harvested p l a n t s  had reduced h a p t e r a l  d i v i s i o n  and growth r a t e s .  I t  is o u r  
opinion t h a t  c u t t i n g  the  canopy o f f  of a  ke lp  p l an t  has a  negat ive impact on the  
f u t u r e  growth p o t e n t i a l  o f  t h a t  p l a n t ,  s i m p l y  b e c a u s e  i t  r e d u c e s  t h e  
t r a n s l o c a t i o n  of p h o t o s y n t h a t e  down t o  t h e  basa l  branches. Nonetheless, t he  
removal of a  dense sur face  canopy would al low more l i g h t  t o  p e n e t r a t e ,  t h e r e b y  
(poss ib ly )  s t imula t ing  photosynthesis ana growth of sub-surface fronds. However, 
i n  our s t u d i e s  of harvested y i e l d  (Neushul and Harger, 1985)! p l a n t s  a t  t h e  low 
dens i ty  grew i n  one year  from having an average of 25 t o  an average of 40 fronds 
and having a much l a r g e r  h o l d f a s t .  These p l a n t s  were h a r v e s t e d  e v e r y  t h r e e  
months,  w i t h  e a c h  h a r v e s t  removing a s  much a s  one-third of t h e  t o t a l  biomass 
p r e s e n t .  Thus  i t  seems c l e a r  t h a t  k e l p  p l a n t s  i n  a  s p a c e d - p l a n t i n g  
c o n f i g u r a t i o n r  where a d e q u a t e  l i g h t  pene t r a t e s  i n t o  t h e  sea ,  have an enormus  
production c a p a b i l i t y  even when they  a r e  heavi ly harvested. 



The late T. C. Fang and his co-workers were the first to ask whether the 
strains of Laminaria cultivated near Qingdao might be replaced with 
fast-growing, heat-tolerant, high-iodine-yielding strains (Fang, -- et al., 1962, 
1963). He collected plants with these preferred characteristics to use as spore 
donors in the large refrigerated greenhouses that are used in China for 
seedstock-production. This first attempt to genetically improve a macroalgal 
crop plant was successful although several problems were encountered. For 
example, the Chinese were unable to cross isolated gametophytic,strains because 
of male sterility in Laminaria and as a result had to select from diploiu 
plants that came from mixed populations of genetically diverse spores. 
Nonetheless, this mass-selection approach, made possible by the large labor 
force available to work on the project and substantial government funding over a 
period of many years, resulted in the production of new high-yielding, 
high-iodine containing strains that can tolerate high water temperatures. 
Californian kelps are not male-sterile, and so a different approach was taken in 
the present study. 

THE SPECIES OF MACROCYSTIS IN CALIFORNIA 

In California, three species of Macrocystis are recognized (Neushul 1971a): 
Macrocystis pyrifera (L. ) C. Agardh;. Macrocyst is angustifolia Bory and 
Macrocystis integrifolia Bory. These are distinguished by different holdfast 
characteristics. The holdfast of Macrocystis ~ r i f e r a  has haptera which grow 
from the base of the primary stipe below the basal dichotomy. The holdtast of 
Macroc stis aqustifoiia has terke or slightly flattened rhizomatous branches 
-&dichotomy) with haptera arising from all sides. The holdfast of 

(1977) recommended that Macrocystis anqustifolia be recognized as a form of 
Macrocystis pyrifera. The question of whether or not these species are 
interfertile was not addressed by these authors. 

Hybridization 

Kelps are particularly responsive to growing conditions in the sen. Norton, 
Mathieson and Neushul (1981) drew attention to the extreme morphological 
plasticity of these and other seaweeds and the fact that different genera 
exhibit similar responses to light , water motion , temperature , salinity, 
chemical factors and damage. Mathieson, Norton and Neushul (1981) cited and 
discussed 48 instances of attempts to deliberately hybridize algae or to explain 
unusual morphological types found in the sea as interspecific or intergeneric 
hybrids. Twenty of these examples involved kelps. 

The suggestion, that interspecific or even intergeneric kelp hybrids could 
occur naturally in the sea, was initially met with considerable skepticism, even 
though an unusual plant, intermediate in morphology between Macrocystis and 
Pelagophycus, was found in 1957 by the senior author and James Stew,art while 
diving at 24m depth in the south fork of the La Jolla submarine canyon. 



Subsequently, two other similar "intermediate" plants were found in mixed 
populations of the two possible parents (Neushul, 1971b). Putative 
interspecif ic kelp hybrids were described by Silva ( 1957 ) and Chapman ( 1961 ) , 
but no attempt was made then to verify such hybridization experimentally. 

Subsequently, Sanbonsuga and Neushul (1976) were able to produce 
intergeneric hybrids between Macrocystis and Pelagophycus in 22 out of 23 
attempts, starting with vegetatively propagated gametophytes grown from single 
isolated spores from the two genera (Figure 12). The plants produced were 
unlike either parentr having two unusuall coiled pneumatocysts, and reaching 
only a few meters in length. When these hybrids were grown in greenhouse 
seawater system tanks, they matured and one plant ultimately produced sporangia 
that were sterile (Neushul, 1981). The laboratory-produced hybrids were very 
similar, if not identical to those found twenty years earlier in the sea. The 
presence of naturally-occuring kelp hybrids in substantial numbers has since 
been reported by Coyer and Zaugg-Haglund (1982), which further suggests that 
morphologically distinctive kelps may well be very closely related to one 
another. Coyer (personal communication) has recently found a fertile 
intergeneric hybrid that has produced viable spores, from which gametophytes 
have been isolated. He kindly provided sporangia from this plant, and single 
spores were hand-isolated. Clonal stocks of gametophytes from this "fertile 
intergeneric hybrid" are now ready for experimental hybridization tests. 

The unusual intergeneric hybrids both found in the sea and produced in the 
laboratory may be just a first suggestion of what might be learned about gene 
expression when kelp genomes are manipulated and variously combined in the 
future. Hybrid sterility might be of considerable economic value if it is 
possible to introduce a giant float-bearing kelp to a new locality without fear 
that it could spread out of control; 

Neushul (1981) showed that Dictyoneuropsis, a member of the Lessoniaceae 
that does not produce floats, could be hybridizes with Pelagophycus, a 
float-bearing member. Reciprocal intergeneric crosses were strikingly 
different. The float-producing characteristic was seen only when the 
Pelagophycus egg was ferti 
Dictyoneuropsis (female) x 
rounded and "penny-shaped" 
(male) sporophytes were 

li-zed by the Dictyoneuropsis sperm. In addition, 
Pelagophycus (male) sporophytes were found to be 
while the Pelagophycus ( female ) x Dictyoneuropsis 
not (Neushulr 1983). These findings suggest that 

maternal, cytoplasmic inheritance may well be a significant factor in kelp 
genetics. The implications of this strong maternal inheritance are not yet 
fully appreciated. 

GENE EXPRESSION 

Gene expression in kelps is not well understood, but the phenotypic 
plasticity of the sporophytes at least raises questions of interest to 
scientists and mariculturalists concerning the effects that environmental cues 
might have. The complex tissues of the kelps, and the presence of perennial and 
ephemeral organs, enables the plants to respond to environmental stress by 
becoming dormant, by accumulating pigments (Shivji, 1985) and by storing 
nutrients. In land plants, responses of this nature have been traced to the 



Figure 12. The genetic manipulation of kelps starts with isolated, and 
vegetatively propagated gametophytes (panel I.), which can be propagated and 
grown on agar (2) or in liquid (3). An intergeneric hybrid between Macrocystis 
and Pelagophycus is shown in panel 4, illustrating the genetic cornpatability of 
the genomes of these two very different kelps. 



production of plant growth regulators: auxins kinetins, gibberellins, and 
ethylene. Recent studies of land plant morphogenesis (Van -- et al., 1985) and 
gene expression (Razin and Riggs 1980, Dynan and Tjian 1985) provide insights 
that might be applicable to kelps. 

Some marine algae have been examined for the presence and activity of 
plant growth regulators. Cytokinins have been found in the brown algae 
Sargassum (Mooney and Van Staden 1984) and Ecklonia (Featonby-Smith and Van 
Staden 1984). In both algae, the cytokinin concentration varied with season. 
Such seasonality could be a response to a number of seasonal cues. Among 
these, photoperiod seems one of the most likely because it is the most stable 
from year to year. Experimnts on another species of Sargassum support the 
hypothesis that photoperiod influences the seasonal cycle of growth and 
senescence in this plant (Gellenbeck 1984). 

Mr. R. Lewis, working with GRI-developed seedstock at U. C. S. B., has 
used a new enzyme immunoassayr based on a specific monoclonal antibody, to 
measure zeatin-riboside (a cytokinin) in Sargassum muticum. The plant assayed 
contained 79 nm of this zeatin riboside per kilogram of fresh weight. 
Commercial seaweed extracts (claimed by the- manufacturers to have growth 
stimulatory effects on plants) were also assayed and contained levels ranging 
from 7 to 21 nm/l. This is the first time that monoclonal antibodies have been 
used to measure and detect cytokinins in seaweeds and seaweed extracts. This 
suggests that commercially valuable agrichemicals might be profitable 
by-products of a macroalgal biomass farm. 

GENETIC MANIPULATION OF KELPS 

Several new methods for increasing the efficiency of genetically 
manipulating macroalgae, including: mutagenesisl spray seeding, cluster 
analysis, image analysis for characterization, spore packet isolation, and 
tetrad analysis, have been evaluated, and are discussed here. 

Mutagenesis 

Gametophytes obtained from spores, that were exposed to the mutagen ethyl 
methanesulfonate (EMS), were observed. All gametophytes appeared to grow 
normallyl forming brown fuzzy balls in culture. 1 ~ 0 l a t e ~ ~  that were previously 
reported as being yellowish in color, attained a brown color after the medium 
was renewed. These isolates may not be able to grow well at low nutrient 
concentrationsr which may explain the yellowish color observed earlier. 

Gametophytes isolated from spores treated with EMS were crossed with 
untreated gametophytes to determine if any of these gametophytes have a 
mutation that prevented them from reproducing. Female gametophytes from 
untreated (control) spores and from those treated with EMS for 10, 20 and 60 
minutes were combined with isolate Mi-S: Male 4 to determine if normal 
sporophytes would be produced. Male gametophytes were tested with isolate 
Mp-A: Female 3. Refer to Table 1 for a summary of the results. 



Sporophytes were f i r s t  v i s i b l e  8 d a y s  a f t e r  combining f ema le  and male 
gametophytes. However, the  f i n a l  r e s u l t s  of the  experiment were recorded a f t e r  
30 days i n  order  ensure t h a t  reproduction had o c c u r r e d ,  a s  c r o s s e s  i .nvolving 
Mp-A: Female 3, which only produced very small sporophytes. The con t ro l  c r o s s  
between Mp-A: Female 3 and Mi-S: Male 4 had sma l l  s p o r o p h y t e s  a t  30 d a y s ,  s o  
small s p o r o p h y t e s  were counted as normal i n  c ros ses  with Mp-A: Female 3.  A l l  
con t ro l s  with t h e  s i n g l e  i s o l a t e s  t h a t  were not crossed with o t h e r  i s o l a t e s  had 
no sporophytes. The r e s u l t s  of these  t e s t  c ros ses  a r e  shown i n  Table 1. 

Tab le  1. R e s u l t s  o f  c r o s s e s  between EMS-treated gametophytes  and  normal 
gametophytes. The number of i s o l a t e s  of EMS-treated gametophytes t h a t  prouuced 
normalr small o r  no gametophytes is l i s t e d .  

Females X Mi-S: Male 4 Males X Mp-A: Female 3 

0 minutes 2 normal sporophytes 11 normal sporophytes 

10 minutes 2 normal sporophytes 19 normal sporophytes 
1 small sporophyte 
1 no sporophytes 

20 minutes 5 normal sporophytes 18 normal sporophytes 

60 minutes 7 normal sporophytes 7 normal sporophytes 
1 no sporophyte:~ 

Normal sporophytes were obtained i n  most of t he  c ros ses  attempted i n  t h i s  
expe r imen t .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  i s o l a t e s  t h a t  f o r m e d  s m a l l  
sporophytes o r  none a t  a l l .  The female i s o l a t e  t h a t  produced small sporophytes 
w i l l  be i nves t iga t ed  f u r t h e r  i n  order  t o  quan t i fy  t h e  s i z e  of  t h e  s p o r o p h y t e s  
and' determine i f  they a r e  a c t u a l l y  smaller  than normal. The presence of one o r  
more mutations may prevent reproduction i n  those female and male i s o l a t e s  t h a t  
do not produce any sporophytes. 

Spray seeding 

S p o r e s  were spray-seeded  on agar p l a t e s .  In  s p i t e  of i n i t i a l  b a c t e r i a l  
con tamina t ion  on  t h e  p l a t e s r  numerous  g a m e t o p h y t i c  g r o w t h s  c o u l d  be 
d is t inguished  a s  s i n g l e  t h i ck  o r  t h i n  f i laments  ( t h e  males a r e  t h i n  and females 
t h i c k ) .  The d i f f e r e n t i a t i o n  of  t h e  gametophytes  i n t o  s i n g l e  t h i c k  o r  t h i n  
f i l a m e n t s ,  r a t h e r  than i n t o  c l u s t e r s  of f i laments  of d i f f e r e n t  s i z e s r  sugges ts  
t h a t  each had a r i s e n  from a s i n g l e  s p o r e  and a r e  c l o n a l  i s o l a t e s .  D r .  M .  
S t e k o l l ,  working a t  U .  C. S. B. a s  a Vis i t ing  Professor ,  was ab le  t o  i s o l a t e  
gametophytic s t r a i n s  from t h e s e  sp rayed  s p o r e s  and now h a s  them growing i n  
l i q u i d  medium. 

Clus te r  a n a l y s i s  

A crop of wild-typer spore- in i t ia ted  Macrocystis sporophytes was grown by 
M r .  D. Reed of  t h e  Marine Botany Group a t  U. C. S. B. on Apri l  8, 1986. A 
t o t a l  of 90 rock p l a t e s  were seeded  i n  t h e  l a b o r a t o r y  u s i n g  s p o r o p h y l l s  of 



~acrocystis and Pterygophora collected from Naples Reef. Fifteen treatments 
were .tested, using spore settling densities ranging from as low as 2.5 t.o as - - - - 

high as 601 spores per square millimeter. These were outplanted into the sea 
on April 9th. 

Observations of these seeding probes were made in April, May and June 
during diving trips to Naples Reef. The first kelps were visible to the eye on 
June 9th. The test plates were returned to the laboratory on June 24th, and 
counts made on the 25th. Plants under 2cm in length were not identifiable as 
being either of the seeded genera, however the larger plants could be 
distinguished. From June 25th to July 21st the plants were grown in running 
seawater in a seawater-supplied greenhouse, so that they could develop further. 

Twenty clusters of sporophytes were collected from the plates and 
photographed. There was a total of 111 plants in this sample. Video images 
were also made on July 21st. This collection serves as a wild-type, 
genetically diverse sample against which genetically-uniform crosses can be 
evaluated. The basic question is whether or not the great differences seen in 
this sample are due to ontogenetic drift in response to environmental 
conditions or to genetic diversity in the spores from which the parental 
gametophytic stages arose. 

Imae Analvsis 

Considerable progress was made during July in using the newly-purchased 
TARGA 14 computer image analysis system. The A.T.& T. Targa-16 (TARGA= 
Truevision Advanced Raster Graphics Adapter) image analysis system now 
operating at N M I  has been attached to an HP Laser Jet printer (purchased by 
NMI) and has been used to "grab" an image from a video tape. Work on both the 
hardware and software for this new system is progressing well. It is now 
possible to zoom in on an image and visualize the individual color pixels. 
This will make it possible to analyze specific plants for color variation, 
since the TARGA-16 can recognize 32,716 colors. A total of 400K of memory is 
required to store a single image. 

Clusters of kelp sporophytes were photographed and the same images were 
video-taped. From the tape, the computer was able to "grab1' a specific image 
and reduce this to a digital format, of approximately 200 x 200 picture 
elementsr or pixels. The areas of the kelp sporophytes were then measured by 
counting the pixels that they covered. 

The next stage of the process is to carry out what is called a 
blob-analysis in order to break down and characterize each blob. Also, we want 
to measure the color of each pixel. With the assistance of Dr. Susan Hackwood 
and Mr. Laurent Bouchereau of the U. C. S. B. Center for Robotic Systems in 
Microelectronics, it has been possible to do both a blob-analysis and a color 
analysis, using their proprietary software . We now face the task of developing 
similar software ourselvesr or obtaining it from U. C. S. B. At present the 
latter course seems to be beyond our present budget. 

Tetrad Analysis 

Sporangia of Macrocystis are produced on specialized blades called 
sporophylls. Each sporangium arises from a diploid cell that divides 
meiotically to form 4 haploid cells, each of which undergoes 3 mitoses to form 



a t o t a l  of 32 spores.  Sporophylls were d i s s e c t e d  i n  o r d e r  t o  d e t e r m i n e  how 
t h e s e  s p o r e s  might be separa ted  i n  o rde r  t o  fol low the  development of each of 
them. 

I n  o r d e r  t o  show t h a t  a s p e c i f i c  c h a r a c t e r i s t i c  of a gametophytic l i n e  
such as low-iron requirement, weak-walled bulging c e l l s ,  o r  a s p e c f i c  b ranch  
t h i c k n e s s  o r  f r e q u e n c y ,  is a g e n o t y p i c  r a t h e r  t h a n  s i m p l y  a p h e n o t y p i c  
c h a r a c t e r ,  it is impor t an t  t o  show t h a t  t h i s  c h a r a c t e r  i s  s u b j e c t e d  t o  
i ndependen t  a s so r tmen t  and segregat ion during meiosis. This is usua l ly  done 
by showing t h a t  a given charac te r  appears i n  a s p e c f i c  r a t i o  i n  t he  products of 
m e i o s i s ,  u s i n g  a process  c a l l e d  t e t r a d  ana lys is .  While i n  some red  and brown 
algae t e t r a d s  (with 4 spo res )  a r e  formed, i n  t he  kelps  t he  sporangium c o n t a i n s  
a m u l t i p l e  of  4 s p o r e s  (32)) e a c h  o f  which is 5-7um i n  s i ze .  The s i z e  and 
number complicates at tempts  t o  analyze gene t i c  segrega t ion ,  which a s  f a r  a s  we 
know has never been accomplished v i a  t e t r a d  a n a l y s i s  with kelps.  

Considerable e f f o r t  was made i n  1986 t o  d e v e l o p  s i m p l e  b u t  e f f e c t i v e  
methods t o  i s o l a t e  s i n g l e  sporangia f o r  t e t r a d  ana lys is .  Several  methods were 
tes ted .  Viable sporangia were o b t a i n e d  by g r i n d i n g  s p o r o p h y l l s  which were 
f i l t e r e d  through nylon mesh t o  remove any l a r g e  fragments. After  washing, t he  
sporangium s o l u t i o n  was s p r a y e d  o n t o  hydrophobic  p l a s t i c  c u l t u r e  d i s h e s  
( p r o v i d e d  g r a t i s  b y  Fa lcon  P l a s t i c s )  u s i n g  a s t e r i l i z e d  chromatography 
sprayer.  

The EMS t r i a l s  i n d i c a t e d  t h a t  spores  a r e  r e l ea sed  i n  packets ,  .and these  
packets could be seen when f r e s h  sporophylls  were s l i c e d  and examined under the  
microscope .  An a t t e m p t  was made t o  c o l l e c t  these  spore packets  by re leas ing  
them on prepared concentrat ions of s o f t  c a l c i u m  a l g i n a t e  g e l  and s o f t  a g a r .  
The s p o r e s  re leased  onto t h e  s o f t  agar  which w a s  then c u t  i n  s t r i p s  and s l i c e d  
i n t o  sub-fractions.  These were spread on a microscope s l i d e  and examined under 
t h e  microscope  which i n d i c a t e d  t h a t  packe t s  of spores  had been re leased  and 
were germinating. The i n i t i a l  spores  became con tamina ted ,  b u t  s u b s e q u e n t l y  , 
when a g a r  c o n t a i n i n g  a n t i b i o t i c s  was used  r a t h e r  t h a n  u n t r e a t e d  agar ,  t he  
spores  d i d  not become contaminated. The germina t ing  s p o r e  c l u s t e r s  have n o t  
ye t  been successfu l ly  separated i n t o  a s i n g l e  spore c l u s t e r .  

W e  have been a b l e  t o  g r i n d  up f e r t i l e  s p o r a n g i a ,  and  by s u b s e q u e n t  
s c r e e n i n g  and f i l t e r i n g  t o  produce a suspension of i s o l a t e d  s i n g l e  sporangia.  
These were sprayed  w i t h  a chromatography s p r a y e r  o n t o  hydrophobic  p l a s t i c  
c u l t u r e  d ishes .  W e  found t h a t  s i n g l e  sporangia could be i s o l a t e d  i n  t h i s  way, 
and held i n  hanging drops (produced simply by inve r t ing  the  d i s h e s )  f o r  severa l  
weeks. 

While working with r i p e  sporangia,  we  have found t h a t  hand-made s e c t i o n s  
th rough  r i p e  s p o r a n g i a  can be mounted (without water )  on a s l i d e ,  so  t h a t  one 
can look with a microscope a t  a l a rge  number of r i p e  sporangia.  When w a t e r  is 
added ,  s p o r e  r e l e a s e  occurs.  Careful microscopy has revealed t h a t  t h e  spores  
a r e  i n i t i a l l y  re leased  i n  packets ,  much l i k e  those shown i n  F i g u r e  1, page 4 ,  
o f  o u r  Feb rua ry  1986 m n t h l y  technica l  repor t .  The spores  soon begin t o  s w i m  
and d isperse .  I f  w e  can  i n t e r f e r e  w i t h  s p o r e  movement, a s  f o r  example by 
v i n b l a s t i n  t r e a t m e n t ,  i t  is p o s s i b l e  t h a t  t h e  s p o r e  p a c k e t s  w i l l  remain 
together  anu perhaps, l i k e  t h e  sporangia themselves, can be i s o l a t e d  and spread 
on agar  o r  p l a s t i c  su r f aces r  f o r  t e t r a d  ana lys i s .  



One of the major objectives of the GRI-sponsored work was to see if 
mutants could be obtained using chemical mutagens, and if these could be raised 
and evaluated. We are very pleased to be able to report that gametophytic 
lines obtained after the treatment of sporangia with ethylmethane sulfonate 
(EMS), have been raised, grown into bulk cultures and then crossed. We have 
been able to produce sporophytes from these EMS-treated strains, which in 
gametophytic form do not differ greatly from normal un-modif ied gametophytes . 
However, the sporophytes produced are not normal, illustrating for the f:irst 
time that unexpressed "sporophyte" genes carried by the gametophyt ic strains 
that we have isolated and have in culture, are modifiedr and when put in a 
sporophytic context, are expressed. 

Mutagenesis and Polyploidy 

Various mutagenic agents have been used experimentally on macroalgae 
(Fjeld and Lovlie 1976). Striking pigmentation variants were produced in red 
algae by Van der Meer (1977) using ethylmethylsulfonate (EMS). These variants 
were isolated and crossed, and genetic segregation demonstrated, showing that 
the variants were true mutants. 

The nuclei and chromosomes of the kelps have seldom been studied. Kelp 
nuclei are ultrastructurally similar to those of other plantsr but ao show 
distinctive conformational changes depending on whether they are dormant or 
active (Neushul and Dahl 19721 Chi and Neushul 1972). The chromosomes of kelps 
are very small and difficult to count, which has led to some confusion as to 
the number of chromosomes in these plants. For example, Yabu and Sanbonsuga 
(1985) working with freshly collected and cultured material from Santa Barbaral 
found 30 chromosomes in the gametophytes of Macrocystis angustifolia. 
Sporophyte counts ranged from 30 to 60. They concluded that the haploid 
chromiso-& number was 32 and the diploid 64 in this species. The chrom&ome 
number for Macrocystis integrifolia had been given by balker (1952) as n=16 and 
2n=32, and by Cole (1968) as n=4 to 16 and 2n=28 to 32. Yabu and Sanbonsuga 
have suggested that Macrocystis angustifolia is a natural polyploid of 
Macrocystis integrifolia. However, this seems unlikely since Lewis, Neushul 
and Harger (1985) have been able to isolate ten female and ten male 
gametophytic lines from interspecific hybrids between - M. integrif olia ( 2n=32 or 
64) grown to maturity in the sea. 

Fang and his co-workers (1983) used x-rays and ultraviolet light as 
mutagenic agents. C. Lin (personal communication) has recently exposed ripe 
kelp sporangia to ultraviolet light and has obtained striking reductions in 
spore germination numbersr presumably because of the mutagenic effect of such 
treatments. He also found photo-reversion after ultraviolet exposure. The 
late T.C. Fang (personal communication) found that the gametophytic strains of 
Laminaria, grown from UV-treated sporesr are much more prone to develop 
sporophytes parthenogenically, than untreated control lines. These studies are 
not yet definitive, but do suggest that several mutagenic agents can be 
effectively used with kelps. 

In 1986, it was finally possible to evaluate the gametophytes that had 
been grown from sporophylls exposed to the mutagen, ethyl-methane sulfonate 
(EMS). After exposure I spores were released and germinated, but germination 
rates were low, and most of the gametophytes produced died, particularly when 
long exposure times were used. Nonetheless a few did survive, were cloned and 
ultimately crossed. To our suprise, gametogenesis and fertilization took place 



and sporophytes were produced. I n i t i a l l y  these  were thought t o  be normal ,  b u t  
subsequent developmental abnormali t ies  were seen ,  p a r t i c u l a r l y  a f t e r  the  p l a n t s  
were put i n t o  bubble cu l ture .  Sporophytes  from t h e  same c r o s s  were g r o s s l y  
d i f f e r e n t ,  ranging from s i n g l e  blades t o  multi-bladed sporophytic c l u s t e r s .  I t  
is not unusual t o  see l a r g e r  sporophytic damage i n  bubb le  c u l t u r e ,  and s i n c e  
some of  t h e  EMS s p o r o p h y t e s  showed s i g n s  of  d e t . e r i o r a t i o n  when they  were 
approaching 3 em. i n  length ,  they were t r a n s f e r r e d  (on  day  fou r ty -one )  t o  a  
s e a w a t e r - s u p p l i e d  c u l t u r e  t a b l e ,  t o  a l l o w  f u r t h e r  growth  and  development. 
Twenty-nine sporophytes were placed i n  t h e  water t a b l e ,  b u t  abnormal  growth 
eventua l ly  occurred and these  were u l t ima te ly  l o s t .  

Tab le  2. Crosses made with EMS-treated gamtophytes .  Assessment of c ros ses  on 
day 7. + = spo rophy te s  p r e s e n t ;  - = no s p o r o p h y t e s ;  C = c o n t a m i n a t e d ;  D = 
dead. 

Ofemale2 

l0f  emale2 

l0 f  emale3 

20f emalel 

20female2 

60female4 

60female10 

Control 

A s  a  new t a s k ,  i n  r e s p o n s e  t o  a  SERI r e q u e s t  t h a t  N M I  t a k e  some new 
i n i t i a t i v e s ,  a  review of techniques f o r  DNA measurement i n  v i v o  and i n  v i t r o  -- -- 
h a s  been comple ted ,  and sys t ems  f o r  f i e l d - i n v e r s i o n - e l e c t r o p h o r e s i s ,  ana 
p u l s e d - f i e l d - g e l  e l e c t r o p h o r e s i s  h a v e  b e e n  r e v i e w e d .  A l s o  
mic rospec t ropho tome t r i c  techniques have been t e s t e d ,  and new f i l t e r s  obtained 
f o r  d e t a i l e d  measurements of c e l l u l a r  DNA using DAPI s t a i n i n g  t e c h n i q u e s .  A 
H o e f f e r  submar ine  g e l  e l e c t r o p h o r e s i s  sys t em w i t h  a  DNA* c o n t r o l l e r  and  
software package is t o  be used ,  w i t h  a  Biorad  power s u p p l y  t o  s e p a r a t e  and 
m e a s u r e  e n z y m a t i c a l l y  t r e a t e d  DNA ( r e s t r i c t i o n  enzymes)  from macro- and 
micro-algae. A new image-analysis approach t o  g e l  a n a l y s i s  is be ing  marketed 
by Amersham, and l i t e r a t u r e  on t h i s  w a s  obtained and reviewed. 



Equipment for field-inversion-electrophoresisl and pulsed-field-gel 
electrophoresis have been purchased, and set up with a small (64K) computer 
that will control the electrical imput with a DNA* program which is on order. 
Microspectrophotometric techniques have been tested, and standards (nucleated 
red blood cells of chicken) have been obtained. We are now able to 
quantitatively measure nuclear DNA using DAPI staining methods, as reported in 
an earlier GRI report. Thus it seems that modern genetic techniques can be 
combined with more traditional mass- and pedigree-selection methods. 

STRAIN SELECTION 

Strain selection has been accomplished for several red algae. For example 
fast growing strains of Giqartina exasperata have been selected (Waaland 1979). 
Chondrus crispus strains were compared based on frond width (Chen and Taylor 
1980) and Gracilaria tikvahiae strains were selected based on thallus 
wrphology (Patwary and Van Der Meer, 1983). 

In a plant like Macrocystis, which produces morphologically distinctive 
haploid and diploid life-history stages, strain selection can be undertaken 
starting with either. Some gametophytic strains are able to grow rapidly ('7 to 
9S/day increase in wet weight) and bulk cultures of these specific lines can be 
produced for experimental purposes. 

Strain selection among sporophytes growing in the sea is laborious but 
possible. For example the records of harvested amounts from each of the 700 
plants grown by Neushul and Harger (1985) made it possible to identify those 
plants with consistent high yield. Some of these produced as much as a 
kilogram of wet biomass every day. Obviously, it would be useful to cultivate 
these high-yield genotypes as well as those that survive best during the warm 
nutrient-poor s u m r  months. 

The problem of selecting desirable characteristics in kelps is complicated 
because little is known about which kelp characteristics are inherited and 
which are not. The extent of mucilage canal development in Laminaria has been 
shown to have a significant genetic component, as well as a strong 
environmental component (Chapman, 1975). Laminaria stipe length has been shown 
to have high heritability (Chapman, 1974). In contrast, the heritability of 
algin content in Laminaria has been shown to have a low genetic component 
(Chapman and Doyle, 1979). Lewis, Neushul and Harger (1985) showed that in 
Macrocysti~~ like Laminaria, certain morphological characteristics were 
inherited, as well as the multiple gene trait of growth rate. 

Bulk cultures, iron effects 

The gametophyte clumps from these cultures were fragmented in a blender at 
high speed for 45 seconds. The fragmented gametophytes were grown in E'ESI 
medium with no Fe-EDTA added. Gametophytes require iron in order to reproduce 
and withholding iron in the medium will keep the gametophytes growing 
vegetatively, so that they will grow faster. The fragments were grown in 
erlenmeyer flasks and bubbling was supplied through cotton-plugged 1-ml 
disposable pipettes with an aquarium pump. The medium was changed weekly. 



The suspension of fragments is poured through a 95-um Nitex screen and the  
f r agmen t s  t h a t  p a s s  through the  screen a r e  used f o r  crossing.  The dens i ty  of 
fragments is measured by counting the  dens i ty  with a Sedgwick-Rafter c o u n t i n g  
chamberl s o  t h a t  a known number of fragments can be inoculated i n t o  (3 c u l t u r e  
chamber. They a r e  inoculated i n t o  500-ml erlenmeyer f l a s k s  with 400 ml of PESI 
medium with i ron.  After  two weeks, t h e  c u l t u r e s  a r e  provided with bubbling f o r  
better sporophyte growth. 

Spore c u l t u r e s  a r e  s t a r t e d  from spores  r e l ea sed  from sporophylls  co l l ec t ed  
i n  t he  sea. The sporophylls  a r e  t r e a t e d  with 10% Betadine i n  s e a w a t e r  f o r  1 0  
minu te s ,  r i n s e d  w i t h  s teri le s e a w a t e r ,  and a l l o w e d  t o  d e s i c c a t e  overnight  
wrapped i n  mist paper t owe l s  a t  1 5 ' ~ .  The s p o r o p h y l l s  a r e  t h e n  p l a c e d  i n  
s t e r i l e  s e a w a t e r  u n t i l  s p o r e  r e l e a s e  is obtained. The dens i ty  of spores  is 
measured by coun t ing  t h e  s p o r e  s u s p e n s i o n  on a hemacytometer .  S p o r e s  a r e  
i n o c u l a t e d  i n t o  c u l t u r e  chambers t o  allow germination, gametophyte growth and 
reproduct ion,  and spo rophy te  growth.  A f t e r  2-3 weeks, t h e s e  c u l t u r e s  a r e  
provided with bubbling f o r  b e t t e r  sporophyte growth. 

The above methods were used t o  i n i t i a t e  b u l k  c u l t u r e s  of  gametophyte 
i s o l a t e s ,  spore c u l t u r e s  and gametophyte i s o l a t e  c rosses .  Garnetophyte i s o l a t e s  
t h a t  were used a r e  Ma-377: Female 1 and Male 1; Mp-C: Female 6 and Male 10;  and 
Mi-S: Female 1 and Male 4. When bulk c u l t u r e s  t h a t  had been growing f o r  two 
weeks i n  PESI medium, t o  which i r o n  was n o t  addedr  were used  t o  i n i t i a t e  
c r o s s e s ,  it w a s  observed t h a t  i s o l a t e  Ma-377: Female 1 produced eggs while t h e  
o the r  two female i s o l a t e s  d id  not. Therefore,  t h i s  i s o l a t e  r equ i r e s  l i t t l e  o r  
no i ron  t o  undergo oogenesis. Sporophytes were obtained i n  a l l  c u l t u r e s  within 
6 daysl with the  sporophytes i n  t he  Ma-377: Female 1 c u l t u r e s  were l a r g e r  t h a n  
those i n  t he  o t h e r  two cu l tu re s .  

One female i s o l a t e ,  Ma-377: Female 21 was observed t o  produce oogonia  i n  
i r o n - f r e e  medium. F u r t h e r  c u l t u r e  of t h i s  i s o l a t e  y ie lded  many spo~rophytes,  
presumably by parthenogenesis. These s p o r o p h y t e s  a r e  abnorma l ly  shaped  and 
have grown t o  a maximum s i z e  of ca. 2 mm. This  behavior is s i m i l a r  t o  t h a t  of 
Ma-377: Female 1, repor ted  above. These i s o l a t e s  were a l l  obtained from y i e l d  
f a rm p l a n t  #377 and t h e  a b i l i t y  o f  female  gametophytes  i s o l a t e d  from t h i s  
pa ren ta l  sporophyte t o  produce p a r t h e n o s p o r o p h y t e s  i n d i c a t e s  t h a t  t h i s  is 
gene t i ca l ly  determined. 

C lus t e r s  of gene t i ca l ly  d iverse  sporophytes were grown i n  c u l t u r e  s t a r t i n g  
w i t h  s p o r e s  r e l e a s e d  from a w i l d  s p o r o p h y t e  c o l l e c t e d  n e a r  Ellwood P i e r .  
Contamination was prevented by t r e a t i n g  the  sporophylls  wi th  10% Be tad ine  f o r  
1 0  minu te s  p r i o r  t o  a l l o w i n g  t h e  s p o r o p h y l l  t o  des i cca t e .  Af te r  overnight  
d e s i c c a t i o n l  many s p o r e s  were r e l e a s e d  w i t h i n  5 m i n u t e s  o f  p l a c i n g  t h e  
s p o r o p h y l l s  i n  s e a w a t e r .  S p o r e s  were r e l e a s e d  on August 261 1986 and  
inoculated i n  a range of concentrat ions i n t o  deep c u l t u r e  d i shes  with PESI. It 
h a s  been found t h a t  b a c t e r i a l  contamination of t h e  c u l t u r e s  can be reduced by 
u s i n g  a modif i e d  c u l t u r e  medium. The PESI h a s  been m o d i f i e d  t o  r e d u c e  
b a c t e r i a l  i n f e c t i o n  by r e p l a c i n g  sodium glycerophosphate with an equivalent  
amount of inorganic phosphate (NaH2P04) and the  T r i s  bu f fe r  has  been removed. 
In 12  days, t he  f i r s t  sporophytes were observed. A t  17 days, these  sporophytes 
were t r a n s f e r r e d  t o  1-1 f l a s k s  and bubbled.  A t  28 d a y s ,  t h e  s p o r o p h y t e s  
appea red  h e a l t h y  and were growing w e l l .  Many were preserved by pressing them 
on herbarium paper. A t  35 days, add i t i ona l  sporophytes were pressed f o r  l a t e r  
ana lys is .  



The s re concentrations used in initiating cultures ranged from 1.0 X 10 6 
J% 

to 5.0 X 10 spores/300 ml PESI. The fewest sporophytes were obtained in the 
highest concentration of spores. Intermediate concentrations of 1.0, 2.0 and 5 5.0 X 10 spores/300 ml PESI yielded the greatest numbers of sporophytes. Fewer 
sporophytes were noted in the lowest concentration than in the intermediate 
concentrations. The lower number of sporophytes obtained in the highest 
concentration of spores indicates that competition between gamtophytes in 
culture inhibits sporophyte production. 

The gametophyte culture collection has been assessed, and a completely 
up-dated summary has been made of all stocks in hand. This is attached to this 
report as appendix B, The list of taxa in culture is as follows: 

Genus and Species code letters 

Dictyoneurum californica 
Pteroqophora californica 
Alaria marginata 
Dictyoneuropsis reticulata 
Laminaria setchellii 
Laminaria saccharina 
Laminaria japonica 
(Pelaqophycus x Macrocystis) 
(not yet added to list) 

MP 
Ma 
Mi 
p P 
N1 
Dc 
PC 
Am 
Dr 
Ls 
Lsa 
L j 
PM 

Collection data for all the parental lines has been reviewed and verified, 
as have the health of all of the monoclonally-isolated lines. Out of a total of 
841 genetically distinct lines now in culture, 625 are from wild stock. 
Cultivated plants and hybrids made from crosses of wild types were used as the 
source for 132 lines, and 84 lines were produced from mutagenized sporophylls of 
wild-type Macrocystis plants. There are eight lines isolated from the PM 
intergeneric hybrid, not yet added to the strain list. 

DISCUSSION 

The establishment of nearshore and perhaps even offshore farms of 
macroalgae is possible. In a sense farmers growing kelp in the ocean will be 
faced with the same problems encountered by farmers on land: seasonal nutrient 
deficiencies; adverse light conditions; adverse temperature conditions and 
destructive storms. However the solutions to these problems must be based on a 
better understanding of the physiological requirements of the plants being 
grown. Obviously more basic information about the genetics of these plants will 
also be very important. The implications of studies of kelp DNA are presently 
only dimly perceived, but are likely to add valuable new insights (Fain, 1985). 
Similarly, it m y  one day be possible to isolate and mutagenize isolated kelp 
genes, and to move these genes from one taxon in another, as has been done with 
land plants by using the Ti plasmid to transfer the phaseolin gene from the bean 
to the sunflower where it is expressed (Murai -- et al., 1983). Even the transfer 
of genes, that function in land plants, to the algae has been attempted. The 
report that Agrobacterium genes can be transferred into and expressed in the 



green alga Chlamydomonas are particularly provocative a1 t hough as yet 
unconfirmed (Rochaix -- et al. 1984). It seems that it will be only a matter of 
time until kelp genes are isolated and transferred. 

The ease with which traditional hybridization and breeding can presently be 
undertaken with the kelpsr has opened exciting new vistas. This su~ggests that 
Smil's (1983) critical view that open ocean cultivation of kelps for energy is 
"science fiction" is in a sense correct. We seem to be witn~essing the 
transformation of hard-to-imagine concepts of ocean farming into r~eality . In 
view of the progress made by the Chinese in particular, it seems safe to predict 
that large-scale cultivation of marine macroalgae will have begun to provide new 
sources of energy and chemical feedstocks in many places in the world by the end 
of this century. Domesticatedr float-bearing brown algae like Macrocystis and 
Sargassum will no-doubt become important marine crop plants of the future. 



D. I n t e rna t iona l  Collaborat ive Research 

C o l l a b o r a t i v e  research  with col leagues abroad began soon a f t e r  N M I  joined 
the  Marine Biomass Program. Program managers from G e n e r a l  E l e c t r i c  and G R I  
w e r e  i n v i t e d  t o  a t t e n d  t h e  IXth  I n t e r n a t i o n a l  Seaweed Symposium a t  S a n t a  
Barbara, where a s p e c i a l  evening d iscuss ion  s e s s i o n  on open-ocean m a r i c u l t u r e  
was h e l d .  U n f o r t u n a t e l y ,  even though t h e r e  was a  l a r g e  Japanese de lega t ion ,  
p o l i t i c a l  events  i n  China prevented C. K. Tseng from a t t ena ing  (al though he was 
i n v i t e d ) .  T h i s  s i t u a t i o n  was s o o n  c o r r e c t e d !  a n d  N M I  a r r a n g e d  f o r  a  
GE/GRI/Global Marine group t o  make an ex tens ive  t r i p  t o  b o t h  Japan  and China ,  
w h e r e  t h e  marine fa rms  i n  t h e s e  c o u n t r i e s  were s t u d i e d  f i r s t  hana ana  i n  
considerable  d e t a i l !  thanks t o  t he  h o s p i t a l i t y  of our  hosts.  This  t r i p  set t h e  
s t a g e  f o r  a  series of  i m p o r t a n t ,  and l a s t i n g  s c i e n t i f i c  exchanges.  A s  an 
examination of t h e  list of publ ica t ions  provided with t h i s  r e p o r t  w i l l  c l e a r l y  
i l l u s t r a t e ,  t h e  s c i e n t i f i c  e x p e r t i s e  of  Chinese  and Japanese s c i e n t i s t s  was 
focused on the  problems of large-scale  mac roa lga l  fa rming  w i t h  c o n s i a e r a b l e  
success.  

I n  August of  1986,  w e  were ve ry  p l e a s e d  t o  h a v e  two distinguishes 
phycologists  irom the  Peoples Republic of China v i s i t  Santa Barbara. D r s .  C. Y. 
Gv'u and C. K. Tseng both gave a  seminar on seaweed c u l t i v a t i o n  i n  China t h a t  was 
at tended by a l l  NNI s t a f f  members. This  was p a r t i c u l a r l y  informative s ince  D r s .  
Tseng and hu g r a c i o u s l y  a l lowed  u s  t o  i n t e r v i e w  them e x t e n s i v e l y  abou t  t h e  
h i s t o r y  of t h e  macroalgal c u l t i v a t i o n  program i n  China. S ign i f i can t  funding was 
f i r s t  provided f o r  t h e i r  p ro j ec t  i n  t he  e a r l y  1950s and cont inues t o  t h e  present  
day. I n  marked c o n t r a s t  t o  t h e  way research funding is provided i n  t h e  U.S. , 
t h i s  research support was rou t ine ly  provided, and even increased g r a d u a l l y  o v e r  
t h e  y e a r s .  There  were no d r a s t i c  changes  i n  funding l eve l s !  even when f a r m  
were wrecked by storms and o t h e r  s e t b a c k s  were encoun te red .  S i n c e  t h e  b a s i c  
r e s e a r c h  p h a s e s  of  t h e  work were e s s e n t i a l l y  comple te  by t h e  t i m e  of t h e  
c u l t u r a l  revolu t ion ,  even t h i s  s o c i a l  upheaval d i d  n o t  i n t e r f e r e  w i t h  work on 
l a r g e - s c a l e  p r o d u c t i o n  fa rming  i n  t h e  s e a .  I t  is c l e a r  t h a t  co l l abo ra t ive  
research with t h e  Chinese w i l l  extend beyond the  terminat ion of  t h e  G R I  Marine 
Biomass Program, a s  X. G. Fei  has r ecen t ly  obtained Chinese funds f o r  continued 
co l l abo ra t ive  work on macroalgal  fa rming .  While i n  Washington i n  1986 , L r  . 
N e u s h u l  v i s i t e d  D r .  Alice Hogans of t h e  NSF U.S.-China Program to '  r e p o r t  
progress  made, s i n c e  NSF funded some of t h e  f o r e i g n  exchange s t u d i e s .  The 
p o s s i b i l i t y  o f  e x t e n d i n g  t h i s  p r o g r a m  w i t h  a  new Chinese  c o - p r i n c i p a l  
i nves t iga to r ,  t o  replace the  l a t e  D r .  Fang! was a i s c u s s e d ,  and p r o s p e c t s  seem 
b r igh t  f o r  continued work. 

Several o the r  v i s i t o r s  came to UCSB and N M I  i n  1966, including D r .  Yasuyuki 
Yamada, Di rec tor  of t h e  Center f o r  C e l l  and Tissue Culture of Kyoto University! 
Japan. D r .  Yamada gave a  seminar a t  UCSB, at tended by N M I  S t a f f .  H e  a i s c u s s e a  
r e c e n t  developments i n  p l an t  biotechnology i n  Japan. D r .  F. Gavino C. Trono of 
the  Marine Science I n s t i t u t e ,  Univers i ty  of  t h e  P h i l i p p i n e s !  v i s i t e d  on June  
20th.  He was i n t e r e s t e d  i n  u s i n g  N M I  f a c i l i t i e s  f o r  t h e  c u l t i v a t i o n  of 
Sargassum and Eucheuma seedstock. A major problem i n  t h e  P h i l i p p i n e  Eucheuma 

-.- 

i n d u s t r y  is the  l ack  of seedstock. D r .  Trono would l i k e  t o  develop a  seecistock 
c o l l e c t i b n  and production f a c i l i t y ,  s i m i l a r  t o  o u r s !  i n  t h e  P h i l i p p i n e s .  D r .  
T r o n o  o b s e r v e d  t h e  mac roa lga l  c u l t u r e  sys t ems  i n  o p e r a t i o n ,  reviewed t h e  



computer monitoring systems and facilities for media preparation, tissue 
culture, mutagenesis and image analysis. He suggested that students from the 
Philippines would like very much to study macroalgal genetics and cultivation in 
Santa Barbara. 

Mr. J. C. Sanderson, from the University of Tasmania visited NMI and UCSB. 
Working with B. Light, he has recently completed a survey of the Macrocystis 
yrifera stocks along the east coast of Tasmania. This important work extends 

{he initial studies by A. B. Cribb of Tasmanian records (Sanderson, personal 
communication) and more recent work on the oceanographic conditions around 
 asm mania by D. J. Rochford of the CSIRO Division of Fisheries and Oceanography. 
It is clear that only a minimal harvest can be expected from these waters unless 
effective planting and cultivation methods are employed. For this reason, Mr. 
Sanderson was particularly interested in the GRI/SERI funded work on in-the-sea 
cultivation and genetics. He kindly offered to supply us with genetic seedstock 
from Tasmania in the future. 

Dr. F. Catarino, University of Lisbon, Portugal, visited, and examined the 
seedstock collection and greenhouses both at UCSB and NMI. We are presently 
doing collaborative work on DNA levels and germling development of macroalgae 
with the Portugese (Professor R. Melo is working with us). 

In summary, it seems fair to say that GRI support both for foreign travel 
and for foreign visitors to work here in the United States had a mjor impact on 
the program. The relationships that have been established have been profitable 
for all concerned, and are likely to continue to be so in the future. 



This chapter contains three separate sections. The first introduces the 
aquatic environment in general terms, and is taken from a paper by W .  hheeler 
and M. Neushul. The second section is a chapter written by B. W. W. Harg~er on 
the history of kelp forests of southern California. The final section deals 
specifically with physical and chemical measurements of the marine environment 
made by NMI since 1980, and the effects of the measured conditions on kelp 
growth and production. It is surprising that this type of multi-year data-base 
has not been more frequently asserbled, but at least in southern California, 
there are only a few comparable sets of data. Measurements of the chemical 
composition of plants sampled during the 1981-83 GRI yield studies can be 
related to climatological and oceanographic conditions at that time. Also, 
given the long data collection period and the.fact that it bridges the severe 
storms and nutrient drought of the El Nino years, this data base becomes 
particularly interesting. As with any other large data-base of this sort, there 
are many possible relationships to examine. A simple visual inspection of the 
32 pages of multi-year plots, presented here for the first time, clearly shows a 
regular pattern of seasonal variability in physical and chemical factors. 
Superimposed on this regularity are infrequent events like large storms, long 
periods of calm water, or times when nutrient levels were abnormally low. Of 
course, the regular seasonal changes are reflected by the kelp-harvest records 
kept by the California Department of Fish and Game and the kelp harvesters 
themselves. The ability to predict seasonal changes in environmental factors 
that influence biomass production would obviously be important if a 
gas-production plant were being run on this biomass. 
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The Aquatic Environ~ent . 

by 

W. N .  Wheeler and M .  heushul 

The p l a n t  s c i e n t i s t  who seeks t o  eva lua te  q u a n t i t a t i v e l y  the various 
environmental factors tha t  influence p lan t  l i f e  i n  aquatic hab i ta ts  faces a 
f o r m i d i b l e  task. For those in terested i n  a more extensive discussion, the 
mar ine a q u a t i c  environment i s  i n t r o d u c e d  i n  K i n n e ' s  M a r i n e  E c o l o g y  
( 1975,1976)  vols 1,2, whi le Hutchinson's Treat ise on Limnology (1957,1967) 
vol s  1,2  covers the f reshwater  h a b i t a t .  We w i l l  concen t ra te  here  on a 
d e s c r i p t i o n  o f  mac ronu t r i en ts ,  water motion and i r radiance i n  both f resh 
and s a l t  water. For a treatment of  such f a c t o r s  as s a l i n i t y ,  d i s s o l v e d  
gases and m i c r o n u t r i e n t s ,  t h e  reader i s  d i rec ted  t o  such works as Wetzel 
(1975) ,  Ri ley  and Skirrow (1975) and H i l l  (1963). 

The energy d r i v i n g  t h e  a q u a t i c  environment i s  external. The u l t imate  - 
source i s  the sun which heats the water whi le  generating winds which move 
the  water.  I r r a d i a n c e  i n f l  uences t h e  p l  an t  th rough photosynthesis  and 
photomorphogenesis. Water motion af fects the t ranspor t  of mass, heat  and 
moment urn on b o t h  a very smal l  (boundary 1 ayer) scale and on a very 1 arge 
( p l  anetary) scal e. 

I t  i s  important t o  describe f luc tua t ions  i n  the energy sources w i th  t ime 
since these f luc tua t ions  w i l l  in f luence the behavior o f  plants. It i s  also 
impor tan t  t o  cons ider  the s ize  spectrum o f  the p lants themselves. I n  the 
aquatic environment15pl an ts  range i n  s i z e  from nqnopl ankton and a1 ga l  
spores around 1 x 10 m t o  the g iant  ke lp a t  5 x 10 m, which i s  a span o f  
almost 7 orders of magnitude. 

Water motion : Turbul ence 

Movement i n  n a t u r a l  bodies o f  w a t e r  i s  p r e d o m i n a n t l y  t u r b u l e n t  .: 
T u r b u l e n c e  i s  a p r o p e r t y  of f l u i d  mot ion  t h a t  c o n s i s t s  o f  i r r e g u l a r  
f l u c t u a t i n g  movements which a re  superimposed on t h e  general  p a t t e r n  o f  
f l  ow. These v a r i a t i o n s  i n  the current  ve loc i t y  are three-dimensional and 
may be thought o f  as packets o f  randomly moving f l u i d  ca l l ed  eddies. These 
randomly f l u c t u a t i n g  v o r t i c i e s  can also be thought o f  as groups o f  waves 
covering a la rge  spectrum of wavelengths corresponding t o  eddy diameters. 

S f  nce tu rbu len t  f luctuat ions are the r e s u l t  o f  in te rac t ions  w i th  outside 
energy sources, the eddy diameter depends on the "wavelength" o f  the energy 
source. Another p r o p e r t y  of  turbulence i s  the d i ss ipa t i on  o f  i t s  energy 
through viscous shear stresses which increase t h e  i n t e r n a l  energy o f  t h e  
f l u i d  a t  the expense of i t s  k i n e t i c  energy. The r e s u l t  i s  a transformation 
of the energy i n t o  ever  decreas ing  wavelengths. These two p r o p e r t i e s  
together def ine thy two ends o f  a spectrum o f  diamfters w i th  frequencies on 
the order o f  days- ( t i d a l  in f luence)  t o  m i l l i s e c -  and sma l l e r  
O f  most i n te res t  t o  oceanographers and 1 imnol ogi s t s  are the ped i  um -1nd 1 ong 
length frequencies. The medium-length frequences (min' t o  h ) have 
been cort-el  ated w i th  phytoplankton patchiness (Therr iaul  t e t  a1 1979) and 
imp1 icated jn model l i ng  studies (Kemp and Mitch 1979) designed t o  establ i sh  
t u r b u l e n t  1 eve1 s which a1 low the coexistance of a number o f  phytoplankton 
species i n  the same "niche" o r  patch as f i r s t  hypothesized by Hutchinson 
(1961) .  Long-per iod f luctuat ions are due t o  c l  imact ic v a r i a b i l  i t y  caused 
p r imar i l y  by l oca l  va r i a t i on  i n  so lar  rad ia t i on  which produces sea su r face  



tempera ture  anomalies (Cushing and D i c k s o n  1976, L a s k e r  1978)  and 
v a r i a b i l  i t y  i n  c u r r e n t  movements due t o  f luc tua t ions  i n  winds and c l  imate 
(Lasker 1978). 

Turbu len t  f l  u c t u a t i o n s  w i t h  much smal l  e r  frequenctes are found i n  the 
region o f  t h e  benthos (bo t tom-dwe l l i ng  organisms) where i n t e r a c t i o n s  
between the  water, the bottom, the animals, and the  p lants have d iss ipated 
many o f  the la rger  f requenc ies  (Gust and Schramm 1974). These s m a l l e r  
f r equenc ies  a re  impor tan t  i n  terms o f  mass t ranspor t  and drag which are 
considered l a t e r  (3.2.4,3.2.5). 

The s p a t i a l  s c a l e  on which t u r b u l e n c e  takes  p l a c e  can be d i r e c t l y  
measured through the d i f f u s i v e  proper t ies o f  turbulent  flow. Here, ra te  o f  
t r a n s p o r t  o f  a substance I s  def ined by how f a r  i t  moves by eddy d i f f u s i o n  
i n  a given d i r e c t i o n  through time. The r a t e  i s  p r o p o r t i o n a l  t o  t h e  eddy 
d i  f f u s  i on coe f f i c i en t .  The c o e f f i c i e n t  i s  determined through the phys i ta l  
t r a n s p o r t  o f  1 abel 1 ed mol ecu l  es , r a d i o n u c l  ides  o f  n a t u r a l  l y  o c c u r i n g  
e l e m e n t s  such as Rd, Sr and Rn o r  t h r o u g h  m a c r o n u t r i e n t s  such as 
phosphorus. 

A l though th ree-d imens iona l ,  t h e  sca le  and i n t e n s i t y  o f  t h e  v e r t i c a l  
component o f  the turbulent  eddy d i f f u s i o n  o f t e n  d i f f e r  g r e a t l y  f rom t h e  
hor izonta l  component (Bowden l964), being general 1 y 1-4 orders o f  magwi tude 
ma1 1 e r  than the corresponding v e r t i c a l  component (Bowden 1964; Imboden and 
Emerson 1979). Val ues of2the cpe f f i c i en t  from the Greifensee i n  Swi t re r l  an$ 
v a r ~ ~ f r o m  0.05 t o  0.2 cm sec- i n  the v e r t i c a l  d i r e c t i o n  t o  100-1000 cm 
sec i n  the hor izonta l  d i rec t jon .  [or comparison, s t i l l  water i n  a b o t t l e  
has a c o e f f i c i e n t  near 0.25 cm sec- . 
Mixing 

The s t a b i l i t y  o f  a water  column i s  a f u n c t i o n  o f  two i n t e r a c t i n g  
components: 1) the work against g r a v i t y  produced by the densi ty  gradient i n  
the water and 2) the energy supplied t o  the eddies from t h e  shear ing  f l o w  
(Mor t  imer 1974). The Richardson number (R i )  i s  a non-dimensional number 
r e f 1  ec t ing  the r a t i o  between these csmponents. Thus, 

where dp/dz i s  the densi ty  gradient where P i s  the dens i ty  and (du /dz)  i r 
t h e  energy component i n  terms of v e l o c i t y  (U) .  When the r a t i o  f a l l s  below 
0.25, the f low becomes unstable and mixing occurs. Wi th a g i ven  d e n s i t y  
g r a d f e n t ,  an i nc rease  i n  e x t e r n a l  energy a p p l i e d  t o  t h e  system w i l l  
decrease the r a t i o  w i th  a tendency toward mixing. 

S o l  a r  r a d i a t i o n  warms the surface water c rea t ing  a temperature gradient 
and concomitantly a density gradfent. Wind increases t h e  k i  ne t  i c  energy 
o f  t h e  system through shear stresses and the production of breakfng waves. 
I n  temperate reg ions  i n  t h e  w i n t e r ,  s o l a r  i r r a d i a n c e  i s  weak, and i t s  
ef fects i n  producing a densi ty  gradient are eas i l y  overcome by winter  winds 
which mix the water ( i n  the ocean t o  a depth o f  between 50 and 300 rn) and 
c o o l  t h e  mixed water th rough convec t ion .  I n  t h e  summer, t h e  r e v e r s e  
occurs, a much higher so lar  i r r a d i a n c e  c r e a t e s  a s teep d e n s i t y  g r a d i e n t  
which t h e  weaker summer winds cannot overcome. This sets up a seasonal 
d i scon t i nu i t y  l aye r  o r  thermocline. 

There i s ,  then,  a seasonal v a r i a t i o n  i n  the formation and breakdown o f  



the  thermocl ine t y p i c a l  o f  h i g h  and m i d d l e  l a t i t u d e s  i n  t h e  ocean and 
f reshwa te r  1 akes (Monin e t  a1 1977; Hutchinson 1957). The depth o f  t h i s  
l a y e r  increases i n  winter  and decreases i n  the summer. V a r i a b i l i t y  i n  t h i s  
p a t  t e r n  w i t h  respect t o  freshwater lakes 1 ed Hutchinson and L o f f l e r  (1956) 
t o  a now widely he ld  l a k e  c l a s s i f i c a t i o n  scheme based on t h e  degree o f  
mixing. 

Wi th in the mixed layer ,  phytoplankton populat ions are f o r  t h e  most p a r t  
homogeneously d i s t r i b u t e d  (Bougis 1976). When t h e  dep th  o f  t h i s  l aye r  
r a p i d l y  becomes th inner  r e l a t i v e  t o  the  phy top l  ankton compensat ion depth  
(pho tosyn thes i  s=respf r a t  i o n ) ,  phytoplankton blooms o f ten  occur (Sverdrup 
1953). Thus, as the mixed l a y e r  becomes s h a l l o w e r  i n  s p r i n g ,  and s o l a r  
i r r a d i a n c e  inc reases ,  phy top l  ank ton  blooms shou ld  and do occur (Bougis 
1976). The sedimentation r a t e  o f  phytoplankton i s  a1 so g r e a t l y  i n f l  uenced 
by the depth of the mixed l aye r  

The mixing processes i n  the  ocean are g e n e r a l l y  r e 1  a ted  t o  l a r g e - s c a l  e 
winds which move l a r g e  bod ies  o f  water.  Upwell i n g  Is one such form o f  
mixing. Upwell lng  takes place when seasonal winds blow towards the equator 
a1 ong western coasts (Cal i f o r n i a ,  Peru and Benguala currents) .  The st ress 
o f  the wind on the water combined w i t h  Cor io l  i s  forces move the water  away 
from the shore. The water i s  replaced by water which "upwells" from deeper 
water (50-300 m; Picard 1963). Away from the coasts, i n  oceanic h a b i t a t s ,  
t h e  i n t e r a c t i o n s  of c u r r e n t s  moving I n  o p p o s i t e  d i r e c t i o n s  may lead t o  
1 arge-scal e upwell l ng  i n  the open ocean, f o r  example a1 ong t h e  equa to r  i n  
the eastern t r o p i c a l  Pac i f i c .  

Boundary 1 ayers 

The exchange o f  mass ( d i s s o l v e d  gases, nu t r i en ts ,  e t c )  as wel l  as heat 
and momentum between the water and p lan t  sur faces occurs  on a v e r y  s h o r t  
l e n g t h  scale.  The exchange takes  p l a c e  th rough  a t h i n  l a y e r  o f  f l u i d  
adjacent t~ the surface which i s  produced as f r i c t i o n a l  forces a c t  t o  s low 
down f l u i d  motion i n  t h a t  reg ion  (see a lso chapter 11, vol  A).  

The thickness o f  t h i s  l a y e r  i s  dependent upon c h a r a c t e r i s t i c s  of t h e  
f l u i d ,  t h e  f low, and the surface. Because the boundary l aye r  i s  a region 
where viscous forces predominate over i n e r t i a l  forces, i t  i s  reasonable t o  
assme tha t  the cha rac te r i s t i cs  o f  the boundary l aye r  are determined by the 
r a t i o  o f  these forces. This r a t i o  i s  known as the Reynolds number (Rle) , 

where n i s  the v iscos i ty ,  p i s  the density,  U i s  the free-stream v e l o c i t y  o f  
t h e  f l u i d  and 1 i s  the cha rac te r i s t i c  dimension (e.g. diameter o r  length)  
o f  the surface. A1 though experimental ly determined f o r  o n l y  such simp1 e 
shapes as f l a t  p la tes,  rods and spheres, i t  i s  possib le i n  a general way t o  
guess a t  t h e  f l o w  c h a r a c t e r i s t i c s  over  a sur face  by c a l  c u l  a t  i n g  t h e  
Reynolds number. kxperiments ( k h l  i c h t i n g  1968) have shown tha t  Reynolds 
nmbers less than 10 f o r  a f l a t  p l a t e  ( w i t h  a. zero  p ressu re  g r a d i e n t )  
i n g i c a t e  1 aminar f low and boundary layers. Reynolds nmbers greater than 
10 ind ica te  tu rbu len t  f lows and boundary layers. The t r a n s i t i o n  between 
1 aminar and t u r b u l e n t  i s ,  however, c r i t i c a l l y  dependent on the surface 
roughness (Schl i c h t i n g  1968). I t  i s  not surpr is ing ,  then, t o  f ind  that  the 
rugose neture of the blades o f  the g iant  ke l  p Macrocystis p y r i f e r a  produce 



3 turbulent  f low w l th  a Reynolds number less than 10 (Wheeler 1980). 
The su r face  mentioned above can be e i t h e r  a p l a n t  o r  a p a r t  o f  t h e  

s u b s t r a t e .  When t h e  l a t t e r , i t  i s  c a l l e d  t h e  b e n t h i c  boundary l a y e r .  
Because o f  t h e i r  size, some p lants,  juveni les,  and p lan t  propagules inhab i t  
t h i s  region. Neushul (1972) has ca l l ed  t h i s  community t h e  boundary l a y e r  
community. Propagules must sink (sediment) through t h i s  region, s e t t l e  and 
at tach (Sewada e t  a1 1972; Cha r te rs  e t  a1 1973).  N u t r i e n t s  which are  
regenerated i n  the sediments must d i f fuse through the benthic 
boundary 1 ayer t o  the waters above. 

Drag 

A t  very low Reynolds numbers ( <  1 ) ,  a 1 atminap boundary 1 ayer  p e r s i s t s  
over  t h e  e n t i r e  su r face  o f  a p l a n t  ( subs t ra te )  without separation. The 
f r i c t i o n a l  force o f  the moving f l u i d  against the surface (drag) i s ,  i n  t h t s  
case, e n t i r e l y  due t o  s k l n - f r i c t i o n  (viscous drag). 

Stokes law can be modif ied t o  ca lcu la te  t h e  I n t r i n s i c  t e r m i n a l  s i n k l n g  
r a t e  o f  p a r t l c l  es t he  s ize  and shape of phytoplankton o r  p lan t  propagules 
due t o  viscous drag. Were, 

where g i s  t h e  a c c e l  e r a t i o n  due t o  g r a v i t y ,  r i s  t h e  r a d i u s  o f  t h e  
p a r t i c l e ,  (PI  - P )  i s  the f l u i d  v i scos i t y  and 0 i s  a shape fac to r  (Hutchinson 1957). 
Phys io log i ca l  s ta te  ( f a t  accmulatdon and the i o n i c  composition w i  t h l n  the 
c e l l  vacuole) and the change I n  p h y s l o l o g i c a l  s t a t e  w l t h  age p l a y  l a r g e  
ro les  i n  the modi f icat ion of ( P '  - P ) )  and thus the i n t r i n s i c  s ink lng r a t e  (Smayda 
1970 ) .  F o r  p a r t i c u l a t e s ,  sur face  c o a t i n g s  ,. e l e c t r o l y t i c  f o r ces  and 
dissolved organic substances may reduce drag  - g i v i n g  s i n k l n g  r a t e s  an 
o r d e r  o f  m a g n i t u d e  r e a t e r  t han  S tsks ian  p r e d i c t i o n s  (Chase 1979).: 
Aggregations of p a r t l c u  1 ates , propagul es , o r  p l  ankton may a1 so a1 t e r  t h e  
i n t r i n s i c  s i n k i n g  r a t e  (Smayda 1970; Reynolds 1979; Booker and Walsby 
1979). The i n t r i n s i c  s i n k l n g  r a t e  %ay o r  may n o t  be r e l a t e d  t o  t h e  
e f f e c t l v e  ( a c t u a l )  s i n k l n g  r a t e .  Reynolds (1979) found good agreement 
between Stoksfan p r e d i c t i o n s  ,and e f f e c t i v e  s i n k i n g  r a t e s  o f  L co odium 
spores on l y  through a h igh l y  s t r a t i f i e d  lake enclosure. Turbulepce +~i w 
the mixed layer  slowed the e f fec t i ve  s ink ing rate.  According t o  Reynolds 
(1979) t h e  g r e a t e r  the mixed depth, the slower the e f f e c t i v e  s ink ing ra te  
o r  s 

where dP/dt i s  the loss i n  populat ion (spores o r  phytoplankton) w l th  time, 
and z I s  the depth of the mixed layer.  

As Reynolds numbers increase beyond a few hundred, f low separation occurs 
and the drag becomes propor t ional  t o  t h e  square o f  t he  v e l o c i t y  and the  
cross-sect lonal area (pressure drag) .  Thus, t he  drag  f o r c e  (Fd)  can be 
expressed by 

Here, ( A )  i s  t he  cross-sect ional area o f  the p lan t  normal t o  the f low and 



C , i s  the drag coef f i c ien t .  Using measurements o f  the drag o f  t h e  kel ps, 
~ f s e n i a  (Charters e t  a1 1969) and Nereoc s t i s  (Koehl and Wainwright 1977) + m p o s s i b l e  t o  es t ima te  t h e  s t i p e  brea age ve loc i t ies .  This gives an 
i nd i ca t i on  o f  the forces t h a t  can be found i n  the near shore and i n t e r t i d a l  
regions. upere these p lants occur, E senia would have a breakage v e l o c i  t y  
o f  9 m sec- and Nereocystis 3 m sec h e s e  p l a n t s  a r e  no t  adapted t o  
very  rough exposed i n t e r t  Ida1 areas where waves can generate calculated 
v e l o c i t i e s  o f  14 m sec- (Jones and Demetropoulos 1968). Mechanical 
adapta t ions  such as high moduli o f  e l a s t i c i t y  (Delf 1932; Table 2) and a 
tendency t o  clump o r  otherwise become modified i n   for^ enable these p l  ants 
t o  survive i n  subt idal areas where a1 though 14 m sec- vel o c l t i e s  are rare, 
breakage po in t  ve loc i t i es  do occur w i th  re1 a t  i v e l y  high frequency, 

Mass t ranspor t  

On the other end o f  the water ve loc i t y  scale, stagnation and small water  
v e l o c i t i e s  can c r e a t e  d i f f u s i o n  stresses. Under these condit ions, f i cks  
f i r s t  law governs the r a t e  o f  d i f f u s i o n  of metabol l t e s  t o  and from p l a n t  
surfaces. It can be described as 

where J i s  the f l ux  of the d i f f u s i n g  molecule,  j, D .  i s  t he  d i f f u s i o n  
coef f i c jen t  of species j, (LC.)  i s  the concentrat ion p-ddient and A X  i s  the 
d i f f u s l o n  boundary 1 ayer  t d i ckness ,  which i s  somewhat smaller than the 
physical boundary 1 ayer thickness. 

F i c k ' s  l a w  can be simp1 i s t i c a l l y  modified t o  work under more r e a l i s t i c  
condit ions i n  nature. The d i f fus ion  coef f i c ien t  D I s  replaced by another  
D which i s  t he  eddy d i f f u s i o n  c o e f f i c i e n t  ( o J  t u r b u l e n t  d i  f f u s i o n  
c d e f f i c i e n t  1. 

When the f l u x ,  J . ,  i s  smaller than the p l a n t ' s  a b l l  l t y  t o  take up species 
j, the  p l a n t  i s  d a i d  t o  be under a d i f f u s i o n  o r  mass t ransport  stress. 
Phy top lank ton ,  a1 though smal l  i n  s l  ze, do exper ience mass t r a n s p o r t  
s t resses .  Munk and R i l e y  (1952) f i r s t  ca l l ed  a t ten t i on  t o  the fac t  t ha t  
various shaped phytopl ankters would sink w i th  var iable speeds, i n f l  uenc i  ng 
the1 r mass transport ab f l  { t i e s .  Since then, the problem of mass t ransport  
(carbon, ni trogen, phosphorus and other  metabol l c  mol ecu l  es) t o  and From 
phytoplankton c e l l  s has been we1 1 documented (Gavis 1976). 

Larger aquatic p lants can also face severe mass t ransport  stresses under 
low water mo t ion  c o n d i t i o n s .  Wheeler (1980) has demonstrated tha t  the 
g iant  kel p, Macrocystis, encoy te rs  such s t resses  when c u r r e n t s  over  t h e  
fronds are less than 6 cm sec . Westlake (lq67) has shown such s t resses  
f o r  r i v e r  p lan t f  i n  flows less than 1 cm sec- , whi le Lock and John ( 1 9 7 9 )  
found 5 crn sec- a c r i t i c a l  speed f o r  r i v e r  periphyton phosphate uptake. 

Nitrogen 

Ino rgan ic  mac ronu t r i en ts  a r e  d i s t r i b u t e d  t h r o u g h o u t  t h e  a q u a t i c  
environment by the movement of water. However, the transformation o f  these 
molecules w i t h i n  the  aqua t i c  environment i s  t h e  r e s u l t  o f  b i o l o g i c a l  
c y c l  ing. The perlod and amplitude o f  these cycles varies depending on the 
scale being considered. For instance, on a global scale, Stevenson ( 1 9 7 2 )  



has estimated t h a t  1.7 x  loz0 g  o f  n i t r ogen  ( N )  a r e  p r e s e n t  on e a r t h .  O f  
t h i s ,  97.6% be longs  t o  t h e  1  i t h o s p h e r e ,  s l  i g h t l y  l ess  than 2.3% t o  the  
atmosphere and t h e  r ~ g a i n d e r  t o  t h e  hydrosphere  and b i o s p h e r e .  The 
approximately 3.9 x  10 g  FI i n  the  atmosphere are i n  t h e  e l emen ta l  form,  
which i s  not d i r e c t l y  ava i l ab l e  t o  plants.  Only a  few prokphyotes can fir 
!I . I n  s p i t e  o f  t h i s  f a c t ,  organisms f i x  2.2 - 2.3 x  10 g  o f  N y r '  
(Sode r l und  and Svensson 1976) o f  which sanewhere between 0.09 and 37% i s  
f i x e d  i n  the  aquat ic  environment. 

N f i x a t i o n  b y  b l  u e - g r e e n  a l g a e  and  b a c t e r i a  occu rs  i n  anae rob i c  
environments, e i t h e r  w i t h i n  t h e  p l a n t s  themse lves  ( h e t e r o c y s t s )  o r  i n  
anae rob i c  areas surro  nd in  t he  p l an t s  (Carpenter and Pr i ce  1976). Values 
range from 65.7 g  N m  -' yr-' (Wiebe ft a1 11975) f o r  b l  ue-green a1 g a l  mats 
on Enewetak A t o l l  t o  7  x 10 '~  g  N m- y r -  i n  t he  Sargasso Sea (Ca rpen te r  
and FlcCarthy 1975). 

A1 though l a r g e  q u a n t i t i e s  o f  N a re  f i xed ,  t h i s  accounts f o r  on l y  3-10s o f  
t h e  N u t i l i z e d  by  p l a n t s .  Recyc l  i n g  accounts f o r  t h e  o the r  90-974, made 
a v a i l a b l e  f o r  p l an t  product ion (Soderl und and Svensson 1976). Thus, N  t u r n  
o v e r  r a t e s  can be i m p o r t a n t  i n d i c a t o r s  of p l an t  product ion.  On a  g lobal  
scale, N has been estimated t o  turnover  i n  between 1 t o  20 days. 

W i t h i n  f reshwater and coasta l  communities most of t he  regenerat ion takes 
place i n  the  sediments. Regenerat i o n  r a t e s  f rom s fd iments  va r y ,  b e i n g  
turned over i n  spme small ponds a t  the  r a t e  o f  67X.d- (Sugiyama and Kawai 
1978) t o  0.7% d- i n  the  Bal t i c  (Hal 1  berg e t  a1 1976). 

N i t r o g e n  c o n t r i b u t i o n s  f r o m  zoop lank ton  v a r y ,  b e i n g  dependent on the  
amounts a1 ready present i n  the  water. I n  an estuary  near  B e a u f o r t ,  N o r t h  
Caro l  i n a ,  U. S.A., ammoni um e x c r e t i o n  by zooplankton accounted f o r  16% o f  
t h e  u t i l i z a b l e  N ( S m i t h  1 9 7 8 ) .  I n  o l i g o t r o p h i c  ( n u t r i e n t  p o o r )  
environments, exc re t ion  can account f o r  as much as 90% (Jawed 1973). 

Wi th in  the ocean most of the regenerat ion takes place i n  the  t o p  200 m  o f  
the water co l  mn. Fecal pe l  1  e t s  o r  marine snow produced i n  t he  upper 1  ayer: 
a r e  m i c r o - h a b i t a t s  f o r  b a c t e r i a l  r e g e n e r a t i o n  o f  N w i t h i n  t h e  uppe r  
l a y e r s .  These m i c r o - h a b i t a t s  can produce micro-patches o f  ava i l ab l e  N 
where t r a d i t i o n a l  methodology would show no n u t r i e n t s .  Such m i c r o - s c a l  e  
pa tches  a re  immediately e x p l o i t e d  b y  t h e  phytoplankton, c o n t r i b u t i n g  t o  
phytoplankton patchiness (McCarthy and Goldman 1979). 

Inorganic n i t r ogen  i s  made ava i l ab l e  through f i x a t i o n ,  m fne ra l i za t i on  and 
excret ion.  It i s  removed from t h e  env i ronment  t h r o u g h  d e n i t r t f i c a t i o n ,  
a s s i m i l a t i o n  and sediment-$tb;cl D e n i t r i f i c a t l o n  i s  a  m ic rob ia l  process. 
Rates range from 4.6 g  N m i n  a  Danish f j o r d  (Oren and B l a c k b u r n  
1979) t o  8-16 mg N m-' d-' i n  a  pol  1  uted r i v e r  (Nakaj ima 1979). 

P lants  ass im i la te  inorganic  N p r i m a r i l y  as n f t r a t e  (NO ). Soder luqd an9 
Svensson (1976) and Bougfs (1976)  e s t f m a t e  t h a t  12 a d  30 g  N m-  y r -  
r e s p e c t i v e l y  a r e  a s s i m i l a t e d  from the  ocean alone. Ammonlum may a lso  be 
sorbed by the sediments and not  released t o  t h e  i n t e r s t i t i a l  wa te r  under  
anoxic cond i t i ons  (Hal 1  berg e t  a1 1976; Rosenfel d  1979). 

Laboratory s tud ies and f i e l d  c o r r e l a t i o n s  I n d i c a t e  t h a t  N i s  t h e  most 
1  i m l t i n g  n u t r i e n t  (Dugdale 1967; R y t k e r  and Dunstan 1971; Eppley e t  a1 
1979) i n  the coastal  marine environment. This i s ,  perhaps, the reason t h a t  
some mar i ne  macrophytes have been shown t o  s t o re  N (Chapman and Cra ig ie  
1977) and others  have been found i n  symbiot ic r e l a t i o n s h i p s  w i  t h  N f i x e r s  
(Hanson 1977). 



Phosphorus 

I n  f r e s h w a t e r  communi t ies ,  phosphorus (P )  r a t h e r  than N  i s  genera l l y  
1  im i t i ng .  I n  con t ras t  t o  N  which i s  p r i m a r i l y  i n  t he  atmosphere, inorg,anic 
P i s  found  p r i m a r i l y  i n  t he  l i t hosphere .  I n  na tu ra l  waters, P occurs i n  
s o l u t i o n  i n  bo th  i n o r g a n i c  ( s o l u b l e  r e a c t i v e  P: SRP) and o r g a n i c  forms 
( s o l u b l e  unreact ive P: SUP), as we l l  as adsorbed t o  organic ,  c o l  l o f d a l  and 
inorganic  p a r t i c l e s .  A1 though SRP I s  f o r  t he  most p a r t  orthophosphate, SRP 
1  eve1 s  can be  as h f g h  as 6 x t he  orthophosphate l e v e l s  (Lean and Char1 t on  
1976). 

SUP can be t r a n s f o r m e d  t o  SRP e i t h e r  b y  t he  p l an t s  themselves through 
h y d r o l y s i s  v i a  a l k a l i n e  phosphatase o r  v i a  p h o t o d e g r e d a t i o n  w i t h  UV 
r a d i a t i o n  (F rancko  and Heath 1979; Morse and Cook 1978). Phosphorus i n  
sediments I s  present ma in ly  as a p a t f t e  o r  i n  assoc ia t ion  w i t h  f r e e  c a t i o n s  
( u s u a l l y  i r o n  and c a l c i u m ) .  Under anox i c  c o n d i t i o n s  phosphates a r e  
released from sediments (Mort imer 1942; Martens e t  a1 1978). 

Unde r  a e r o b i c  c o n d i t i o n s ,  t h e  s e d i m e n t  may a c t  as a  s i n k  f o r  P. 
P h y t o p l a n k t o n  and macrophytes a r e  a l s o  a  t empo ra ry  s i n k  f o r  P. They 
a s s l m i l  a t e  t o  a  1  a rge  degree  only o r thophospha te ,  a1 though  i n  spec ia l  
circumstances o ther  forms are a1 so a s s i m i l  a t e d  (Kuh l  1974) .  Phosphorus 
a s s l m l l a t i o n  can be i n  q u a n t i t i e s  f a r  g r e a t e r  t h a n  amounts immediately 
r e q u i r e d  b y  p l a n t s .  The excess P I s  e i t h e r  s t o r e d  o r  e x c r e t e d  as  
unreact ive polyphosphates. 

The t u r n - a r o u n d  t i m e  b e t w e e n  a s s i m i l  a t  i o n  a n d  e x c r e t i o n  a n d  
r e a s s f m i l a t i o n  can be on t h e  o r d e r  o f  seconds f o r  some p h y t o p l a n k t o n  
(Pomeroy 1960). Because o f  i t s  f a s t  tu rnover  r a t e  and general s c a r c i t y  i n  
f reshwaters (Hutchinson l957,1967), i t  i s  genera l l y  he ld  t h a t  P i s  the  most 
1  i m i t i n g  n u t r i e n t  i n  f reshwaters a1 though f n o r g a n i c  ca rbon  has a1 so b~een 
Imp1 i c a t e d  ( S c h i n d l e r  e t  a l .  1972).  Adding ( l o a d i n g )  phosphates t o  
f reshwaters usua l l y  r e s u l t s  i n  i n c r e a s e d  biomass p r o d u c t i o n  ( S c h i n d l  ey 
1971). Phosphate load ing  of na tu ra l  waters occurs through i n t r o d u c t i o n  o f  
man-made detergents,  f e r t i l  i zers and sewage. This e u t r o p h i c a t i o n  p rocess  
r e s u l  t s  i n  t remendous blooms o f  p h y t o p l a n k t o n  and macrophy tes  ( see  
S c h i n d l e r  1972).  Thus, changes i n  p h y s i c a l  f a c t o r s  can b r l n g  a b o u t  
large-sca le  responses from the  associated f l o r a .  

P l  ant response 

Because t h e  i n t e r a c t i o n s  between water and p l an t  determine s u r v i v a l  and 
i n f l u e n c e  p l a n t  f u n c t i o n ,  i t  i s  n o t  s u r p r i s i n g  t o  f i n d  r e l a t i o n s h i p s  
between t h e  t y p e  o f  water mot ion i n  a  given h a b i t a t  and p l a n t  morphology. 
Thus, phytoplankton shape (Smayda 1970) and b l  ue-green a1 g a l  c o l o n y  shape 
( Booker and Wal sby 1979) have been c o r r e l a t e d  w i t h  i n t r i n s i c  s i n k 1  ng 
ve loc i t y .  The blades o f  the g i a n t  k e l p ,  Macroc s t i s ,  p roduce  t u r b u l e n t  
boundary  l a y e r s  i n  n o n - t u r b u l e n t  wa te r  h ow, w &, b y  decreas ing  the 
e f f ec t1  ve boundary 1  ayer th ickness,  enhances mass t r anspo r t  (Wheel e r  1980). 
H igh  and l ow  wa te r  m o t i o n  morphologies are csmon i n  macrophyte h a b i t a t s  
(Norton 1969; Gerard and Mann 1979), as we l l  as d i f f e r e n t  morphologies f o r  
submerged and emerged leaves (see Scul thorpe 1969). Depending on t he  s i z e  
o f  the p lan t ,  d i f f e r e n t  mo rpho log ies ,  even i n  t h e  same l o c a t i o n ,  a r e  a  
response t o  d l  f f e r e n t  hydrodynamic hab i ta ts .  Neushul (1972) has c l  ass i  f i ed 
marine macrophytes according t o  t h e i r  hydrodynamic environment, and Aleyev 



(1976) has c l  ass i  f i ed t h e  p l  ankton accord ing  t o  s i  ze and hydrodynamic 
envi romnent. . . 

i r radiance 

S o l a r  r a d i a t i o n  I s  t h e  source of energy u t l l l z e d  by p l a n t s  I n  the  
manufacture o f  complex organic substances. The degree o f  a v a i l  ab i 1 i t y  o f  
t h i s  energy d i r e c t l y  contro ls  the the amount o f  organic matter synthesized. 
The energy t h a t  i s  no t  u t l l  i r e d  by photosynthes ls  c o n t r l b u t e s  t o  t h e  
potent 1 a1 and k ine t  fc energy o f  the aquat f c  envi roment.  

This r a d l a n t  energy i s  c a r r i e d  by e lec t romagne t i c  waves, and may be 
descr ibed i n  terms of I t s  s p e c t r a l  composi t lon.  V l s i b l e  l l g h t  I s  the 
radlant  energy w i t h i n  the wavelength range from 350 t o  750 nm. The range 
u t f l i z e d  by plants for  photosynthesis, photosynthet lca l ly  ac t ive  rad la t i on  
(PAR) ,  i s  r e s t r i c t e d  t o  the range from 350 t o  700 nm. 

9 e f i n i t i o n s  and u n i t s  

The q u a n t i t y  o f  energy t r a n s f e r r e d  by r a d l a t i o n  ( I n  J o u l e s ,  J )  i s  
represented by the symbol (Q). Radiant f l ux  (F),  d(l/dt, i s  deflned as the 
t lme  r a t e  o f  f l o w  o f  r a d i a n t  ene rgy  ( measured I n  w a t t s ,  W ) .  The 
I r r a d i a n c e ,  E ( z )  a t  a depth z I s  t h e  t o t a l  r a d l a n t  f l u x  per  u n i t  area 
Inc ident  on an element o f  surface ( the  f lux  from the  hemisphere cove r Ing  
the element's surface). E ( 2 )  I s  t he  downwell l n g  (downward) l r r a d l a n c e  
( f l u x  I n c i d e n t  per  u n l t  t r e a  measured on a ho r i zon ta l l y  or iented surface 
fac lng upward). The upwell ing (upward) f r r a d l a n c e  Eu(z) l s  t he  f l u x  per  
u n i t  a rea  measured on the downward facing side of the surface. 

While the SCOR working group (Tyler  1974) has recommended the use o f  t he  
above d e f i n l t o n s  f o r  oceanographers, p h o t o b l o l o g l s t s  have def ined the 
energy Incident on a given surface area as energy f l  uence (F; 3 m- ) .  Thk 
t ime  r a t e  o f  f l o y  o f  the energy fluence i s  the energy fluence r a t e  and has 
the un i ts  o f  W m- . These terms can also be def ined i n  terms o f  quanta, 
e.g. photon fluence or  photon fluence r a t e  (Rupert 1974). 

Rough conversions can be made between the radiometr ic and quantum aspects 
o f  i r r a d l a n c e .  More l  and Smith (1974) found t h e  r a t i o ,  Q /E  ( t o t ? $  
quanta l to ta l  lenergy)l rernai ned cons tant  above water  a t  2.5 +O. 25 J 10 
quanta sec- wa t t  , r e g a r d l e s s  o f  sun e l e v a t i o n  ( a b o v e  22 ) and 
m e t e o r o l o g l c a l  condi tons.  Below t h e  sur face the  Q / E  r a t i o  e x h i b i t e d  
greater v a r l a b i l l t y  (+ lo%)  but was p r e d i c t a b l y  dependent on t h e  o p t i c a l  
p r p g r t i e s  o f  thf  waterl The average Q/E f o r  natural  waters i s  2.9 0.25 x 
10 quanta sec- watt . For lake Kinneret, Dublnsky and Bermani(1979) 
f u r t h e r  d iv ided t h i s  I n t o  3 water types character l ted by the p lant  pfgment 
i n  them (abundant ch lorophyl l ,  low ch lorophy l l  and abundant p e r i d i n i n ,  a 
red  pigment d ino f l age l l a tes )  r i t h  respect ive Q/E1s of 2.7-2.8, 2.5-2.6 ' 

and 2.96 x 10fQ quanta sec- watt-  . For waters wlfh hip$ g l l v f n .  ye1 l o w  
subs ance, content, Spence e t  a1 (1971) found 3.07 x 10 quanta 
sec- i  watt-1. 

Absorption 

Water, i t s e l f ,  absorbs radfant energy throughout t he  v l s i b l e  spectrum, 
abso rp t i on  be ing  the  s t ronges t  i n  t h e  r e d  wavelengths. Seasalts have 



l i t t l e  i n f l u e n c e  (Morel  1974)  and so t h e  a b s o r p t i o n  of  l i g h t  i n  pure  
seawater, as well as i n  d i s t i l l e d  water, i s  minimal i n  the b lue and maximal 
i n  the red region. L i g h t  i s  absorbed i n  a q u a t i c  h a b i t a t s  by plgmented 
phy top lank ton ,  p a r t i c u l a t e  mat te r  (Jer lov  1976) and dissolved substances 
( K i r k  1976b). I n  many in1 and and coastal waters a  ye1 1  ow substance ca 1 l ed 
g i l v i n  o r  g e l b s t o f f  can be present  i n  l a r g e  quant i t ies ,  fn f luencing the  
s p e c t r a l  i r r a d i a n c e  immensely ( K i r k  1976b). G i l v i n  i s  thought  t o  be  
composed o f  humic substances t h a t  a re  found i n  waters runo f f  frm land 
( K a l l e  1966) o r  phenolic compounds released from algae (Siebur th and Jensen 
1970). 

Scat ter ing 

S c a t t e r i n g  does not i n  i t s e l f  at tenuate l i g h t ,  bu t  increases the o p t i c a l  
pathlength f o l  lowed by t h e  1 i g h t  , the reby  i n c r e a s i n g  abso rp t i on .  The 
s c a t t e r i n g  o f  wavelengths by water and by small pa r t i cu la tes  i s  genera l ly  
dependent upon t h e  r e c i p r o c a l  of t h e  f o u r t h  power o f  t h e  wavelength. 
However,  p h y t o p l a n k t o n  and l a r g e r  p a r t i c u l a t e s  s c a t t e r  1  i g h t  a lmost  
independently o f  wavelength (see discussion i n  Jer lov 1976). 

I n  t h e  c l e a r e s t  na tu ra l  waters sca t te r ing  plays a minor ro le ,  but  there 
a r e  minor  d i f f e r e n c e s  between f resh  and s a l t w a t e r .  The s c a t t e r i n g  
c o e f f i c i e n t ,  which I s  30% h i g h e r  i n  seawater .(35-39o/oo) appears t o  be 
r e l a t e d  t o  t h e  presence of  d i s s o l v e d  i o n s  i n  seawater ( M o r e l  1 9 7 4 ) .  
P a r t i c u l a t e s  i c l e a r  natura l  waters are present only  i n  small quan t i t i es  
(0.02-0.17 mg m"; Jer lov 1976). Phy top lank ton  are  t h e r e f o r e  t h e  m a j o r  
con t r ibu to r  t o  sca t te r ing  and absorption. L igh t  absorbed by phytoplankton 
and g i l v i n  v i r t u a l l y  e l iminates b lue 1  l gh t  from deeper natura l  waters. The 
r e d  end o f  t h e  spectrum i s  absorbed by t h e  water  i t s e l f ,  c r e a t i n g  a  
s i t u a t i o n  where i n  deeper waters,  t h e  i r r a d l a n c e  spectrum i s  n e a r l y  
monochromatic (Jer lov  1976). 

Attenuat ion coef f i c ien t ,  K 

The at tenuat ion of rad ian t  energy i n  natura l  water has been found t o  obey 
the Bouguer-Beer 1  aw: 

where K i s  t h e  a t t e n u a t i o n  c o e f f i c i e n t .  If K i s  cons tan t  w i t h  dep th  
(assuming a  mixed water column) then, the i r rad iance a t  depth z (E(z)) can 
be defined as 

where E(o) i s  the energy inc ident  on the surface of the  water and K i s  the 
d i f f u s e  a t t e n u a t i o n  c o e f f i c f e n t  measured i n  t h e  v e r t i c a l  d i r h t f o n .  
Another way t o  measure at tenuat ion i s  through beam transmission. Here t h e  
energy o f  a beam of  1  i g h t  measured be fore  and a f t e r  be ing  t ransmi t ted 
through a  f i xed  distance o f  water, 



C i s  a  t o t a l  o f  the absorpt ion o f  t h e  wa te r ,  p a r t i c u l a t e s  and d i s s o l v e d  
substances b u t  o n l y  a  p o r t i o n  of t he  scat tered energy. That energy which 
i s  s c a t t e r e d  away f r om t h e  beam's  p a t h  i s  r i o t  measu red .  The beam 
t ransmi t tance coe f f i c ien t ,  C, and the  Kd can be r e l a t e d  by i n c l u d i n g  t h e  
forward scat ter ing.  

Spectral  v a r i a t i o n  i n  Kd 

The r a n g e  o f  w a t e r  c o n d i t i o n s  p r o d u c e d  b y  v a r i a b l e  amounts  o f  
p a r t i c u l a t e s  and g i l v i n  has l e d  Je r l ov  t o  propose a  system t o  c l a s s i f y  a  
body o f  water according t o  i t s  t ransmiss ion o r  a t tenua t ion  spectrum ( Je r l ov  
1976,1977 F i g  2 ) .  I n  t h i s  system, t h e r e  a r e  5  t y p e s  o f  ocean ic  wa te r  
c h a r a c t e r i z e d  b y  t ransmiss ion windows i n  the  b lue  w i t h  corresponding h i gh  
t ransmiss ion c o e f f i c i e n t s  approaching those o f  pure wa te r  ( F i g  2 ) .  These 
a r e  t y p e s  I, I a ,  I b ,  11, 111. For  areas w i t h  i n c r e a s i n g  g i l v i n  and 
p a r t i c u l a t e s ,  he d e f i n e d  9  g r a d a t i o n s  o f  c o a s t a l  wa te r ,  f r om  t h e  most 
t r a n s p a r e n t  a t  1 t o  t h e  l e a s t  a t  9  ( F i g  2). There appears t o  be l i t t l e  
d i f f e r e n c e  between f r esh  and s a l t  wa te r .  I p e  c l e a r e s t  wa te r  measured t o  
date i s  t h a t  o f  Crater  l ake  (K = 0.037 m  ; Smi th  e t  a l .  1973) and t h e  
l e a s t  c l e a r  i s  t h a t  from an ~ a t t  A f r i can  l ake  (K540 = 100 mi- ; Melack and 
K i  1  ham 1974). 

Temporal v a r i a t i o n  i n  Kd 

The temporal v a r i a t i o n  I n  the  K can be q u i t e  large. Both the  K and the  
s p e c t r a l  d i  s t r i b u t i o n  o f  underwafer i r r ad i ance  are dependent on cdanges i n  
t h e  p a t h l e n g t h  o f  t h e  l i g h t  as t h e  s u n ' s  a n g l e  cha.nges, a n d  o n  
p h y t o p l  ank ton  p a t c h i n e s s  and wind r e 1  a t e d  processes (Clarke 1938; Kain 
1971; K i r k  1977; Harger 1979; ~ G n i n g  and Dr ing 1979). Runoff du r ing  storms, 
i n  w i n t e r  as w e l l  as wind r e l a t e d  m i x i n g  can d r a s t i c a l l y  change t h e '  
near-shore underwater l i g h t  c l imate.  Marger (1979) has demons t ra ted  t h a t  
t h e  submarine i r r ad i ance  i n  a  ke l p  f o r e s t  (15 m deep) can change by orders 
o f  magnitude w i t h i n  1 day. These variations can and i n  many cases do 
exceed t h e  range observed seasonally. I n  the w in te r  months the  i r r ad i ance  
'was co r re l  ated more w i t h  hydrographic cond i t i ons  than t o  a tmospher i c  ones 
as was t h e  case i n  sumner. LUning (1971) r e l a t e d  loss  of water c l a r i t y  t o  
winds over Beaufort  sca le  6 (10.8-13.8 m sec- ) . Changes i n  t i d a l  h e i g h t  
w i t h  t h e  above f a c t o r s  caused v a r i a t i o n s  as much as 250 x  i n  the d a i l y  
i r r ad i ance  near the I s l e  of Man (Kain  1971). Bindloss (1976) and Dubinsky 
and Berman (1979) i n  seasonal  s t u d i e s  on f r e s h w a t e r  l a k e s  found t h a t  
phytopl  ankton blooms were the  most important fac to rs  determining underwater 
i r r a d i  ance. I n  more open wate rs  where hydrographic condi t'ions are much 
more uni form, seasonal changes i n  submarine i r r ad i ance  seems less  no t i cab le  
(Poole and Atkins 1929), a l though l i t t l e  data e x i s t s  f o r  t h i s  region. 

Spa t ia l  v a r i a t i o n  i n  i r r ad i ance  

I r r a d i a n c e  l e v e l s  can change d r a s t i c a l l y  w i t h  t h e  m ic rohab i ta t  o f  an 
organism. Sandy bottoms r e f 1  e c t  more I r r a d i a n c e  (Brake1  1979).  La rge  
boulders,  crevasses o r  r e e f  s t r uc tu re  i n  general and vegetat ion can g r e a t l y  
modify the l i g h t  impinging on a  given surface a rea  ( E r n s t  1957; F o r s t n e r  
and Rut zl e r  1970). 



Vegetation can change not only  the i r rad iance,  bu t  t9e spectrum as w e l l .  
Phytoplankton i n  concentrations greater than 10 mg rn- can s i  g n i  f i cant1 y 
a l t e r  the underwater i r rad iance and spectra ( T a l l i n g  1960). Size and shape 
o f  the phytoplankter a1 so p lay a s ign i f i can t  r o l e  i n  t h e i r  l i g h t  absorb ing  
cha rac te r i s t i cs  ( K i r k  1976a). Canopies of the g iant  ke lp,  Macroc s t  i s  can 
c u t  t h e  i r r a d i a n c e  by 2 orders of magnitude depending on & t e t h i c  ness o f  
the surface canopy (Neushul 1971),  much i n  t h e  same way i r r a d i a n c e  i n  
f o r e s t s  i s  a t t e n u a t e d  (Tasker  and Smith 1977). However, i n  the  marine 
env i ronmen t ,  p i g m e n t s  o t h e r  t h a n  c h l o r o p h y l l  a can  be  d o m i n a n t .  
Fucoxanth in,  a brown pigment absorbs p r imar i l y  i n  the blue- green, whi le 
phycoerythr in and phycocyanin absorb m a i n l y  i n  t h e  green and b lue-green 
r e g i o n  respect ive ly .  L i t t l e  work i s  ava i lab le  deal ing  w i th  t h i s  e f f e c t  on 
undergrowth a1 gae. 

Pl  ant response 

The d i s t r i b u t i o n  o f  red and blue l i g h t  I n  the aquatic environment may be 
more Impor tan t  than  p r e v i o u s l y  considered.  Research on phytochronie and 
blue l i g h t  responses may apply t o  aquatic plants.  ~ f l n i n g  and Dr ing  (1975)  
have n o t i c e d  blue l i g h t  photoperiodic responses i n  some brown algae, whi le  
M S I ~  and Clauss (1976)  have demonstrated o t h e r  pho tomorphogene t i c  
responses I n  brown algae. So f a r ,  these e f f e c t s  have been found t o  be 
l i m i t e d  t o  the phaeophyta, b u t  i n v e s t i g a t i o n s  w i t h  o t h e r  d i v i s i o n s  a r e  
continuing. 

The leve l  s o f  i r rad iance necessary t o  induce photomorphogenet i c  e f f e c t s  , 
o r  t o  s u s t a l n  growth have been genera l ly  considered t o  l i e  i n  the former 
case below the 1% leve l  o f  sur%face i r rad iance  and t h e  l a t t e r  case above 
t h e  1% l e v e l .  However, r e c e n t  research ( ~ h i n g  and Dring 1979) has shown 
tha t  many species o f  algae have photosynthetic compensation po in t s  between 
0.01-0.05%. Red a l g a l  c r u s t s  have been found i n  t h e  sea a t  depths  
represent ing 0.01% surface i r rad iance calcu lated over a year 's  t ime. Kel ps 
such as Laminaria hyperborea have been shown e x i s t  t o  depths r e p r e s e n t i n g  
0.05% i n  many p laces around t h e  wor ld .  Because t h e i r  p igmentat ion i s  
compl ementary to  most green coastal waters, red a1 gae have been pos t  u l  a t  ed 
t o  have evo lved as a deep water  d i v i s i o n  (Engelmann 1883). I n  contrast ,  
however, r e d  a lgae do e q u a l l y  as w e l l  I n  t h e  h i g h  i n t e r t i d a l  zone. 
A1 though the pigmentation of an alga confers an advantage i n  the 'absorption 
and conversion o f  inc ident  energy o f  spec i f i c  wavbelengths, recent research 
has shown t h a t  f a c t o r s  such as morphology (Ramus 1978) and i n t e r n a l  
organisat ion o f  the photosynthetic u n i t  (Ramus e t  al .  1977; ~ r d z e l  i n  1976) 
p lay  much l a rge r  roles, 

Concl uding remarks 

We have a t t e m p t e d  i n  t h i s  rev iew  t o  p r o v i d e  a v iew o f  t h e  a q u a t i c  
environment which i s  a dynamic one. To emphasize t h i s ,  we have cons idered  
t h e  m a n i f o l d  e f f e c t s  o f  water motion on the aquatic p lan t  community. The 
dynamic aspect o f  the environment can be thought of as b e i n g  p e r i o d i c -  i n  
t h e  sense t h a t  t h e  energy sources of t h e  a q u a t i c  environment manifest 
themselves i n  cycles. The cycles o r  per iod o f  the energy i n p u t  va ry  on a 
temporal  sca le  f rom m i l  1 i seconds t o  centur ies, and s p a t i a l l y  from microns 
t o  planetary i n  scope. An understanding o f  the f l o r a  and i t s  p r o d u c t i . v i t y  



necessitates, then, an understanding o f  the per iod ic  behavior o f  the energy 
source. I n  t h i s  rev iew  we have t r i e d  t o  d e f i n e  a number o f  t h e  more 
important cycles in f luenc ing  the ecosystem and associated f l o ra .  

As b o t a n i  sts,  we can see c e r t a i n  per iod ic  phencmena ( v a r i  a b i l  i t y )  w i t h i n  
the p lant  ecosystem ( v a r i a b i l i t y  i n  p o p u l a t i o n  dynamics, g rowth  r a t e s ,  
p r o d u c t i v i t y ,  e tc . )  f o r  which we cannot i d e n t i f y  any s i n g l e  p h y s i c a l  
factor .  This i s  the r e s u l t  of p lan t  behavior. Aquatic p l a n t s  and p l a n t s  
i n  genera l  have been shown t o  be i n t e g r a t o r s  of environmental var iab les 
(Evans 1972) and fu r ther ,  t o  respond t o  changes i n  envi ronmenta l  f a c t o r s  
w i t h  a c e r t a i n  l a g  phase (Doty 1971 ;  Cushing and Dickson 1976).  Thus, 
storage o f  essent ial  nu t r i en ts  by many of the  aquatic p l  ants as we1 1 as the 
e f f e c t  o f  p h y s i c a l  f a c t o r s  i n  i n f l u e n c i n g  t h e  d i s t r i b u t i o n  o f  p l a n t  

. propagules determine the behavior of an ind iv idua l  o r  a p lan t  populat ion a t  
a l a t e r  date. Although i t  i s  important t o  i d e n t i f y  the d r i v i n g  fac to rs ,  i t  
i s  almost imposs ib le  t o  s i g n i f i c a n t l y  c o r r e l a t e  p l a n t  b e h a v f o r  w i t h  
f 1 uc t ua t i ng envi ronmental var iab les (Evans 1972). An understanding of the 
v a r i a b i l i t y  w i t h i n  t h e  system, however, can o n l y  come a b o u t  f r o m  an 
e luc ida t ion  o f  the d r i v i n g  funct ion(s) .  

The aquat ic  b o t a n i s t  should be aware then,  o f  t h e  problem o f  scale.  
S p a t i a l ,  temporal  and energy sca les  i n t e r a c t  t o  d e f i n e  a g iven  set o f  
circumstances t o  which the p lan t  must respond. The nature o f  t h i s  response 
i s  the subject o f  in tensive research. 
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Species 

Table 3 

I n t r i n s i c  s i n k i n g  r a t e s  o f  a number o f  mar ine p l a n t s  and spores 

h a r d h i e l  1 a tenera  
C a l l  ophyl 1 i s m 1 1  u l  a t a  
Cryptop l  eura v i  01 acea 
Gel i d i  urn robustum 
'Myri ogramme spectab i  1 i s  

Anabaena f los-aquae ( s t r a i g h t  form) 
Anabaena f 10s-aquae (he1 i c a l  form) 

Leptocy l  i n d r i  cus danicus 
Monochrys i s 1 u t  h e r i  
Noct i 1 uca mi= 
P h a e o d a c t y ~ o r n u t u m  

C i t a t i o n  

Coon e t  a1 1972 
II 

Booker and Wa 
I 1  

c i t e d  i n  Smay 
I 1  

l s b y  1979 

da 1970 



D. THE MARINE ENVIRONMENT AND NATURAL KELP BEDS 

A H i s t o r i c a l  Overview o f  Kelp i n  Southern Ca l i forn ia  

by Bruce H. Harger 

The q i a n t  k e l p ,  Macrocyst is ,  L o m s  beds o f f  t h e  c o a s t  of sou the rn  
c n l l f u r n l a .  In t h i s  c e n t u r y  t h e s e  beds have dec reased  In s i z e .  f i e  d e c r e a s e s  
hnve been a t t r i b u t e d  t o  k e l p  h a r v e s t i n g ,  sewage p o l l u t i o n ,  o ther 'human 
n c t l v l t l e s ,  sea-urchin-popula t ion o u t b r e a k s ,  n a t u r a l  warm-water p e r l o d s  and 
n a t u r a l  low-nu t r l en t  p e r i o d s .  A l l  o f  t h e s e  probably  Impact k e l p  p o p u l a t l o t ~ s  a t  
r t l f f e r e n t  t l m e s  anrl i n  different l o c a l l t l e s .  The p r e s e n t  s tudy  is based on 
h e r e t o f o r e  unused a e r i a l  imagery and ke lp -ha rves t ing- ra te  i n f o m ~ t l o n .  T1ie 
focua of t h e  work was t o  d e t e m l n e  what t h e  v a r i a t i o n  i n  k e l p  bed a r e a  anrl 
c o v e t  Is and i f  t h l s  v a r f a t l o n  can b e  ass lgned  t o  s p e c i f i c  causes .  

~ x l s t i n q  a e r i a l  lmagery was used to determine t h e  kelp-bed a r e a s  and 
kelp-canopy n r e a s  Lor t h e  k e l p  beds of  sou the rn  ~ a l l f o r n l n  over  t h e  p a s t  sllxty 
yea r s .  'Yliere were c o n s l e t e n t  differences throuqh t ime and t h e r e  a t e  c o n s l s t e n t  
d i f f e r e n c e s  between beds i n  d i f f e r e n t  geoqraphic  l o c a t i o n s .  P a r t s  of beds have 
been des t royed  by boa t  t r a f f i c .  Kelp beds renched a lor p o i n t  between 1959 and 
1963. W t l s  eould  have been due t o  h l q h  t empera tu tes ,  low n u t r l a n t s ,  hLgh 
numbers of sea  u r c h i n s  o r  Large volmrrs  of t o x i c  sewaqe p o l l u t i o n .  I t  1 s  n o t  
p o s s l b l e  t o  d e t e m l n e  t h e  causn.  Santa  Barbara beds a r e  l a r g e r ,  have h igher  1 

c d v e t ,  and a r e  more s t a b l e .  b s  Angeles and San blego beds a r e  s m a l l e r ,  hnve 
lower cover and a r e  l e s s  a t a b l e .  These d i f f e r e n c e s  a r e  probably  due t o  
d l t t e r e n t  exposures  of t h e s e  l o c a l l t l e s  t o  winds and s t o m s .  

n s t a t l s t l c a l  model was Eomed t h a t  can p r e d i c t  46% of t h e  v n r l a t l o n  i n  
k e l p - h a r v e s t i n g  r a t e  g iven the p r i o r  month's average s u r f a c e  l r r a d l a n c e ,  s w e l l  
l ielqli t  and sea  temperature .  Probably over  h a l f  t h e  ~ a r l a t l o n  i n  kelp-canopy 
qrawth is d e t e m l n e d  by l i g h t ,  t empera tu re  ( n u t r i e n t s )  and water motion (awe11 
h e i g h t ) .  

me q1.1nt k e l p ,  Macrocystlg,  Fomg beds o f f  t h e  c m r t  nf sou the rn  
~ n l l f o r n i . ~  I n  water  From 6 t o  20 m rlecp. Tire h i s t o r y  O F  theac! bcrls I s  poorly 
known. o n l y  rlurlnq t h l s  c e n t u r y  have they  been c a t e t u l l y  ~ t u r l l e d .  m t i n q  the  
l a n t  t h i r t y  yea r s  v e r t i c a l  a e r i a l  photngraphs have been used t o  map t h e  canopy 
orcn W E  t h e s e  k e l p  bcrls and document the  qradua l  dectenlse In k e l p  nrerr. f i e  
p r e s e n t  s tudy  p r e s e n t s  sane  of t h e  r e s u l t s  of an e x t e n s i v e  s tudy  of a e r l a l  
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pho toq raphs  o f  t h e  k e l p  b e d s  of  s o u t h e r n  C a l i F o r n i a  t a k e n  o v e r  t h e  l a s t  s i x t y  
y e a r s .  D e t a i l s  o f  t h i s  s t u d y  a r e  a v a i l a b l e  from t h e  Sou the rn  C a l i f o r n i a  Edison  
Company a s  Research  Repor t  S e r i e s  Number 91-RD-9A. S i n c e  l i t t l e  qrorrnd t r u t h  
o r  p h y s i c a l  env i ronmen ta l  i n f o r m a t i o n  is  a v a i l a b l e  f o r  t h e  heds  and t h e i r  
envi ronment  o v e r  t h i s  time p e r i o d ,  i n t e r p r e t a t i o n  o f  t h e  c a u s e  f o r  s p e c i f i c  
changes  i n  ke lp-bed  a r e a  is d i f f i c u l t .  I n  an a t t e m p t  t o  l i n k  k e l p  canopy 
chanqes  w i t h  environmental .  c o n d i t i o n s ,  t h e  p r e s e n t  s t u d y  compares k e l p  
h a r v e s t i n g  r a t e  i n f o r m a t i o n  f o r  t h e  G o l e t a  Bay k e l p  bed wi th  g r o u n d - t r u t h  
env i ronmen ta l  i n f o r m a t i o n  f o r  t h a t  ~ e r i o d .  A more d e t a i l e d  p r e s e n t a t i o n  of  
t h i s  s t u d y  can  be  found i n  Harqer  ( 1 9 7 9 ) .  Tine r e s u l t s  o f  t h i s  s t u d y  shou ld  be 
o f  i n t e r e s t  t o  t h o s e  who manaqe and h a r v e s t  t h e  n a t u r a l  kelp-bed r e s o u r c e s  o f  
s o u t h e r n  C a l i f o r n i a .  

N a u t i c a l  c h a r t s  from t h e  l a s t  c e n t u r y  i n d i c a t e  t h a t  t h e  s o u t h e r n  
C a l i f o r n i a  k e l p  beds  were e x t e n s i v e  a t  t h a t  t ime .  European s a i l o r s  u sed  t o  
l ook  f o r  d e t a c h e d  d r i f t i n q  k e l p  p l a n t s  a s  an  i n d i c a t i o n  t h a t  t h e y  were n e a r  
l a n d  (Dana 1R41). 

I t  is  d i f f i c u l t  t o  t e l l  what t h e  k e l p  h e d s  were  l i k e  b e f o r e  man settled 
a l o n q  o u r  c o a s t .  Sea o t t e r s  used  t o  l i v e  h e r e  and may have  b e n e f i t e d  k e l p  by 
consurninq many k e l p - q r a z i n q  s e a  u r c h i n s .  S t e l l a r  s e a  cows may have  a l s o  
i n h a h i t e d  o u r  c o a s t l i n e  and c o u l d  have  consumed l a r q e  q u a n t i t l n s  of  k e l p  (!see 
Dayton 1 9 7 5 ) .  t h e n  t h e  l o c a l  Chumash Tndians  s e t t l e d  h e r - ,  t h ~ y  cson~urnefl sce 
o t t e r s  ( s e e  Tompkins 1967 and Doran 19R0) and may have  k e p t  t h e i r  p o p u l a t i o n s  
a t  low l e v e l s ,  a l l o w i n q  s e a  u r c h i n s  t o  s e t t l e  and q r a z e .  

The f i r s t  comprehens ive  mapping p r o j e c t  t h a t  d e a l t  s p e c i f i c a l l y  w i th  t h e  
k e l p  b e d s  was i n i t i a t e d  by  t h e  Ilniterl  S t a t e s  Department  of  R q r i c u l t u r e  pri lor  t o  
World War I (Cameron 1915 and Cran i l a l l  1912) when p o t a s h  s u p p l i e s  from G e m a n y  
were r e s t r i c t e d  ( S c o f i e l d  1959) .  T h i s  s u r v e y  ex t ended  a l l  a l o n q  t h e  
c o n t i n e n t a l  wes t  c o a s t  o f  Nor th  America from Mexico t o  t h e  A l e u t i a n  I s l a n d s .  
Maps were drawn from b e a r i n q s  made from b o a t s  Eol lowinq  t h e  k e l p  bed m a r g i n s .  
A s e x t a n t ,  compass land  " t h r e e  p o i n t  a p p a r a t u s "  were u sed  t o  measure  t h e  a r e a s  
o f  t h e  k e l p  b e d s .  The l a r g e  s i z e s  t h a t  were r e p o r t e d ,  compared t o  t h e  presen! 
s i z e s  of  t h e  b e d s  ( t lodder  and Me1 19741, have  l e d  o t h e r s  t o  q u e s t i o n  t h e  
v a l i d i t y  o f  t h e s e  e a r l y  s t u d i e s .  However, Cameron c l a i m e d  t h a t  a t  t h e  t i m e  o f  
h l s  s u r v e y  t h e  k e l p  beds  were i n  r e l a t i v e l y  poor c o n d i t i o n ,  compared wi th  what 
had been s e e n  i n  p r e v i o u s  y e a r s .  Thus ,  it i s  l i k e l y  t h a t  t h e  k e l p  h e d s  of t h e  
Sou the rn  C a l i f o r n i a  B igh t  were l a r g e r  i n  t h e  l a s t  c e n t u r y  t h a n  t h e y  a r e  now. 

Kelp  heds  have  more r e c e n t l y  hcnn mapped and thc a r e a s  p r o j e c t e d  from 
v e r t i c a l  a e r i a l  pho tog raphs .  When t h e s e  a r e  p r o p e r l y  exposed  t h e y  can  c l e a r l y  
show ke lp-bed  canopy.  V e r t i c a l  a e r i a l  photoqraphy was f i r s t  used  t o  map k e l p  
beds  by D r .  Wheeler J. Nor th  i n  t h e  1950 ' s .  S i n c e  t h e  1 9 5 0 1 s ,  commerc ia l  
seaweed h a r v e s t e r s ,  p a r t i c u l a r l y  t h e  Kelco  Company o f  San Dieqo,  h a v e  used  
t h e  a r e a l  e x t e n t  o f  k e l p  canopy t o  e s t i m a t e  t h e  h e a l t h  and p o t e n t i a l  y i e l d  o f  
t h e  k e l p  b e d s .  The C a l i f o r n i a  Department  o f  F i s h  and Game r e q u l a t e s  k e l p  
h a r v e s t i n g  a c t i v i t i e s  and h a s  numbered t h e  beds  f o r  t h e  pu rpose  o f  l e a s i n q  
them. North h a s  r e g u l a r l y  mapped t h e  P a l o s  Verdes  (1975 ,  b e d s  413 and  Y14) ,  ~n 
J o l l a  ( b e d  1 4 )  and P o i n t  Loma k e l p  b e d s  (1974 ,  b e d  M31. H e  h a s  a l s o  
photographed  and mapped most  o f  t h e  b e d s  be tween P a l o s  Verdes  and rA J o l l a  
( b e d s  # S  t o  1 1 0 ) .  H i s  work is s t i l l  c o n t i n u i n g .  The o t h e r  beds  i n  t h e  
Sou the rn  C a l i f o r n i a  B i g h t  h a v e  n o t  been s t u d i e d  i n  s u c h  d e t a i l .  
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Kenneth Wilson of t h e  C a l i f o r n i a  S t a t e  tIepartmc?nt of F i s h  and Game h a s  

uqpd t echn iques  s i m i l a r  t o  N o r t h ' s  t o  monitor k e l p  beds i n  t h e  P a l o s  ve rdes  
reg ion .  The Department oE Fish  and G q e  is  invo lved  i n  an e f f o r t  t o  r e s t o r e  
t h e  fo rmer ly  r i c h  k e l p  beds i n  Pa los  Verdes by t r a n s p l a n t i n q  k e l p  p l a n t s  i n t o  
t h i s  d e p l e t e d  a r e a .  Wilson 's  qroup is  a l s o  d e s t r o y i n g  dense sea  u r c h i n  
p o p u l a t i o n s  i n  t h e  t r a n s p l a n t  a r e a s  and nea r  t h e  b o r d e r s  of  o t h e r  k e l p  beds .  
Wilson 's  maps drawn from v e r t i c a l  a e r i a l  photoqraphs  show expanding k e l p  beds 
and conf i rm t h e  e f f i c i e n c y  of  t h e i r  t r a n s p l a n t i n q  e f f o r t s  (Wilson,  Haaker,and 
Hanan 1977 1 .  

Esca-Tech (Horlder and Me1 1970) has  done t h e  most comprehensive job of 
photoqraphinq and mapping t h e  k e l p  beds of t h e  Southern C a l i f o r n i a  Bight  
t o  d a t e .  The Dureau of Land Manaqement, through Sc ience  A p p l i c a t i o n s  
I n c o r p o r a t e d ,  c o n t r a c t e d  wi th  Esca-Tech t o  make f l i q h t s  on a q u a r t e r l y  b a s i s  
f o r  two years from 1975 t o  1977, a t o t a l  of  e i q h t  f l i q h t s .  These new imaqes 
were analyzed and r e l a t e d  t o  t h e  d a t a  o b t a i n e d  by C r a n d a l l  (1912)  and o t h e r s  i n  
1967 and 1972. 

J e n s e n ,  Es tes , and  Tinney t 1 9 R O )  have r e c e n t l y  reviewed t h e  methods used 
f o r  remote s e n s i n q  of  k e l p  beds. In t h e  p r e s e n t  s t u d y ,  we c o l l e c t e d  images 
from s e v e r a l  s o u r c e s ,  conver ted  them t o  a  s t a n d a r d  s i z e ,  mapped t h e  k e l p  beds ,  
measured t h e i r  s i z e s ,  measured t h e i r  canopy cover, and s t u d i e d  t h e  v a r i a t i o n  o f  
t h e  s i z e  and c o n f i q u r a t i o n  of  a l l  of  t h e  k e l p  beds of  t h e  Southern C a l i f o r n i a  
Riqht .  We found t h a t  maps we made u s i n g  an o p t i c a l - t r a n s f e r  microscope were 
l e s s  a c c u r a t e  than  those  w e  made u s i n g  t h e  p h o t o g r a p h i c a l l y  en la rged  mosaic 
method. We a l s o  found t h a t  photo-enlarged imaqery was very  c l o s e  t o  t h e  
q u a l i t y  of t h e  o r i q i n a l  photographs.  Th i s  method was a l s o  more convenient. 
because  we were a b l e  t o  t a k e  a l l  t h e  imagery t o  our  f a c i l i t y  t o  work with i t  
and were a b l e  t o  c o n v e r t  imaqes i n  s e v e r a l  d i f f e r e n t  formats  t o  t h e  same e ~ l z e .  

We l o c a t e d  s e v e r a l  s o u r c e s  of  e x i s t i n g  imaqes. These c o l l e c t i o n s  were 
e v a l u a t e d  and s e v e r a l  s e t s  were s e l e c t e d  f o r  p r o c e s s i n g .  We found s o  many s e t s  
of images a v a i l a b l e  t h a t  we focused on sample y e a r s  spaced every  f o u r  y e a r s  
s i n c e  1955 r a t h e r  than cover inq  a l l  y e a r s .  When photoqraphs of s p e c i f i c  beds 
wpre no t  a v a i l a h l e  f o r  t h e  "sample" y e a r s ,  photoqraphs  from t h e  p r i o r  o r  
subsequent  y e a r  were used i n s t e a d .  We a l s o  inc luded  photographs taken i n  1977 
because t h e r e  were s o  many good photographs a v a i l a b l e .  

The photoqraphic  copying was done w i t h  a copy s t a n d  and a Hasse lb lad  RL/M 
camera wi th  a  Car l  Ze i s s  S-Planar l2Om f 5 .6  l e n s  and a  4.5 x 6 cm format f i l m  
back.  H&W VTE 120 and I l f o r d  Pan P 120 f i l m s  were used.  The c o l l e c t e d  imaqes 
were p r i n t e d  wi th  a  Bese le r  23CIT e n l a r q e r  wi th  a  100 mm l e n s .  A l l  p r i n t s  were 
s c a l e d  t o  a  r e d u c t i o n  of 1:24,000 by superimposinq t h e  imaqe on a  s t a n d a r d  U. 
S. Geological  Survey ( 7 . 5 ' )  topograph ic  map under t h e  e n l a r q e r .  C o a s t l i n e  and 
o t h e r  f e a t u r e s  i n  t h e  n e q a t i v e  image were matched wi th  those  on t h e  map. Kodak 
and Aqfa r e s i n  c o a t e d  (RCI papers  were used f o r  p r i n t i n q .  P r i n t s  t aken  a s  p a r t  
of  t h e  same f l i q h t  were assembled i n t o  mosaics.  T r a n s p a r e n t ,  a c e t a t e  v e r s i o n s  
of t h e  U. S. Geo log ica l  Survey topograph ic  maps were used t o  a s s u r e  t h a t  t h e  
i n d i v i d u a l  photoqraphs i n  t h e  mosaics were c o r r e c t l y  p o s i t i o n e d  wi th  r e s p e c t  t o  
one a n o t h e r  and l and  f e a t u r e s .  Maps were made f o r  each of t h e  numbered k e l p  
b e d s ,  u s i n g  t h e  C a l i f o r n i a  S t a t e  Department of F i sh  and Game kelp-bed numbering 
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system. Clea r  a c e t a t e  was f i r s t  t aped  over  t h e  mosaics .  The c o n f i q u r a t i o n  of 
t h e  k e l p  beds were then drawn on t h e s e  a c e t a t e  s h e e t s .  Canopy cover  w i t h i n  t h e  
c o n f i q u r a t i o n  boundary was e s t i m a t e d  a s  we l l  a s  measured wi th  an D i g i t a l  
Graphics CAT-100 imaqe a n a l y s i s  system i n  a  Vector Graphics  System B 
Microcmpute r .  

Recause i n d i v i d u a l  k e l p  p l a n t s  a r e  i r r e g u l a r l y  spaced w i t h i n  a  k e l p  bed,  
it i s  sometimes d i f f i c u l t  t o  d e c i d e  what t o  i n c l u d e  w i t h i n  and what t o  exclude 
from t h e  drawn kelp-bed boundary. Hodder and Me1 (197R) used s u b j e c t i v e  
c r i t e r i a  t o  d e f i n e  t h e  margins of t h e  beds.  I n  o r d e r  t o  be more o b j e c t i v e  we 
made t h e  d e c i s i o n s  needed t o  d e f i n e  t h e  boundary o f  a k e l p  bed by fo l lowing  t h e  
g u i d e l i n e s  { i s t e d  below. The mapper would draw boundar ies  around any group o f  
two p l a n t s  o r  more and exc lude  s i n q l e  p l a n t s  i f  t h e y  were s e p a r a t e d  by more 
than .2 m (measured wi th  a  2 nun d o t )  from t h e  main body of a  bed o r  pa tch  ( 2  mn 
a t  t h a t  s c a l e  of r e d u c t i o n  r e p r e s e n t s  4R meters  a t  t h e  wa te r  s u r f a c e ) .  
Nearshore Egreg ia  beds  were excluded.  

Area measurements were made wi th  a Lasico L50D d i g i t a l  p lan imete r  d i r e c t l y  
from t h e  a c e t a t e  maps. The measurinq t echn ique  was s t r a i g h t  forward.  Care was 
taken by t h e  d a t a  t a k e r s  t o  p e r i o d i c a l l y  r e c a l i b r a t e  t h e  ins t rument  by 
measuring a  s t a n d a r d  a r e a .  We found t h a t  t h e  same o b s e r v e r  r e p e a t e d l y  
measurinq t h e  same a r e a  was c o n s i s t e n t  w i t h i n  210 .  D i f f e r e n t  o b s e r v e r s  were 
consf s t e n t  t o  w i t h i n  + 2 . 5 % .  - 

S t a t i s t i c s  were c a l c u l a t e d  on untransformed d a t a  f o r  kelp-bed a r e a s  and 
k e l p  cover ,  f o r  each of t h e  33 beds over  t h e  sample t ime  p e r i o d s  ~ t u d i e d  
between t h e  1930's  and 1979. The s t a t i s t i c s  t h a t  were c a l c u l a t e d  were t h e  
mean, s t a n d a r d  d e v i a t i o n  and c o e f f i c i e n t  of v a r i a t i o n  ( 1 0 0  x  s t a n d a r d  d e v i a t i o n  
/ mean). Beds i n  t h e  San Diego, Los Anqeles, Santa Barbara, and Santa  Catal . lna 
I s l a n d  qeoqraphic  a r e a s  ware compared us ing  means, s t a n d a r d  e r r o r s , a n d  t - t e s t s .  
The bed l e n g t h ,  width ,  a r e a ,  v a r i a t i o n  i n  a r e a ,  cover , and  v a r i a t i o n  i n  cover  
were compared. 

The k e l p  h a r v e s t l n q  r a t e  ( ca tch-per -un i t - e f  f o r t )  In t h e  C a l e t a  Bay k e l p  
bed was used a s  an i n d i c a t o r  of t h e  amount of k e l p  canopy t h a t  was a v a i l a b l e  
f o r  h a r v e s t  a t  t h e  s u r f a c e .  A l l  h a r v e s t s  were done under near-calm c o n d i t i o n s .  
The r a t e s  were compared wi th  t h e  means f o r  t h e  p r i o r  month's  measurements of 
s u r f a c e  i r r a d i a n c e ,  wind speed ,  s w e l l  h e i q h t ,  s e a  t empera tu re  a t  P l a t f o m  
Holly,  sea  temperature  a t  Santa  Barbara Harbor, s u r f a c e  n i t r a t e  c o n c e n t r a t i o n ,  
and bottom n i t r a t e  c o n c e n t r a t i o n  ( a t  12 rn d e e p ) .  A s t e p w i s e  
m u l t i p l e - l i n e a r - r e g r e s s i o n  model was determined f o r  t h e  70 o b s e r v a t i o n s  ( o f  
256)  f o r  which we,had in fo rmat ion  f o r  a l l  e i g h t  v a r i a b l e s .  Three v a r i a b l e s  
were s e l e c t e d  f o r  t h e  model. A second model was determined t o  v e r i f y  t h e  f i r s t  
one ( a s  suqqested by Cooley and Lohnes 1971) u s i n g  t h e  195 o b s e r v a t i o n s  f o r  
which we had in fo rmat ion  f o r  t h e  t h r e e  v a r i a b l e s  t h a t  appeared i n  t h e  f i r s t  
model. f i e  c o n t r i b u t i o n  t h a t  each v a r i a b l e  made t o  t h e  r e q r e s s i o n  was 
c a l c u l a t e d  a s  t h e  product  of  t h e  r e q r e s s i o n  c o e f f i c i e n t  and t h e  s t a n d a r d  
d e v i a t i o n  of t h e  v a r i a b l e  ( n o t  s t a n d a r d  d e v i a t i o n  of t h e  r e g r e s s i o n  
c o e f f i c i e n t ) .  
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TAnCF, 4 .  MEAN KFLP-RED 4REAS AMO) YELP-CANnPY CnVER nF 33 7nUTUERN CAI.tFnqN14 

RIGHT KELP 9EDS F R W  THE 1930's 70 1979, INCLUQING ST4NnAQn 
DEVIATIONS ANn COEFF I C  IEYf S OF VAR IATIQY 

KELP-RE0 ARE4S ( hectares) KELP-C4M0PY COVER 1%) 

1, 0 0.000 
2 9 85.666 
3 9 439.555 
4 9 213.666 
5 7 30.43R 
6 7 265.714 
7 R 40.375 
R R 141.625 
9 R 43.750 

10 7 33.571 
11 0 o . noo 
12 0 0.000 
13 R 30.135 
14 8 47.062 
15 6 2.166 
16 R lfl6. 625 
17 6 26?. 666 
18 7 45.857 
19 9 100.666 
20 9 140.555 
21 9 ?5S. RQ9 
22 Q 120.444 
23 9 60. 875 
24 R 15.R7S 
25 8 115.750 
26 8 390.375 
27 Q 114.777 
29 9 407.444 
29 9 237.444 
30 9 304.333 
31 R 539.500 
32 8 1,050.125 
75 5 6R. 600 

0.000 n . ooo n 
97.131 113.3R2 4 

353.260 RO. 367 4 
181.055 84.737 7 

10 .967 36 .043 7 
75.634 25.464 7 
47.297 117.132 7 

233.054 164.557 7 
65.353 149.379 R 
26.513 78.975 7 
0 * 000 0.000 I] 
o . 000 0 . oon o 

40.367 134.000 5 
65.241 138.627 5 

2.639 121 .R?O 5 
25.053 13.424 R 
66.797 , 25.430 6 
11.66R 25.444 7 
79.227 7 f l ,  7 0 2  9 
91.932 65.406 9 
99.708 34.666 9 
33.106 27.486 9 
11.691 lq.?fl6 R 
4.454 28,057 R 

26.201 22.635 " 9 
73.749 1R.Aql 8 
19.240 16.763 Q 
60.434 14.832 9 
20,242 R .  525 9 
35.440 11.645 9 
36.208 6,726 8 

158.376 1 5 . 0 ~ 1  7 
7.773 11.272 3 

FIQTE: Numbers i n  t h i s  table  are shown t o  three olaces, not becaus~  they are 
that  accurate, but because we wished t o  not introduce "rouodi ng crror" .  
h e n  statistical t e s t s  are made. These numbers are accurate t o  one 
place beyond the decimal point. 
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R E S U L T S  

In t h e  course  of t h i s  s t u d y ,  we examined aver  15,000 a e r i a l  photographs  
and copied and p r i n t e d  more than 6,000 of t h e s e ,  from which we assembled 269 
photomosiacs. w e  made approximate ly  e i g h t  photomosaics f o r  each of t h e  
t h i r t y - t h r e e  C a l i f o r n i a  Department of  Fish  and Game des igna ted  k e l p  beds t h a t  
we s t u d i e d .  We measured t h e  a r e a s  of  t h e  k e l p  beds and e s t i m a t e d  t h e  k e l p  
canopy cover  w i t h i n  each bed. Means of  t h e  kelp-bed a r e a s  and kelp-canopy 
cover measurements were c a l c u l a t e d  f o r  each bed (Tab le  1 . ) .  Standard 
d e v i a t i o n s  and c o e f f i c i e n t s  of  v a r i a t i o n  were a l s o  c a l c u l a t e d  f o r  t h e  d a t a  f o r  
each k e l p  bed. 

The a r e a s  of t h e  k e l p  beds were compared between sample p e r i o d s  by u s i n g  
t h e  measurements of each bed f o r  t h e  two p e r i o d s  a s  a  p a i r e d  sample. There was 
a s i q n i f i c a n t  d e c l i n e  i n  a r e a  from 1959 t o  1963. There  was a  s i g n i f i c a n t  
d e c l i n e  i n  a r e a  from 1971 t o  1975 followed by a  v e r y  s i q n i E i c a n t  expansion from 
1975 t o  1977. The 1955 kelp-bed a r e a s  were t h e  h i g h e s t  s i n c e  1911. 

The cover  of k e l p  canopy i n  t h e  k e l p  beds was compared between sample 
p e r i o d s  by us ing  t h e  measurements of each bed f o r  t h e  two p e r i o d s  a s  a  pai re l l  
sample. There was a  s i g n i f i c a n t  i n c r e a s e  i n  cover  from t h e  i n t e r m e d i a t e  p e r i o d  
t o  1955 and a  v e r y  s i q n i f i c a n t  d e c r e a s e  i n  cover  from 1955 t o  1959. There was 
a  s i g n i f i c a n t  d e c r e a s e  i n  cover  from 1967 t o  1971 and a  s i q n i f i c a n t  i n c r e a s e  
from 1971 t o  1975. There was a s i g n i f i c a n t  d e c r e a s e  i n  cover from 1977 t o  
1979. The 1955 k e l p  cover  v a l u e s  were t h e  h i g h e s t  i n  t h e  p r e s e n t  s t u d y .  

we s e p a r a t e d  t h e  beds t h a t  we s t u d i e d  i n t o  f o u r  qr&rnphic a r e a s :  San 
Diego, Los Angeles, Santa Barbara,and Santa C a t a l i n a  I s l a n d  ( F i g u r e  1 and Table  

Ventura t o  Dana Pofn t  (beds 9 t o  19) 

San Onofre t o  San Diego (beds 1 to 8) 

r--1- 

Floure  1 3 , ~ h a n o e s  i n  area o f  the kalo  beds o f  th ree  reaions o f  the Southern Ca l i fo rn ia  Rlght .  
Mote t h a t  tbe Santa Rarhara area beds have covered more area and b e ~ n  more s tab le  
than the Lor Angeles and San Dceqo area heds. There has been a dec l ine  and then 
a recovery i n  the Los Angeles and San Dieqo beds I n  t h i s  century.  
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2 )  We compared t h e  fo l lowinq  1nEormation f o r  k e l p  beds i n  t h e s e  qcographlc 
a r e a s :  ke lp  bed l e n q t h ,  k e l p  bed width ,  k e l p  bed a r e a ,  c o e f f i c i e n t  o f  
v a r i a t i o n  of k e l p  bed a r e a ,  k e l p  canopy cover , and  c o e f f i c i e n t  of v a r i a t i o n  of 
k e l p  cover  canopy (Tab le  3 . ) .  We measured t h e  k e l p  bed l e n q t h  as  t h e  l i n e a r  
d i s t a n c e  from one C a l i f o r n i a  Department of  Fish and Game bed boundary tlo t h e  

TARLE 5. KELP-QEr l  LENGTHS, \.IIrlTHS, 49EAS AND COVER F W  REDS I N  FNIQ 
GEOGRAPHIC AREAS OF THE SOUTHERN CAL IFflRN I4  B I G H T  

C OF XG Lenq th Wldth A r e a  V a r i  a tl on Cover V a r i a t i o n  
Red Number ( C m )  ( m) (Hectares) -Area ( % I  ( % I  -Cover ( $ 1  

San Diego t o  San nnofre 
1 9.37 0.00 
2 15.29 56.03 
3 10.43 421.43 
4 12.95 164.99 
5 1 1  .OR 27.46 
6 74.32 109.26 
7 28.86 13.99 
8 13 .RR 102.04 

Dana P o i n t  t o  Ventura 
9 17.33 , 25.25 
10 6.66 50.41 
1 1  A 12 19.15 0.00 
13 16.34 18.44 
14 1'2.30 38.26 
15 3R.06 0.57 
16 12.47 149.66 
17 25.6R 102.28 
1 R 35.32 12.W 
19 10.14 99.29 

Santa Barbara t o  Po in t  Conccptlon 
20 9,73 144.46 . 140.555 
2 1 5.70 442.71 255.R99 
2 2 4.42 272.50 1?0.444 
2 3 3.54 171.96 60.875 
2 4 2.02 78.59 15.R7S 
25 3.49 332.61 115.750 
2 6 5. 92 670.75 390.375 
27 3.49 328.87 114.777 
28 11.05 368.73 407.444 
2 P 7.3R 321.74 237.444 
30 9.08 335.17 304.333 
3 1 9.49 569 .Oq 539.500 
32 19.22 576.36 1,050.1?5 

Santa Ca t a l l  na I s l a n d  
7 5 78.72 A. 71 6R. 600 11.272 55.333 ?0.31? 



TABLE 6.  CnYPARISON OF KELP REDS I Y  FOUR GEOGRAPHIC APEAS OF THE SO~ITHERN 
CALIFORNIA BIGHT 

I n f o r m a t i o n  G e o g r a ~ h i  c Area 
San Los Santa Santa 41 1 
D l  eqo Anqel es Rarbara Ca ta l  i na 

I s 1  and 

Cal i f o r n i a  Department o f  
F f s h  and Game Red Numbers 1 -R 9-1 9 20-37. 75 1-32x75 

L i n e a r  D i s t a n c e  (Cm)  alonq 
Coast  ( T o t a l  f o r  Reds) 126.18 212.45 93.49 75.72 510.84 

( X  o f  T o t a l )  24.70 41.59 IR.30 15.41 

K e l o  Red Area (Hectares)  
( T o t a l  fw- Reds) 1,217.03 . 752.49 3,753.39 fiR.60 5,791.51 

( %  of  T o t a l  1 21.01 12.99 64.81 1.19 

Ke lo  Red Width  (m) 
( ~ v e r a q e  f o r  
L i n e a r  o i  s tance  o f  Coast)  96.45 35.42 401.4A 8.71 113.37 

L i n e a r  D i s t a n c e  (km)  along 
Coast  ( A v ~ r a g e  f o r  ~ e d s )  15.77 19.31 7.1q 78.72 15.r4R . 

Standard E r r o r  ( n )  2.4918) 3.02(11) 1.22(13) ( 1 )  2.51(33) 

K e l p  Red W d t h  (m) 
(Averaqe f o r  Beds) 111.90 45.19 354.99 8.71 lR2.26 

Standard E r r o r  ( n) 49.38(91 15,20{111 4 f l445( I3 l  11) 33.52fJ3) 

K e l ~  Ped Area (Hectares)  
(Averaqe f o r  Reds) 152.13 4 1  2R8.7? 6R.60 175.50 

Standard E r r o r  ( n )  52.49(8) 25.36(11) 76.28(13) 11) 36,95(331 

Ke l  o Bed Area V a r i a t i o n  
( C o e f f i c i e n t  o f  ~ a r l a t l o n l  
( ~ v e r a q e  f o r  ~ e d s )  7R. 09 69. 62 22.30 11 -27 51 .26 

Standard E r r o r  ( n)  19.19(8) 17.82(111 4.22(13) ( 1 )  R.72(331 

K e l p  Red Cover ( % I  
(Averaqe f o r  Reds) 47.73 39.R5 69.96 55..13 53,,66 

Standard E r r o r  ( nl, 7.57(9) 6.6R(111 2.06(131 ( 1 )  3,,66(33) 

Ke lo  Red Cover V a r f d t f o n  
( C o e f f i c i e n t  o f  Variation) 
(Average f o r  Reds) 23.07 37 ,I39 13.90 20.31 24 .05  

Standard E r r o r  ( n )  4.74(8) l n . 4 6 ~ 1 1  1 . ~ 1 ~  ( 1 1  3.QR(33) 
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i e u t .  T h i s  d i s t a n c e  was m e a s u r e d  a a  s t r a i q h t  a s  p o s s i b l e ,  a t  a  d i s t a n c e  frcxn 
a h o r e  where t h e  k e l p  b e d s  grow, r a t h e r  t h a n  f o l l o w i n g  a l l  o f  t h e  u n d u l a t i o n s  o f  
t h e  s h o r e l i n e .  We c a l c u l a t e d  t h e  b e d  w i d t h  a s  t h e  a r e a  d i v i d e d  by  t h e  l e n g t h .  

T h i s  g i v e s  an  a v e r a q e  w i d t h  a c r o s s  t h e  l e n q t h  o f  t h e  bed. I F  a bed  o n l y  o c c u r s  
a l o n g  p a r t  o f  i ts  C a l i f o r n i a  D e p a r t m e n t  o f  F i s h  and  Game d e s i q n a t e d  l e n g t h ,  
t h i s  m e a s u r e  w i l l  show a  n a r r o w  w i d t h  compared t o  t h o s e  s e c t i o n s  o f  t h e  c o a s t  
where  k e l p  a c t u a l l y  o c c u r s .  

The f o l l o w i n g  r e l a t i o n s h i p s  w e r e  n o t e ?  f o r  k e l p - b e d  l e n q t h s  and  ke lp-bed  
w i d t h s .  The San Diego  b e d s  were  s i g n i f i c a n t  l o n g e r  t h a n  t h e  S a n t a  B a r b a r a  b e d s  
( t  = 3.46 ,  d .  f .  = 1 9 ,  p = 0 . 0 3 3 ) .  The Los A n g e l e s  b e d s  w e r e  s i q n i f i c a n t l y  
l o n g e r  t h a n  t h e  S a n t a  B a r b a r a  b e d s  ( t  = 3 .95 ,  d .  f .  = 2 2 ,  p  < 0 . 0 0 1 ) .  The San 
Diego  b e d s  were  s i g n i f i c a n t l y  n a r r o w e r  t h a n  t h e  S a n t a  B a r b a r a  b e d s  ( t  = 7 . 3 4 ,  
d .  f .  = 1 9 ,  p = 0 . 0 0 4 ) .  The Los Ange les  b e d s  were  s i g n i E i c a n t l y  n a r r o w e r  t h a n  
t h e  S a n t a  B a r b a r a  b e d s  (t a 5 . 6 7 ,  d .  E .  = 22 ,  p < 0 . 0 0 1 ) .  

Kelp-bed a r e a s  a n d  c o v e r  a l s o  d i f f e r e d  f o r  b e d s  i n  t h e  f o u r  g e o g r a p h i c  
a r e a s .  S t a t i s t i c a l  t e s t s  o f  t h e  k e l p - b e d  a r e a  means showed t h a t  t h e  U s  
Angeles  b e d s  were  s i g n i f i c a n t l y  s m a l l e r  t h a n  t h e  S a n t a  B a r b a r a  b e d s  ( t  = 2 .55 ,  
d .  f .  = 2 2 ,  p = 0 . 0 2 0 ) .  The San D i e g o  bed  a r e a s  v a r i e d  s i g n i f i c a n t l y  more t h a n  
t h e  S a n t a  B a r b a r a  b e d s  ( t  = 3.55,  d .  f .  19,  p 5 0 . 0 0 3 ) .  The Los A n g e l e s  bed  
a r e a s  v a r i e d  s i g n i f i c a n t l y  more t h a n  t h e  S a n t a  B a r b a r a  b e d s  ( t  = 2 .79 ,  d .  f. = 
22 ,  p  = 0 . 0 1 1 ) .  The San Diego  b e d s  h a d  s i g n i f i c a n t l y  l o w e r  c o v e r  t h a n  t h e  
S a n t a  n a r b a r a  b e d s  ( t  = 3 .29 ,  d .  f .  = 1 9 ,  p = 0 . 0 4 3 ) .  The IDS A n q e l e s  b e d s  h a d  
s i g n i f i c a n t l y  l o w e r  c o v e r  t h a n  t h e  S a n t a  B a r b a r a  b e d s  ( t  = 4 .45 ,  d .  f .  * 22 ,  p 
< 0 . 0 0 1 ) .  'Ihe k e l p  c o v e r  o f  t h e  San D i e g o  b e d s  v a r i e d  s i g n i f i c a n t l y  more t h a n  
t h e  k e l p  c o v e r  o f  t h e  S a n t a  B a r b a r a  b e d s  ( t  = 3 .46 ,  d .  f .  = 19 ,  p = 0 . 0 3 3 ) .  
'fie k e l p  c o v e r  o f  t h e  L o s  A n g e l e s  b e d s  v a r i e d  s i g n i f i c a n t l y  more t h a n  the! k e l p  
c o v e r  o f  t h e  S a n t a  B a r b a r a  b e d s  (t = 3 .95 ,  d .  f .  5 22 ,  p < 0 . 0 0 1 ) .  

The k e l p  h a r v e s t i n q  r a t e  v a r i e d  s e a s o n a l l y  a s  w e l l  a s  f rom y e a r  t o  yea r  
( F i g u r e  2 . ) .  The l o w e s t  m o n t h l y  a v e r a g e  k e l p  h a r v e s t i n q  r a t e  was 32.9 m e t r i c  
t o n s  per h o u r  i n  necamher  w h i l e  t h e  h i q h e s t  was 7 4 . 6  mctric t o n s  p e r  h o u r  i n  
May. The l o w e s t  a n n u a l  a v e r a g e  k e l p  h a r v e s t i n g  r a t e  was 40.2 metric t o n s  p e r  
h o u r  i n  1976 w h i l e  t h e  h i g h e s t  was 66.8 m e t r i c . t o n s  p e r  h o u r  i n  1973. 

The s t e p w i s e  m u l t i p l e - l i n e a r  r e g r e s s i o n  o f  k e l p  h a r v e s t i n g  r a t e  d e p e n d e n c e  
o n  e n v i r o n m e n t a l  v a r i a b l e s  was h i g h l y  s i g n i f i c a n t  ( p  = 0 .001 ,  T a b l e  4 . ) .  T h r e e  
o f  t h e  i n d e p e n d e n t  v a r i a b l e s  s i g n i f i c a n t l y  i n c r e a s e d  t h e  c o e f f i c i e n t  o f  
d e t e r m i n a t i o n  and s o  were i n c l u d e d  i n  t h e  f i n a l  r e q r e s s i o n .  T o g e t h e r  t h e y  
a c c o u n t e d  f o r  59.5% o f  t h e  v a r i a t i o n  o f  k e l p  h a r v e s t i n q  r a t e .  High s u r f a c e  
i r r a d i a n c e  f o r  t h e  p r i o r  month i n c r e a s e d  t h e  k e l p  canopy  a v a i l a b l e  f o r  h a r v e s t .  
H i g h e r  s w e l l  h e i g h t s  and  t e m p e r a t u r e s  f o r  t h e  p r i o r  month d e c r e a s e d  t h e  k e l p  
c a n o p y .  The v e r i f i c a t i o n  m u l t i p l e - l i n e a r  r e g r e s s i o n  r e s u l t e d  i n  a  s i g n i f i c a n t  
model  ( p  = 0 . 0 0 1 )  b a s e d  o n  76% of t h e  d a t a .  The s e c o n d  model  a c c o u n t e d  f o r  46P 
o f  t h e  v a r i a t i o n  i n  k e l p  h a r v e s t i n g  r a t e ,  w i t h  s i m i l a r  c o n t r i b u t i o n s  by  t h e  
e n v i r o n m e n t a l  v a r i a b l e s .  

The p o s i t i v e  a f f e c t  t h a t  h i q h  s u r f a c e  f r r a d i a n c e  h a s  o n  k e l p  q r o w t h  is 
t h r o u g h  i n c r e a s i n g  t h e  p h o t o s y n t h e t i c  r a t e .  The n e q a t i v e  a f f e c t s  t h a t  h i q h  
s w e l l  h e i g h t s  h a v e  o n  k e l p  q r o w t h  are to  i n c r e a s e  w a t e r  m o t i o n  a r o u n d  t h e  p l a n t  
and i n c r e a s e  t i s s u e  a n d  p l a n t  l o s s .  High t e m p e r a t u r e s  c a n  d i r e c t l y  damage 
k e l p ,  h o w c v e r ,  s i n c e  t h e r e  is a n e g a t i v e  c o r r e l a t i o n  be tween  n u t r i e n t  l e v e l s  
and  t e m p e r a t u r e ,  some o f  t h e  n e g a t i v e  c o n t r i b u t i o n s  h i q h  t e m p e r a t u r e s  may h a v e  
on canopy  g r o w t h  c a n  b e  a t t r i b u t e d  t o  low n u t r i e n t  c o n c e n t r a t i o n s .  



Tfme (Daily informatfon by months) 
(Intermittent measurements) 

F i q u r e  14, The r a t e  a t  which 4 e l ~  was ha rves ted  i n  the  Go le ta  Pay k e l p  bed 
(n~rmher 26)  from 1973 t o  1977.  The r a t e  was h i q h e r  i n  Spr i  nq and 
e a r l y  Summer w h i l e  i t  was lower  i n  F a l l  and Win te r  I from Harqer  
1979). 
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Seven Var f  ab l  e  Comparison R o f  Observat ions = 70 

Cor re l  a t l o n  Surface W i  nd 
M a t r i x  I r r a d i a n .  Soeeri 

Y i n d  Soeed 0.116 
Swel l  Y e i g h t  0.027 0.666 
H o l l y  Temo. 0.217 -0.234 
S. S. Temo. 0.106 -0.527 
Sur. N i t r a t e  -0.132 0.4g5 
Rot. N i t r a t e  -0.028 0.412 
K e l p  H. Rate 0 . 5 9 3  0,093 

Swel l  Sea Temo. Sea Term. Surface Rottom 
H e i g h t  P l a t f o r m  Sta. Rar, N i t r a t e  N i t r a t e  

H o l l y  Harbor  

Ana lys l s  o f  Var iance Tab le  

5ource . . S S  YS F P = n m l  
T o t a l  69 46,C)33.6 Standard E r r o r  = 16.02 
Regress ion 3 27,365.5 9,121.A 32.25 R Squared = 0.595 
Residual  66 18,668.2 2R2.9 Constant  = 120.54 

V a r i a h l  es Se lec ted  Reqresslon C o e f f i c i e n t  Standard E r r o r  Contribution 

Surface Yr rad lance 0.313 
Swel l  H e l q h t  -39.355 
Sea Temo. a t  H o l l y  -6.2RO 

Three V a r i a b l e  Comparison d o f  Qhservat ions = 195 

C o r r e l  a t i o n  M a t r l x  Surface Swel l  Sea Temnerat~r re  
I r r a d i a n c e  H e i q h t  a t  P l a t f o r m  H o l l y  

Swel l  He igh t  Qe061 
Sea Temoerature a t  P l a t f o r m  H o l l y  0.297 -0.433 
Ke lp  H a w e s t i n q  Rate 0.466 0.019 - ~ 7 3  

A n a l y s l s  o f  Var iance Tah le  

Source d.f.  S S Y S F D = 0.001 
To t a  1 194 132,504.1 5 tandard  E r r o r  = 10.34 
Reqress ion 3 61,040.1 20,346.7 54.38 9 S q ~ ~ a r ~ d  = 0.461 
Residua l  191 71,464.0 374.2 Constant  = 125.33 

Var t  ab les  Se lec ted  R e q r e s s i m  Caeff i c i e n t  Standard E r r o r  C o n t r i b u t i o n  

S ~ ~ r f a c e  I r r a d f a n c e  n.311 
Swel l  t l e l q h t  -39.355 
Sea Temp. a t  H o l l y  -6.2R0 



The r e s u l t s  of t h e  p r e s e n t  s t u d y ,  based most ly  on h e r e t o f o r e  unused 
intagery and k e l p - h a r v e s t i n g - r a t e  i n f o m a t i o n ,  p rov ide  a  d e t a i l e d  h i s t o r i c a l  
r ecord  t h a t  shows k e l p  v a r i a b i l i t y  w i t h i n  t h e  Southern C a l i f o r n i a  Bight  a s  a  
whole. m e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  between k e l p  beds i n  d i f f e r e n t  
geographic  a r e a s ,  presumably because of d i f f e r e n c e s  i n  exposure t o  c u r r e n t s  and 
s torms.  In s h o r t  term s t u d i e s  of t h e  Gole ta  Bay k e l p  bed,  one h a l f  t h e  
v a r i a t i o n  i n  t h e  amount of k e l p  canopy a t  t h e  s u r f a c e  can be p r e d i c t e d  knowinq 
t h e  average s o l a r  i r r a d i a n c e ,  s w e l l  h e i g h t , a n d  water  t empera tu re  over  t h e  l a s t  
month. 

The c h a r a c t e r i s t i c  shapes  of t h e  s o u t h e r n  C a l i f o r n i a  kelp-beds  t h a t  one 
can s e e  today a r e  r ecoqn izab le  even i n  t h e  n a u t i c a l  c h a r t s  drawn i n  t h e  19th  
c e n t u r y .  Since  t h e  depth  con tours  a r e  g e n e r a l l y  i n  t h e  same l o c a t i o n  i n  t h e s e  
o l d  n a u t i c a l  c h a r t s  a s  they  a r e  today,  so t h e  k e l p  canopy c o n f i g u r a t i o n s  a r e  
probably  c o r r e c t .  In re-measuring C r a n d a l l ' s  (1912)  maps we have found t h a t  i n  
l i g h t  of t h e s e  o l d  c h a r t s  they  appear  i n  g e n e r a l  t o  be a c c u r a t e  i n  s p i t e  of t h e  
c o n t e n t i o n  i n  t h e  l i t e r a t u r e  t h a t  h i s  maps have q r o s s l y  overes t ima ted  t h e  
e x t e n t  of canopy a r e a .  The s m a l l e r  a r e a s  o b t a i n e d  by measurements from more 
r e c e n t  maps of sou the rn  C a l i f o r n i a  k e l p  beds p rohab ly  r e f l e c t  both  a  s l i g h t  
i n c r e a s e  i n  mapping p r e c i s i o n  over  C r a n d a l l ' s  methods, and an a c t u a l  d e c r e a s e  
i n  kelp-bed a r e a s .  

We have found s i g n i f i c a n t  d i f f e r e n c e s  between o u r  measurements of 
C r a n d a l l ' s  (1912)  maps and those  found i n  Hodder and Me1 (197R) .  We a l s o  found 
t h a t  t h e r e  a r e  noteworthy d i f f e r e n c e s  i n  t h e  25-year-mean a r e a  t h a t  we 
c a l c u l a t e d  f o r  each of t h e  beds ae compared t o  t h e  c u r r e n t  a r e a  v a l u e s  provided 
by t h e  C a l i f o r n i a  Department of  Fish  and Game. The ' t o t a l  mean a r e a  we have 
measured is  5,791.5 h e c t a r e s  whi le  t h e  C a l i f o r n i a  Department of Fish  and Game 
c i t e s  an a r e a  of 8 ,547 h e c t a r e s  (4R0 h i g h e r ) .  

We have a r b i t r a r i l y  d i v i d e d  t h e  k e l p  beds of  t h e  Southern C a l i f o r n i a  ~ i q h t  
i n t o  f o u r  qeographic  a r e a s :  1 )  San Diego, 2 )  Las Angeles, 3 )  Santa Barbara ,and 
4 )  Santa  C a t a l i n a  I s l a n d .  The k e l p  beds i n  t h e  San Dieqo a r e a  a r e  long,  smal l  
i n  a r e a , a n d  have a  low cover .  The v a r i a t i o n  i n  t h e i r  a rpa  and cover  i s  
r e l a t i v e l y  h igh .  They a r e  made up of Macrocyst is  p y r i f e r a .  Most of t h e s e  beds 
occur  on cobble bottoms and a r e  found f a r  o f f s h o r e .  They a r e  exposed t o  w i n t e r  
s to rms  from t h e  Northwest and summer s torms from t h e  Southwest .  Durinq t h e  
e a r l y  1960's  t h e i r  a r e a s  reached a  minimum and t h e i r  a r e a s  have i n c r e a s e d  s i n c e  
then .  

The ke lp  beds i n  t h e  Las Angeles a r e a  a r e  long ,  very  smal l  i n  a r e a  and 
have a  low cover .  The v a r i a t i o n  i n  t h e i r  a r e a  and cover  i s  r e l a t i v e l y  h l q h .  
They a r e  made up of Macrocyst is  p y r i f e r a  t h a t  has  been t r a n s p l a n t e d  from t h e  
o f f s h o r e  i s l a n d s .  These beds were o r i g i n a l l y  made up of Macrocyst is  
a n q u s t i f o l i a ,  a s  found i n  t h e  Santa  Barbara a r e a ,  b u t  t h i s  a l l  d i e d  o f f  i n  t h e  
l a t e  1950's  and e a r l y  1960's  ( M .  Neushul, p e r s o n a l  communication).  The 
Macrocyst is  p y r i f e r a  t r a n s p l a n t a t i o n  work from t h e  o f f s h o r e  i s l a n d s  was 
perfonned i n  an a t t empt  t o  r e s t o r e  t h e  k e l p  beds.  These beds a r e  most ly  on 
h i g h - r e l i e f  rock bottoms bu t  a r e  r a t h e r  r a r e  a long  t h e  c o a s t .  The beds a r e  
p a r t i a l l y  s h e l t e r e d  from t h e  swruner s torms from t h e  Southwest by t h e  o f f s h o r e  
i s l a n d s .  



o f  t h e  two s p e c  
t h e  p o p u l a t i o n s  
1976).  S m e  o f  
b u t  most a r e  on 
Barbara  Channel 

The k e l p  beds  i n  t h e  S a n t a  Barbara  a r e a  a r e  s h o r t ,  l a r q e  i n  a r e a , a n d  have  
3 high  cove r .  The v a r i a t i o n  i n  t h e i r  a r e a  and c o v e r  is low. They a r e  made up ,  
f o r  t h e  most p a r t ,  o f  M a c r o c y s t i s  a n q u s t i f o l i a  ( f o r  t h i s  paper  t h e  s e p a r a t i o n  

i e s  p r e s e n t e d  i n  Neushul 1971  is  used  r a t h e r  t h a n  c a l l i n g  a l l  
M a c r o c y s t i s  p y r i f e r a  a s  was s u g g e s t e d  i n  Ahhott  and Ho l l enbe rg  
t h e s e  beds  are on s h a l e  and some on h i g h - r e l i e f  rock  b o t t o m s ,  
s and .  They a r e  t h e  most s t a b l e ,  b e i n g  i n  t h e  l e e  o f  t h e  s a n t a  
I s l a n d s .  Of t en  t h e  beds  a r e  s h e l t e r e d  from t h e  s t o r m s  from t h e  

West by b e i n g  t o  t h e  E a s t  o f  prominent  p o i n t s  o f  l a n d .  

The k e l p  bed o f f  San ta  C a t a l i n a  I s l a n d  is v e r y  l o n q ,  s m a l l  i n  a r e a , a n d  h a s  
medium c o v e r .  The v a r i a t i o n  i n  i ts  a r e a  and c o v e r  i s  low. I t  is made up o f  a 
s p e c i a l  v a r i e t y  o f  M a c r o c y s t i s  p y r i f e r a  t h a t  l o o k s  s l i q h t l y  d i f f e r e n t  from t h e  
ma in land  v a r i e t y .  Sane o f  t h e  l a r q e s t  k e l p  beds  i n  t h e  Sou the rn  California 
Bigh t  o c c u r  o f f  t h e  o f f s h o r e  i s l a n d s ,  b u t  none o f  t h e s e  is o f f  San ta  C a t a l i n a  
I s l a n d .  The beds  f a c e  a l l  compass d i r e c t i o n s .  The sou th  f a c i n g  beds  a r e  
exposed t o  s e v e r  w i n t e r  and summer s t o r m s ,  w h i l e  n o r t h  f a c i n g  beds  are  
r e l a t i v e l y  s h e l t e r e d  t h e  y e a r  round.  The o c e a n o q r a p h i c  c o n d i t i o n s  a r e  
d i f f e r e n t  from t h o s e  found n e a r  t h e  c o a s t  o f  t h e  ma in land .  These  beds  o c c u r ,  
f o r  t h e  most  p a r t ,  on h i g h - r e l i e f  r o c k  bot toms.  

Our maps have  documented damage t o  k e l p  beds  due t o  b o a t  t r a f f i c  n e a r  
p i e r s  and h a r b o r s .  However, many o f  t h e  d i s p u t e s  a b o u t  damaqe done t o  t h e  k e l p  
b e d s  by  k e l p  h a w e s t e r s ,  b y  n e a r s h o r e  sewage p o l l u t i o n , a n d  by o t h e r  human 
a c t i v i t y  ( d r e d g i n g ,  t h e r m a l  e f f l u e n t s ,  e t c . )  have  been prompted by t h e  g r a d u a l  
d i s a p p e a r a n c e  o f  k e l p  beds  e a r l i e r  i n  t h i s  c e n t u r y .  T h i s  d i s a p p e a r a n c e  h a s  
been a t t r i b u t e d  t o  t h e  d i r e c t  e f f e c t s  o f  sewage ( o r  Dm), sewage enhanced 
p o p u l a t i o n s  o f  s e a  u r c h i n s ,  n a t u r a l  warm-water y e a r s , o r  n a t u r a l  l o w - n u t r i e n t  
y e a r s  ( J ackson  1977).  I n  t h e  p r e s e n t  s t u d i e s ,  it was d i f f i c u l t  t o  d e t e r m i n e  
which o f  man's a c t i v i t i e s  was damaging t o  k e l p  beds  and how damaging t h e y  were.  
Each a c t i v i t y  is p r o b a b l y  damaging t o  k e l p  i n  d i f f e r e n t  p l a c e s  and a t  d i f f e r e n t  
t i m e s .  Our s h o r t  t e rm m o n i t o r i n g  o f  t h e  G o l e t a  k e l p  bed has  shown t h a t  n a t u r a l  
k e l p  qrowth is s e a s o n a l ,  b e i n g  a f f e c t e d  by s e a s o n a l  c l i m a t i c  v a r i a b l e s ,  and 
v a r i e s  from y e a r  t o  y e a r .  Un les s  one  m o n i t o r s  and d e t e r m i n e s  what t h e  n a t u r a l  
v a r i a t i o n  is  and what c a u s e s  i tr one  c a n n o t  d e t e r m i n e  which changes  a r e  
man-induced and which o n e s  a r e  n a t u r a l . '  This s t u d y  h a s  p rov ided  some new 
i n s i g h t s  i n t o  t h e  n a t u r a l  v a r i a t i o n  of  k e l p  beds  i n  s o u t h e r n  C a l i f o r n i a  and 
what  c a u s e s  t h a t  v a r i a t i o n .  
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I t  h a s  become very c l e a r  t h a t  the  ke lp  p l an t  is a complex one, physic:ally 
spanning t h e  f u l l  r ange  of  c o n d i t i o n s  found from t h e  s e a  f l o o r  t o  t h e  s e a  
su r f ace ,  and surviving through seasonal  changes f o r  s eve ra l  years  as a perennia l  
p l a n t .  I n  o r d e r  t o  measure t h e  e f f e c t ( s )  o f  t h e  e n v i r o n m e n t  on  f a r m e d  
macroa lgae ,  we made d a i l y  env i ronmen ta l  measurements a t  Go le t a  and EllLwood 
p i e r s ,  s t a r t i n g  i n  1980. In addi t ion  t o  t h e  d a i l y  measurements, d e t a i l e d  weekly 
measurements were made a t  t h r e e  depths. These measurements includea t h e  weight 
of sediments i n  c o l l e c t i n g  tubes and weekly maximum and minimum t e m p e r a t u r e s .  
The d i v e r s  a l s o  r e c o r d e d  h o r i z o n t a l  v i s i b i l i t y ,  u s i n g  s e c c h i  d i s k s ,  and 
co l l ec t ed  water samples f o r  n u t r i e n t  ana lys is .  When these  d a i l y  and weekly d a t a  
a r e  combined  w i t h  i n f o r m a t i o n  c o l l e c t e d  by Harger  ( 1 9 7 9 ) ,  t h e y  compr ise  
regular ly-col lected and analyzed environmental da t a  spanning near ly  two decaues. 
The t o t a l  env i ronmen ta l  da t a -base  f o r  t h e  GRI/SERI p ro j ec t  from 1980 t o  t h e  
p re sen t  c o n s i s t s  o f  52 f i l e s .  The computer ized  d a t a  h a s  a l l  been checkea  
a g a i n s t  t h e  o r i g i n a l  h a n d - r e c o r d e d  d a t a  f o r  e r r o r s  i n  t r a n s c r i p t i o n .  
Computer-based processing makes it p o s s i b l e  t o  a n a l y z e  and p l o t  a l l  of t h i s  
information. 

These data ind ica t e  t h a t  wave a c t i v i t y  is g e n e r a l l y  g r e a t e s t  i n  W i n t e r ,  
d e c r e a s e s  i n  F a l l  and S p r i n g  and is l o w e s t  i n  Summer. However, 1984 was an 
except iona l ly  calm year ,  and i n  c o n t r a s t ,  very l a r g e  w i n t e r  waves o c c u r r e d  i n  
1 9 8 3 ,  r e s u l t i n g  i n  e x t e n s i v e  damage t o  Ellwood P i e r ,  t h e  l o c a t i o n  o f  o u r  
e x p e r i m n t a l  marine farm. I n  Feb rua ry  1986,  s e v e r e  s t o r m  waves were a g a i n  
recorded. I t  is i n t e r e s t i n g  t h a t  l a r g e  summer storm waves were a l s o  measured i n  
1981 and 1985. Wave periods appear t o  be s t a b l e  year-round, except aur ing  storm 
periods,  when they become longer during both winter  and s u m r  storms. 

A s  these  measurerrents taken a t  t h e  s u r f a c e ,  i n  mid-water and a t  t h e  s e a  
f l o o r  show, condi t ions  can change g r e a t l y  a s  one progresses  from the  su r f ace  t o  
the  sea  f loo r .  Light measurements show t h i s  c l e a r l y ,  a s  do measurements of 
t u r b i d i t y  and s e d i m e n t a t i o n .  Chemical measurements (made by flow i n j e c t i o n  
a n a l y s i s ,  CHN ana lys i s ,  Mannitol  c o n t e n t  a n a l y s i s  e t c . )  r e v e a l  l e s s - o b v i o u s  
d i f f e r e n c e s ,  s i n c e  one canno t  s e e  n u t r i e n t s  i n  t h e  water,  o r  g e t  m r e  than a 
vague i d e a  o f  t h e  c h e m i c a l  c o m p o s i t i o n  o f  a p l a n t  f r o m  i t s  l e v e l  o f  
pigmentation. 

The physiological  ecology of Macrocystis 

The phys io logica l  ecology of t he  ke lp  p l a n t ,  and t h e o r e t i c a l  aspec ts  of ke lp  
growth and production a r e  discussed a t  l ength  i n  our 1983-4 annual r e p o r t ,  where 
p r i o r  work by Tont, Black, Harger, Lindner  -- e t  a l .  and o t h e r s  is rev iewed.  A 
more recent  paper,  by K. E. Arnold and S. L.  Manley on ca rbon  a l l o c a t i o n  i n  
Macrocys t i s  r e p o r t s  work done w i t h  G R I  s u p p o r t ,  t h a t  shows t h a t  d i f f e r e n t  
t i s s u e s  t a k e n  from a s i n g l e  b l a d e ,  and t i s s u e s  from d i f f e r e n t  b laaes  had a 
c o e f f i c i e n t  of v a r i a b i l i t y ,  i n  photosynthet ic  c a p a c i t y  , approach ing  50%. They 
a l s o  show t h a t  t h e  r e l a t i v e  amounts of p h o t o s y n t h e t i c  v e r s u s  s t r u c t u r a l  
( r e s p i r a t o r y ,  bu t  n o t  p h o t o s y n t h e t i c )  t i s s u e s r  produce  t h i s  v a r i a b i l i t y .  
Wheeler ,  Smi th ,  Lobban, Kremer, Willenbrink ana o t h e r s  c i t e d  by these  au thors  
have used  " r e p r e s e n t a t i v e "  samples  i n  t h e i r  measurements ,  and t h e s e  h a v e  



sometimes been used t o  ex t r apo la t e  production r a t e s .  Clear ly ,  t h i s  can o n l y  be 
done i f  more than a  few such samples a r e  used. 

Our s t u d i e s  of ke lp  y i e l d  focused f i r s t  on t h e  r a t e s  ( t o n s  p e r  h o u r )  a t  
which ke lp  w a s  harvested from the  Goleta Bay ke lp  bed. This  could be as much a s  
109 tons  per hour. Peak harves ts  occur  i n  May, June  and J u l y ,  which a r e  t h e  
months wi th  the  h ighes t  l i g h t  l eve l s .  The h ighes t  n u t r i e n t s  a r e  found e a r l i e r ,  
i n  March and Apr i l  when upwelling occurs.  The time l a g  t h a t  when n u t r i e n t s  a r e  
h i g h e s t ,  (March-April) t o  t h e  time when record ha rves t s  a r e  made (June-July) is 
obviously one of  r a p i d  growth and development ,  when t h e  n u t r i e n t s  t a k e n  up 
e a r l i e r  must be t r a n s l o c a t e d l  perhaps s to red ,  and then re -d is t r ibu ted  and useu 
t o  produce new t i s s u e .  These processes a r e  no-doubt t r i gge red  by envi ronmenta l  
f a c t o r s ,  and r e g u l a t e d  by i n t e r n a l l y  produced and d i s t r i b u t e d  p l an t  growth 
r egu la to r s  ( l i k e  cy tokin in) .  

I f  w e  c o u l d  f i n d  out  what s t imu la t e s  frond i n i t i a t i o n  and growth i n  these  
p l a n t s ,  it might be poss ib le  t o  farm them more e f f e c t i v e l y .  For example when 
g r i d  and  row-plantings were compared i n  1984, w e  found t h a t  o f t e n  under adverse 
condi t ions  t h a t  preva i led ,  t he re  could be c l o s e  t o  100% s u r v i v a l  of  c u l t i v a t e d  
p l a n t s ,  b u t  no p r o d u c t i o n .  The p l a n t s  j u s t  seemed t o  " s i t "  on the  sea  f l o o r ,  
"refusing" t o  i n i t i a t e  new fronds. This  "dormancy" phenomenon w a s  a l s o  s e e n  by 
M. S h i v j i ,  working w i t h  t h e  Marine Botany g r o u p  a t  U.C.S.B., who found t h a t  
whole sporophytes exposed t o  high nu t r i en t s !  but  low l i g h t  l e v e l s r  i n c r e a s e a  i n  
pigment and c a l o r i c  c o n t e n t ,  b u t  d i d  n o t  grow as r ap id ly  a s  p l a n t s  a t  higher 
l i g h t  l eve l s .  S h i v j i  d i d  not measure mannitol o r  CHN r a t i o s  i n  h i s  p lan ts .  

A s  no t ed  e a r l i e r ,  a s  a  cont inuat ion of work s t a r t e d  with G R I  support ,  M r .  
R. L e w i s !  a  member of the  Marine Botany Group a t  UCSB, employea a  new enzyme 
immunoassay t o  make measurements of t h e  p l a n t  hormone, z e a t i n  r i b o s i d e  ( a  
cy tokin in)  i n  Sargassum muticum. The p l a n t  a s s a y e d  c o n t a i n e d  79 nrri o f  t h i s  
z e a t i n  r i b o s i d e  per  kilogram of f r e s h  weight. Commercial seaweed e x t r a c t s  were 
a l s o  assayed and contained l e v e l s  ranging from 7 t o  21 nm/l. This  is t h e  f i r s t  
time t h a t  monoclonal an t ibodies  have been used t o  measure and d e t e c t  cytokinins  
i n  seaweeds and seaweed e x t r a c t s .  T h i s  approach  s h o u l d  make it p o s s i b l e  t o  
approach  t h e  q u e s t i o n  of  how hormones r e g u l a t e  growth and deve lopmen t  i n  
Sargassum and perhaps Macrocystis a s  w e l l .  

A major  o b j e c t i v e  of t h e  hemidome e x p e r i m e n t s  under taken  by G.E. , ana 
Cal tech,  w a s  t o  s imulate  the  center  of a  l a rge ,  open-ocean farm where low l i g h t  
l e v e l s  and high n u t r i e n t  l e v e l s  might be found. Unfortunately t h e  p l a n t s  i n  t he  
hemidome were infec ted  by damaging bac t e r i a  and epiphyt ized by unusual bryozoans 
and o t h e r  o rgan i sms ,  and d i d  n o t  grow. F o r t u n a t e l y  the  nearshore test-farm 
exper iment  can  a l s o  be used t o  s i m u l a t e  a  l a r g e r - s c a l e  f a rm,  w i t h o u t  t h e  
de l e t e r ious  "container  e f f e c t s . "  Because the  system was an open one, it was not 
always poss ib le  t o  con t ro l  the  n u t r i e n t  l e v e l s  a round t h e  p l a n t  t o  any g r e a t  
e x t e n t .  However when a  s u r f a c e  canopy had developed ,  and when near-surface 
vegetat ion w a s  p resent ,  t he  experimentally-applied f e r t i l i z e r  was r e t a i n e d ,  a s  
though the re  were a "perforated vegetable-equivalent" of t he  hemidome operat ing.  
For t h i s  r e a s o n ,  e x p e r i m e n t a l  f e r t i l i z a t i o n  a t  some t i m e s  p r o d u c e d  a  
s i g n i f i c a n t  i n c r e a s e  i n  y i e l d ,  and a s  t h e  r e s u l t s  shown below i l l u s t r a t e ,  a l s o  
may have influenced the  chemical composition of t he  p l an t s .  



It is particularly interesting to compare the production and the wet-to-dry 
weight ratios of tissues sampled in plants grown at the three diiferent 
densities used. The chemical composition (CHN ratio and Mannitol content) oi 
low, medium and high-density plantings can also be compared with season, in 
fertilized and unfertilized planting plots, to give some clues as to how plants 
under light stress (in the dense plantings) and at low nutrient levels respond. 
The tedious work involved in launching a boat, mixing fertilizer and spraying 
the kelp every working day is justified by the data obtained, which allows one 
to see the differences in plant composition between the fertilized and 
unfertilized plots, at different seasons and at different planting densities 
(Tables 8, 9 and 10). 

The many figures (Fig. 16-47) illustrating the daily and/or weekly 
measurements of environmental conditions might be considered to be "padding" by 
some. Hoc3ever they provide the background against which field-experiments, like 
the above-mentioned in-the-sea fertilization tests, must be viewed. The graphs 
are arranged so that one can simply look doyn the page, to compare similar 
seasons for a six year period. It is also possible to plot them together, as 
for example when comparing kelp harvests year-by-year (compare figure 14 and 
15c). Of course, these visual comparisons can also be made statistically, using 
multiple regression analyses. Harger (see Chapter IV, part B) has used 
environmental data of this sort to examine the effects of anticedent events on 
the productivity of natural kelp beds. The same can be done with the large NMI 
data base. 

The environmental data graphs first show air temperatures, to give an idea 
of the basic seasonal pattern of change, then water temperatures are presented. 
Here direct measurements were made of water-samples taken from the surface, 
mid-water and bottom water, to show stratification. These were taken daily, anu 
also on a weekly dive, where maximum-minimum thermometers and sediment traps 
were recovered and replaced. This detailed temperature analysis provides an 
opportunity for internal verifications, and illustrates the advantages of "fine 
scale" measuremnts. 

Daily wind-speed measurements, and records of wave heights and periods, give 
a good picture of seasonal variability in water turbulence. Of course the major 
storms of the El Nino period are clearly shown, one of which (1983) tore out 
1,000 acres of kelp in Goleta Bay, and 100 ft off the end of Ellwood Pier. The 
staff member who recorded values just before the pier was destroyecr c;as 
recognized for his bravery. Sediment values, and water visibility measurements 
illustrate turbulence and stratification. Vertical visibility can be 
transformed into light attenuation estimates, and horizontal visibility 
measurements at surface, miu-water and bottom depths, clearly show 
stratification and may also be relatable to nutrient levels recordea at 
different depths. These chemical measurements for nitrate, ammonia and 
phosphate in water samples taken weekly, give a very specific history of 
nutrient levels around the plants, and are particularly useful in evaluating the 
percent dry weight, mannitol , and nitrogen values for kelp samples (blades, 
vesicles and stipes) taken during field experiments. It is also possible to 
relate seawater and plant chemistry to frond production rates and yield, using 
this new data base. By knowing how the kelp plant responds to its environment, 
new and more effective farming strategies can be developed in the future. 



0 Figure 15-  The avai iabi l i tv o f  -2 
i lgh t  ( top)  and n i t ra te  (mld'dle) 
affects the amount s f  kelp tha t  
eouid be harvested from one 
thousand acres s f  kelp In Coleta 
Bay (shown l m  figurer 9). Th ls  
i l lustrates that the time o f  
greatest product lon (May-June) 
corresponds to the time o f  peak 
llght Intensity,  and Is pracaeded 
b y  a per iod o f  u p w e h g  and 
nut r ien t  enrichment. Seasonal 
var lat lsn In growlng cbndltlsns 
influences y ie ld In a natura l  ke lp 
forest. The S tauf fer  Chemical 
Company harves t l n g  rates, g iven 
in metric tons p e r  hour, show 
that rates va ry  seasonally as the 
canopy formatioh ra te  changes, 
and that as muck as 100 metr ic 
tons pe r  hour can be harvested 
under the ideal growing 
condl tlons (from Warger 1979) . - 
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Figure  
7 .  

16. NMI 1980-86 a i r  temperature  measurements i l l u s t r a t e  s u m r  
warming, and t h e  sub- t rop ica l  cl imte of t h e  reg ion .  
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Figure  NMI 1980-86 s u r f a c e  water  t empera tu res ,  t aken  d a i l y ,  show t h a t  
as w i t h  a i r  t empera tu res ,  water warms i n  t h e  summer. However, 
p u l s e s  of c o l d  water were recorded f o r  comparat ively  b r i e f  
p e r i o d s ,  c o i n c i d i n g  wi th  winds, upwelling and n u t r i e n t  enrichment 
( f o r  example, see March and May 1981).  
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Figure  N M I  1980-86 middle water temperature  measurements, made daily with 
a Van-Dorn water sampler ,  do n o t  show temperature  s t r a t i f i c a t i o n  
i n  t h e  water column a t  t h e s e  shal low sites. 
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Figure  19. NMI 1980-86 bottom water temperature  measurements made d a i l y  wi th  
a Van-Dorn water sample r r  do n o t  show temperature  s t r a t i f i c a t i o n  
i n  t h e  wa te r  columnr whi le  sed imenta t ion  and v i s i b i l i t y  d i d  vary 
wi th  depth ,  as o t h e r  measurements show. - -. - .-.-. . - 
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Figure 20 . NMI 1980-86 records  of s u r f a c e  w a t e r  t e m p e r a t u r e s ,  t a k e n  weekly ,  
show s u m r  warming and win te r  cool ing ,  a s  expected. 
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Figure 21, NMI 1980-86 weekly middle minimum tempraturer like the daily 
measurementsr show no stratification. 
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Figure 22. M I  1980-86 weekly records of bottom water temperatures, showing 
less seasonality than seen in surface waters. 
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Figure  23 .  NMI 1980-86 weekly r e c o r d s  (made w i t h  a mx-min thermometer) ot 
s u r f a c e  maximum temperature ,  g i v e s  a record  comparable wi th  
t h e  d a i l y  r e c o r d ,  bu t  wi thout  t h e  f i n e  d e t a i l  t h a t  c a t c h e s  
shor t - term upwelling even t s .  



Figure  2 4 .  NMI 1980-86 weekly s u r f a c e  minimum temperature  r e c o r d s ,  made 
wi th  a max-min thermometer, can show t h a t  c o l d  water d i d  occur  
bu t  g i v e s  less time r e s o l u t i o n  than  t h e  d a i l y  measurements. 
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Figure 25. N M I  1980-86 weekly records of middle maximum temperature, is 
comparable with daily records. 
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Figure 26. NMI 1980-86 records of mid-water temperatures, made with a 
maximum-minimum thermometer, showing the expected seasonality. 

+--+-I- 
f ." -.... +. . t . . .  .-.- f -..--..... 1 --.--. I --.-- 1 -.---- t .--..-. 1 --..----) .--.-. $ 1 -.--- ., 

I 

J F M A  M J J A  S 0 N D  

M O N T H  



. - 

Figure 27. N M I  1980-86 weekly records of bottom maximum temperature, is 
comparable with daily records, and also shows no striking 
stratification. 
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Figure 28 . NMI 1980-86 weekly bottom minimum temperature,  l i k e  d a i l y  
measurements, show no s t r a t i f i c a t i o n ,  bu t  make it poss ib le  

- t o  produce a "temperature e n v e l o p "  f o r  t h e  waters  of t he  region. 
- 3 . . 
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Figure  2 9 .  N M I  1980-86 wind speed measurements can be v i s u a l l y  compared 
and show s torm winds as high a s  40mph, and t h a t  windy p e r i o d s  
a r e  more common i n  t h e  f i r s t  q u a r t e r  of t h e  y e a r ,  whi le  summer 
winds are u s u a l l y  below l0mph. Wind speeds  i n f l u e n c e  waves 
and t h e  upwelling of n u t r i e n t s ,  



Figure  N M I  1980-86 d a i l y  wave h e i g h t  measurements made wi th  a  wave s t a f f ,  
c l e a r l y  i l l u s t r a t e  t h e  major s to rms ,  t h a t  u s u a l l y  occur  i n  the 
f i r s t  q u a r t e r  of t h e  y e a r ,  and show stormy w i n t e r  and calmer 
s u m r  cond i t ions .  



Figure  31. NMI 1980-86 d a i l y  wave p e r i o d  measurene~ l t s  made w i t h  a wave s t a f t  
and a s t o p  watch, show no s t r i k i n g  s e a s o n a l  p a t t e r n  a s  w i t h  wave 
h e i g h t s .  Long p e r i o d  waves a r e  seen  when bo th  temperate  and 
t r o p i c a l  storm waves impact t h e  coast. 
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Figure NMI 1980-86 sedimentation rates were determined from weekly 
collections of sedimnt from collection tubes held at three 
depths. The weekly surface collections, show high- and 
low-sediment seasons. 
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Figure 33 . N M I  1980-86 sedimntation rates from mid-water collection tubes 
show more sediment than collected closer to the surface. 



Figure  NMI 1980-86 sedimentat ion rates from t u b e s  p laced  near  t h e  sea  
f l o o r ,  show t h e  h i g h e s t  levels of sediment,  i l l u s t r a t i n g  
t h e  entra inment  and re-suspension of s e d i n e n t  by wave- and 
current-induced water motion. 
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Figure 35 . 4065 
N M I  1980-86 made v e r t i c a l  v i s i b i l i t y  measurements d a i l y  using a 
secchi-disk,  showing t h a t  W a r n e r  s u m r  water was genera l ly  
c l e a r e r ,  but t h a t  short-term pulses  of c l e a r  oceanic  water 
were encountered even during the  gene ra l l y  more turbid winter  
months. These measurements can be c o r r e l a t e d  with upwelling, 
and n u t r i e n t  and p l an t  chemistry. 



Figure 36. 
Y 101 2.. 

NMI 1980-86 made horizontal visibility measurements weekly by 
measuring the maximum distance at which a secchi-disk could be 
seen. Comparisons between surface, middle and bottom 
visibility clearly show the combined effects of decreased light 
and increased turbidity as one approaches the sea floor. The 
turbidity measurements can be related to sediment trap collections 

M O N T H  



Figure 
- - . - - .  . .  

NMI 1980-86 made horizontal visibility (secchi-disk) measurements 
in mid-water, which were generally less than at the surface. 
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Figure  38 . NMI 1980-86 made h o r i z o n t a l  v i s i b i l i t y  (aecchi-disk) masure r r rn t s  
near  t h e  sea f l o o r ,  i l l u s t r a t i n g  t h e  g e n e r a l l y - t u r b i d  wa te r s  
t h e r e .  
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Figure 39 NMI 1980-86 measurements of nitrate concentrations from 
surface water samplesl show major pulses of enrichment in 
March and April, except during 19831 the nutrient-drought year, 
and 1986, which has been very calm. 
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Figure 40. N M I  1980-86 measurements of nitrate in mid-water samples, show 

that when surface waters were low, mid-water was enriched, and 
m r e  clearly show the March-April enrichment occurs every year. 
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Figure 41 . 
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NMI 1980-86 masuremnts of nitrate in bottom-water samples, 
show that pulses of nutrient-rich water usually occur in March 
and April, and with less regularity in October and Noverber 
corresponding to the classical pattern of Spring and Fall 
enrichment of surface waters associated with the loss of water 
colum stability. 
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Figure -;42. NMI 1980-86 measurements of a m n i a  made from water samples 
c o l l e c t e d  weekly by d i v e r s ,  shows p a t t e r n s  of v a r i a t i o n  t h a t  a r e  
not  c l e a r l y  r e l a t e d  t o  upwelling, but may provide a measurement of 
regenerated n u t r i e n t s  i n  t h e  nearshore region. 
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Figure . 4 3 .  1 1980-86 measurements of a m n i a  in mid-water are higher 
than those near the surface, and occur at the same times. 

- - 

suggesting regeneration of nitrogen from the sea floor. 
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Figure 44 . NMI 1980-86 measurements of  a m n i a  from samples taken week.ly, 
show the  h ighes t  a m n i a  l e v e l s  again suggest ing t h a t  
regenerat ion may be occuring a t  o r  near  t h e  s e a  f l o o r ,  where 
p a r t i c u l a t e s ,  and presumably b a c t e r i a l  populat ions on them and 
on t h e  s ea  f l o o r ,  a r e  involved i n  t h e  breakdown of organic  
mtter and t h e r e l e a s e  of a m n i a .  
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Figure  45 . NMI 1980-86 measurements of phosphate show a less d i s t i n c t  
s e a s o n a l  p a t t e r n  than  is seen w i t h  n i t r a t e s .  The o c c a s i o n a l  
p a k s  are d i f f i c u l t  t o  e x p l a i n ,  n o n t h e l e s s  s u r f a c e  and mid-water 
l e v e l s  are lower than  bottom water l e v e l s ,  a s  the, fo l lowing 
f i g u r e s  show. 
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Figure 46 . 
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NMI 1980-86 measurements of mid-water 
are somewhat higher than those at the 
same general pattern. 

phosphate concentrations 
surface, and show the 
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Figure 

: 1 

NMI 1980-86 measurements of phosphate concentrations near the 
sea floor show the highest levels, suggesting that some 
regenerated phosphate is being produced and re-cyched. 
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Tab le  8 

Unfert 
Low 
Med 
High 

Fer t 
Low 
Med 
High 

Unf e r t  
Low 
Med 
High 

Fert 
Low 
Med 
High 

Unf er t  
Low 
Med 
High 

Fert 
LOW 
Med 
High 

% Dry Weight Data for Blad@s 

% Dry Weight Data for Vesicles 

% Dry Weight Data for Stipes 



Tab le  9 % Mannitol Data for Blades 

Unfert 
Low 
Med 
High 

Fert 
Low 
Med 
High 

Unfert 
Low 
Med 
High 

Fer t 
Low 
Med 
High 

Unfert 
Low 
Med 
High 

Fert 
Low 
Med 
High 

% Mannitol Data for Vesicles 

% Mannitol Data for Stipes 



Table  10. 

Unfert 
Low 
Med 
High 

Fert 
Low 
Med 
High 

Unfert 
Low 
Med 
High 

Fer t 
Low 
Med 
High 

Unfert 
Low 
Med 
High 

Fer t 
Low 
Med 
High 

C : H : N  % Nitrogen Data for Blades 

C : H : N  % Nitrogen Data for Vesicles 

C : H : N  % Nitrogen Data for S t i p s  



V .  GENETICS AND ALGAL PRODUCTION 

A. BIOMASS PRQDUCTION BY MARINE CROPS: 
GENETIC MNIPULATION OF KELPS 

M. Neushul, Ph.D. 
Professor o f  Marine Botany 

Uepartment o f  B i o l o g i c a l  Sciences 
U n i v e r s i t y  o f  Cal l f o r n l a ,  Santa Barbara, 93106 

ABSTRACT 

The purpose  o f  t h i s  paper  i s  t o  c a l l  a t t e n t i o n  t o  the  f a c t  t h a t  
t h e  l a r g e  s c a l e  use  o f  k e l p s  f o r  e n e r g y  and c h e m i c a l  f e e d s t o c k  
p r o d u c t i o n  began i n  C a l i f o r n i a  i n  1914, and then t o  consider e f f o r t s  
made s ince t o  c u l t i v a t e  these unique p l a n t s  i n  t h e  sea, p a r t i c u l a r l y  
where t hese  have invo lved  gene t i c  s e l e c t i o n  and h y b r i d i z a t i o n ,  I t  has 
been found t h a t  cu l t u res  o f  t h e  microscopic  gametophyt i c  phase o f  t h e  
k e l p  1  i f e  h i s t o r y  can be maintained i n  l i q u i d  c u l t u r e  f o r  many years.  
As repor ted  here f o r  t h e  f i r s t  t i m e ,  c u l t u r e s  i s o l a t e d  f r om s i n g l e  
spores ( i . e .  monoclonal  c u l t u r e s )  t e n  years ago, have been t es ted  and 
were f ound  t o  s t i l l  be capab le  o f  p r o d u c i n g  gametes  t h a t  a f t e r  
f e r t i l i z a t i o n  g i v e  r i s e  t o  normal sporophyt ic  p l a n t s ,  suggesting t h a t  
gene t i c  d r i f t  i s  minimal.  New methods f o r  c o l l e c t i n g  k e l p  spores and 
f o r  a p p l y i n g  mutagens and sc reen ing  f o r  va r i an t s  have been developed 
and are described. I n t e r s p e c i  f i c  and i n t e r g e n e r i  c h y b r i d s  have been 
made, showing t h a t  M a c r o c y s t i s  s p e c i e s  f rom A laska  and Mexico a r e  
i n t e r f e r t i  l e ,  and t h a t  a l l  t h ree  species of Macrocyst is from C a l i f o r n i a  
can be i n t e r g e n e r i c a l l y  hybr id i zed  w i t h  U i c ~ r u m .  These r e s u l t s  
show t h a t  t h e  g e n e t i c  m a n l p u l a t f o n  o & ~ t s  v i a  mass- and 
ped ig ree  s e l e c t i o n ,  rnutagenes is  and s c r e e n i n g  o f  v a r i a n t s  i s  ve r y  
l i k e l y  t o  produce unique, and patentab le  gametophytic s t r a i n s  t h a t  can 
be c r o s s e d  t o  p roduce  h i g h - y i e l d i n g  s p o r o p h y t e s  w i t h  v a l u a b l e  
c h a r a c t e r i s t i c s .  

I NTROOUCT ION 

The i m p l i c a t i o n s  o f  g e n e t i c a l l y  m a n i p u l a t i n g  g i a n t  k e l p s  a re  
b e g i m i n g  t o  be appreciated, and r e l i a b l e  methods f o r  h a n d l i n g  t h e s e  



unique p l a n t s  are be ing developed. A g r e a t  d e a l  has been l e a r n e d  i n  
t h e  p a s t  few y e a r s ,  as a  r e s u l t  o f  work done b o t h  i n  t h e  U.S. and 
abroad.  The Gas Research I n s t i t u t e  h a s  e n c o u r a g e d  and f u n d e d  
collaborative r e s e a r c h  on k e l p  f o r  s e v e r a l  y e a r s  ( 1 5 ) .  t h a t  has 
invo lved  v i s i t s  by U.S. S c i e n t i s t s  t o  Japan and China, as w e l l  as work 
by v i s i t o r s  f r o m  China,  Japan, and elsewhere (1,2,13,33,39,41) i n  my 
l abo ra to r y  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  Santa Ba rba ra  on v a r i o u s  
aspec t s  o f  k e l p  b i o l ogy .  I am a l s o  p r i v l i g e d  t o  be working a t  present  
w i t h  a  number o f  o u t s t a n d i n g  g r a d u a t e  s t u d e n t s  and P o s t - D o c t o r a l  
v i s i t o r s  who h a v e  made and  a r e  p r e s e n t l y  m a k i n g  s i g n i f i c a n t  
c o n t r i b u t i o n s  t o  our knowledge o f  k e l p  b i o l ogy  (19.30). 

Suppor t  f r o m  t h e  N a t i o n a l  Sc ience  F o u n d a t i o n  and t h e  Chinese 
M i n i s t r y  o f  E d u c a t i o n  made i t  p o s s i b l e  t o  i n i t i a t e  c o l l a b o r a t i v e  
g e n e t i c  s t ud ies  a t  Santa Barbara i n  September 1984 w i t h  the  p ioneer ing  
Chinese g e n e t i c i s t ,  T. C. Fang, whose d e a t h  i n  J u l y  1985, i n  Ch ina ,  
was a  g r e a t  p e r s o n a l  and s c i e n t i f i c  l oss .  Professor Fang, who worked 
c o l l a b o r a t i v e l y  w i t h  N. N. Kiang (Mrs. Fang) and o t h e r s  was t h e  f i r s t  
p e r s o n  t o  p roduce  g e n e t i c a l l y - d i s t i n c t  k e l p s ,  and t o  show t h a t  t he  
r nass -se lec t i on  and b r e e d i n g  o f  t h e s e  s u p e r i o r  s t r a i n s  has a  v e r y  
s i g n i f c a n t  impac t  on t h e  y i e l d ,  t h e  t e m p e r a t u r e  t o l e r a n c e  and the 
i od i ne  content  o f  p l a n t s  farmed i n  t h e  sea (8,9,lO,ll,12). T h i s  paper  
i s  dedicated t o  the memory o f  D r .  Fang (F igure  1).  . 

BACKGROUND 

The f i r s t  1  a rge-sca le  use o f  f loa t -bear ing  macroalgae f o r  energy 
and chemical feedstocks began i n  C a l i f o r n i a  i n  1914, when t h e  He rcu les  
Chem ica l  Company s i g n e d  a  c o n t r a c t  w i t h  t h e  B r i t i s h  govenment t o  
produce acetone f o r  t h e  manufacture o f  c o r d i t e ,  and p o t a s h  f o r  b l a c k  
gunpowder t o  be used i n  t h e  F i r s t  Wor ld  War ( 2 8 ) .  They harves ted  
nea r l y  400,000 wet t o n s  o f  k e l p  f r o m  t h e  o f f s h o r e  k e l p  f o r e s t s  o f  
C a l i f o r n i a  and fe rmented  t h i s  biomass i n  a l a r g e  on-shore p l a n t  on 
aptly-named Gunpowder Po in t  near Chula V is ta ,  Cal i f o r n i a .  A t  t h i s  t ime 
the method by which ke lp  reproduced was s t i  11 unknown, however one year 
a f t e r  t he  Hercules e f f o r t  began, Savageau (34 )  d i s c o v e r e d  t h a t  t h e  
k e l p s  had a  heteromorphic l i f e - h i s t o r y ,  i n v o l v i n g  a  microscopic sexual 
s t a g e  and  a  m a c r o s c o p i c  s p o r e - p r o d u c i n g ,  s p o r o p h y t i c  s t a g e .  
Gametophyte development ,  gametogenes is  and f e r t i l i z a t i o n  has been 
s tud ied  by a  number o f  workers who have considered both the  chromosome 
numbers invo lved  (3,4,5,38,39) and t he  p o t e n t i a l  use o f  t i s s u e  c u l t u r e  
(40, 32,18) as w e l l  as the  e f f e c t s  of hormones on gamete r e l e a s e  and 
f e r t i l i z a t i o n  ( 2 0 ) .  C l e a r l y  much has been learned s ince  the  t u r n  o f  
the  century.  

The e x p e r i m e n t a l  m a n i p u l a t i o n  o f  t h e  ke l p  l i f e - h i s t o r y ,  and the 
exper imental  c u l t i v a t i o n  o f  t h e  g i a n t  k e l p ,  Macroc s t i s  i n  t h e  sea 
began  i n  1956  i n  t h e  l a b o r a t o r y  o f  F .  T h t h e  S c r i p p s  
I n s t i t u t i o n  o f  Oceanography i n  La J o l l a ,  C a l i f o r n i a  ( 2 2 ) .  S p e c u l a t i o n  
abou t  p o s s i b l e  i n t e rgene r i c  ke l p  hybr ids  t h a t  were found i n  t he  sea by 
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Figure 40 The late T.  C. Fang collecting marine algae .at Piedras Blancas 
Point on the California coast, 

Figure 49 li.14. Kiang (Mrs. Fang) operating a rni~rospectrophotometer used with 
flurochromes to quantitatively measure DNA levels in kelp 
gametophytes and sporophytes ( 0 ) .  



the author and James Stewart wh i l e  d i v i n g  near t he  La J o l l a  submar ine 
canyon a t  t h i s  t ime, (24 )  were confirmed a f t e r  c o l l a b o r a t i v e  work w i t h  
Y .  Sanbonsuga when i n t e r g e n e r i c  h y b r i d s  were made i n  t h e  l a b o r a t o r y  
f r o m  c l o n e d  gametophytes ( 3 3 ) .  I t  i s  now known t h a t  i n t e r g e n e r i c  
h y b r i d s  between t h e  m u l t i - v e s i c u l a t e  genus  M a c r o c y s t  i s  and t h e  
s  ingle-ves i c l e - f o rm ing  genus Pelagophycus are commonly found '  i n  m i  xed 
p o p u l a t i o n s  o f  t h e s e  two v e r y  d i f f e r e n t  p l a n t s  ( 7 ) .  Subsequent 
h y b r i d i z a t i o n  exper iments  w i t h  t h e s e  and o t h e r  k e l p s  (25 ,  19) have 
shown t h a t  i t  i s  n o t  d i f f i c u l t  t o  make i n t e rgene r i c  and i n t e r s p e c i f i c  
k e l p  hybr ids ,  us ing cloned gametophytes. I t  may a l s o  be p o s s i b l e  t o  
produce, s e l e c t  and h y b r i d i z e  mutant clones. 

I t  i s  known t h a t  u l t r a v i o l e t  l i g h t  i n d u c e s  m u t a n t s  i n  t h e  
eucaryo t i c  marine alga, Ulva (14)  and t h a t  t h e  g i a n t  ke lp ,  Macroc s t i s  
can be damaged by u l t r a v x t  1  i g h t  (29) .  Recent work i n  my -T-6Yt- a ora  o ry  
by Chai (1) and unpubl ished work by the  l a t e  T.C. Fang, has sugges ted  
t h a t  k e l p  spores can be mutagenized by exposure t o  u l t r a v i o l e t  l i g h t .  
Pos t -exposu re  t r e a t m e n t s  showed t h a t  p h o t o r e a c t i v a t i o n  o c c u r s .  
Chemical  mutagenes is  o f  k e l p s  a l s o  seems poss ib le .  The product ion of 
mutants i n  the  r ed  a lga G r a c i l a r i a  has been ach ieved  by van d e r  Meer 
( 3 6 )  u s i n g  ethy lmethanesulphonate (EMS). H is  t reatment t imes ranged 
f r o m  0  t o  100 m i n u t e s ,  w i t h  spores  b e i n g  k i l l e d  a f t e r  90 m i n u t e s  
e x p o s u r e  t o  a  0.2m s o l u t i o n  o f  EMS. Many g reen  and p i n k  c o l o r  
va r i an t s  were produced and shown, through t e t r a d  a n a l y s i s ,  t o  be t r u e  
mutants. 

The h i s t o r i c a l  r e c o r d  ( 2 8 )  as w e l l  as  r e c e n t  a d v a n c e s  i n  
m a c r o a l g a l  m a r i c u l t u r e  i n  t he  Uni ted States,  China and Japan, c l e a r l y  
i n d i c a t e  t h a t  marine macroalgae can be used f o r  large-sca le  p r o d u c t i o n  
of both chemical feedstocks and energy (21,26,35). Those fami 1  i a r  w i t h  
t he  recen t  spectacu lar  advances made i n  morphogenet i c a l  l y  man i p u l  a t  i ng 
land p l a n t s  (37)  w i  11 f i n d  morphogenical ly-abnormal ke lps (17) and k e l p  
hyb r i ds  (33,25) (F igures 3-6) t o  be provocat ive.  I t  seems l i k e l y  t h a t  
t h e  a p p l  i c a t i o n  o f  modern gene t i c  techniques t o  marine macroalgae ( 1 4 )  
may a l l ow  us t o  g e n e t i c a l l y  c o n t r o l  morphogenes is  i n  t h e s e  p l a n t s ,  
w h i c h  w o u l d  h a v e  a  s i g n i f i c a n t  impac t  on t h e  economics o f  b o t h  
near-shore and o f f  -shore farming (26) .  

As t h e  f i n d i n g s  discussed here w i l l  show, we have learned how t o  
s e l e c t  and c u l t u r e  s p e c i f i c  k e l p  germ 1  i n e s ,  and h o l d  t h e s e  i n  
labora to ry  c u l t u r e  f o r  t en  years,  a f t e r  which they a re  s t i l l  capable o f  
producing seedstock f o r  o u t p l a n t i n g  i n  t h e  sea. We have a l s o  found  
t h a t  t h e s e  ge rm  l i n e s  can  be  used t o  p roduce  i n t e r s p e c i f i c  and 
i n t e rgene r i c  h y b r i d s  o f  p l a n t s  f r o m  as f a r  away as A laska  and Ba ja  
C a l i f o r n i a .  This suggests t h a t  we w i l l  no t  be l i m i t e d  t o  working w i t h  
the morphological  and phys io l og i ca l  c h a r a c t e r i s t i c s  o f  a  s i n g l e  k e l p  
species. P re l  iminary r e s u l t s  discussed below suggest t h a t  mutant 1  ines 
can be produced us ing  phys ica l  and chemica l  methods. These f i n d i n g s  
l e a d  us t owa rd  t h e  c o n c l u s i o n  t h a t  t h o s e  who develop,  ma in ta in  and 
u l t i m a t e l y  l i cense  t he  use o f  s p e c i f i c  macroalgal germ1 ines,  are l i k e l y  
t o  be rewarded f o r  t h e i r  e f f o r t s .  



MATERIALS AND METHODS 

I n  t h e  present  study we have employed methods f o r  the c u l t i v a t i o n  
o f  gametophytes i n  t he  l abo ra to r y  and t h e i r  h y b r i d i z a t i o n  developed by 
Sanbonsuga and Neushul  ( 3 3 ) .  Methods employed f o r  t h e  p l a n t i n g ,  
c u l t i v a t i o n  and ha rves t i ng  o f  the  l a rge  k e l p  spo rophy tes  i n  t h e  sea, 
a r e  those  r e p o r t e d  by Harger  and Neushul (16) and Neushul and Harger 
( 2 7 ) .  New methods have been deve loped  f o r  t h e  c o l l e c t i o n  o f  k e l p  
spores ,  and f o r  t h e  a p p l i c a t i o n  of rnutagenlc agents t o  sporangia and 
spores and determin ing t h e i r  e f f e c t s .  These a re  discussed here.  

K e l ~  Soore C o l l e c t i o n  

S i n c e  spores o f  a l l  the  ke lps  a re  produced i n  sporangia t h a t  form 
extens ive s o r i ,  spec ia l  a t t e n t i o n  has been g iven t o  develop ing methods 
f o r  expos ing  these sporangia t o  mutagens and t o  c o l l e c t i n g  spores from 
them. Small p l a s t i c  capsules ( c a l l e d  Beem-capsules) used f o r  embedding 
m a t e r i a l s  f o r  e l e c t r o n  m ic roscopy ,  were h e l d  i n  a  p l a s t i c  framework 
c o n s i s t i n g  o f  cent imeter  squares,  one c e n t i m e t e r  t h i c k ,  so t h a t  t h e  
open end o f  each  c a p s u l e  was p r e s s e d  a g a i n s t  t,he s o r u s .  F o r  
tlacroc s t i s  t h i s  apparatus was roughly  the  same s i z e  as a  s p o r o p h y l  I ,  & a s i n g l e  sporogenous blade could  be h e l d  against  a  row o f  open 
capsules. Before be ing pressed aga ins t  t he  sporophy l l  each capsule was 
f i l l e d  w i t h  f i l t e r e d  seawate r .  The capsu les ,  c a p s u l e  h o l d e r ,  and 
sporophy l l  were then clamped between two s o l i d  p l a s t i c  shee t s ,  h e l d  
t o g e t h e r  w i t h  screws. By compressing t he  sporophyl l -capsule- f ramework 
sandwich, spores  f rom a g i v e n  p o s i t i o n  a l o n g  t h e  l o n g  a x i s  o f  t h e  
s p o r o p h y l l  were r e l e a s e d  i n t o  a  spec i f i c  capsule. A f t e r  a  pe r i od  u f  
spore re lease,  t he  c o l l e c t i o n  appa ra tus  was removed f r o m  t h e  w a t e r ,  
a l l o w e d  t o  d r a i n  and then c a r e f u l l y  disassembled so as no t  t o  d i s t u r b  
t h e  c o n t e n t s  o f  t h e  c a p u s l e s ,  w h i c h  w e r e  removed  and  c a p p e d .  
Subsequen t l y  t h e  c o n t e n t s  o f  t h e  c a p s u l e  was s t i r r e d  w i t h  a  g lass  
p i p e t t e  t o  suspend any s e t t l e d  spores and a hemocytometer was used t o  
coun t  t h e  numbers o f  spores  p r e s e n t  i n  1 ml samples taken f rom each 
capsule. 

U l  t r a v i o l e t - R a d i a t i o n  Mutagenesis 

Spores were c o l l e c t e d  f r o m  ma tu re  s p o r o p h y l l s  t h a t  had been 
abscised from p lan t s  i n  t he  sea and h e l d  i n  seawater-supplied a q u a r i a .  
These were wiped c lean  w i t h  paper towls and then placed i n  an American 
S c i e n t i f i c  P r o d u c t s ,  u l t r a s o n i c  c l e a n e r  (ME 4.6)  and g i v e n  t h r e e  
f i v e - m i n u t e  p e r i o d s  o f  s o n i c a t i o n  I n  f i l t e r e d  seawate r ,  t o  remove 
sur face epiphytes.  The s p o r o p h y l l s  were t h e n  h e l d  i n  darkness  a t  10 
deg. C ,  f o r  two hou rs .  P i eces  o f  c l eaned  sporophy l l  were placed i n  
pyrex c u l t u r e  dishes i n  Provaoso l l ' s  enr iched sewater ( 1 , 3 3 )  and h e l d  
f o r  10-20 minutes i n  the dark, du r i ng  which t ime spores were released. 
The spore-conta in ing medium was then poured I n t o  sha l low p l a s t i c  p e t r l  
d i s h e s  c o n t a l n l n g  18m square microscope cover glasses, onto which t he  



spores s e t t l e d  and at tached. Both r a d i a t i o n -  exposed and c o n t r o l  spore 
p o p u l a t i o n s  were f i x e d ,  s t a i n e d  and made i n t o  permanent s l i d e s ,  by 
f i x i n g  f i r s t  i n  5% f o rma l i n  i n  seawater, washing and t h e n  s t a i n i n g  i n  
1 :10 a l a z a r i n  v i r i d i n e  i n  d i s t i l l e d  w a t e r .  The cover glasses were 
mounted on s l i d e s  i n  an aqueous mounting medium (Permount ) .  Exposure 
t o  u l t r a v i o l e t  l i g h t  was accomp l i shed  a t  room t e m p e r a t u r e  i n  a 
spec ia l  l y - f a b r i c a t e d  box where a General E l e c t r i c  G8T5 2 5 4  g e r m i c i d a  1  
u l t r a v i o l e t  l a m p l i g h t  sou rce  was suspended above the c u l t u r e  dishes, 
con ta i n i ng  t h e  s e t t l e d  spores, a t  d is tances o f  20 and 26cm. The t u b e  
was masked so t h a t  o n l y  a  4cm l eng th  was exposed. Times o f  exposure 
va r i ed  f rom 1 t o  10 minutes. A f t e r  i r r a d i a t i o n  cover s l i p s  were moved 
i n t o  new p e t r i  d i s h e s  c o n t a i n i n g  f r esh  medium, and he ld  a t  17 deg C, 
under 52 uE1MFsq. per sec. l i g h t ,  a f t e r  a  24 hour pe r i od  i n  t he  dark t o  
p r e v e n t  p h o t o r e a c t i v t a t i o n .  A f t e r  a  g row th  p e r i o d  o f  two weeks, 
germinat ing spores were counted under a  Z e i s s  d i s s e c t i n g  m i c roscope .  
The number o f  germinat ing spores growing i n t o  gametophytes was counted 
i n  a  spore-germinat ion-assay,  t o  measure t h e  e f f e c t  o f  u l t r a v i o l e t  
r a d i a t i o n  and t he  study the  process o f  pho to reac t i va t ion .  

Chemical mutagenesis 

The chemica l  mutagen ethylmethansul fonate (EMS), was d i so l ved  i n  
Provasol i s  enr iched seawater p l u s  i od i ne  (PESI) t o  make a  0.2M s o l u t i o n  
and p l a c e d  i n  t h e  w e l l s  o f  a  24 w e l l  c u l t u r e  d i s h .  Disks, 5 . 5m i n  
diameter,  were c u t  f rom t h e  mature p o r t i o n  o f  a  Macroc s t i s  s p o r o p h y l l  
w i t h  a  c o r k  b o r e r  and p l a c e d  i n  t h e  EMS s o l u  fT-r-T i o n  o r  0, 20 and 60 
minutes and then removed and washed i n  PESI c o n t a i n i n g  0.1% sodium 
t h o s u l f a t e  t o  n e u t r a l i z e  t h e  EMS. The t r e a t e d  d isks ,  and unt reated 
con t ro l s ,  were then t r a n s f e r r e d  t o  a  new 24 w e l l  d i s h  w i t h  f r e s h  PESI 
medium and a  cove r  s l i p  i n  each we1 1  and h e l d  f o r  1.5 hours dur ing  
which t ime spores were released. Germinating spores on t h e  cover s l i p s  
were counted a f t e r  two days o f  growth, us ing a  spore-germination assay. 
The d isks  were then t r a n s f e r r e d  t o  0.3% o r  1% agar p l a t e s  f o r  f ou r  days 
t o  a1 low f u r t h e r  spore  r e l e a s e .  A s i m p l e  spore-dispersal  assay was 
used wherein measurements were made o f  the  d is tances  t h a t  spores  swam 
out  i n t o  the  semi -so l id  agar from both the  mutagen-exposed, and c o n t r o l  
d i s ks  o f  sporogenous t i ssue .  

RESULTS AND CONCLUSIONS 

The matu ra t ion  o f  sporangia along a  sporophy l l  o f f e r s  a  se r ies  o f  
deve lopmen ta l  phases where mutagens can be a p p l i e d .  S p o r a n g i u m  
m a t u r a t i o n  has been s tud ied  u l t r a s t r u c t u r a l  l y  ( 2 )  and . the meiot  i c a l  l y  
d i v i d i n g  sporangium d  t h e  h a p l o i d  spo res  p roduced  b o t h  seemed a  
l i k e l y  p l a c e s  t o  a p p l y  p h y s i c a l  and chemica l  mutagens f o r  maximum 
e f f e c t .  Moreover i t  was f e l t  t h a t  a  simple, d i r e c t  s p o r e - k i l l i n g  curve 
c o u l d  be e s t a b l i s h e d  and t h a t  l e t h a l  damage t o  the  hap lo id  genome o f  
t h e  spore would be i m e d i a t e l y  expressed i n  t h e  gametophyte,  t h e r e b y  
s c r e e n i n g  o u t  r e c e s s i v e  l e t h a l  mutants t h a t  might no t  be ev ident  i n  a  
d i p l o i d  1  i f e - h i s t o r y  phase. 



As might  be expected, maximum spore re lease  occured about mid-way 
between t h e  base of  t he  sporophy l l  where sporangia a re  forming t o  the  
t i p ,  where spent s p o r a n g i a  a r e  found .  Between 250,000 and 400,000 
spores were re leased per ml from the  most mature sporangia l  reg ions.  A 
t o t a l  o f  32 are re leased from each mature sporangium (Figures 3 and 4 ) .  
The app l  i c a t i o n  o f  spore -germi  n a t  i o n  and s u r v i v a l  assays show t h a t  
u l t r a v i o l e t  l i g h t  was most damaging t o  spores  f r o m  t h e  b a s a l  and  
t e r m i n a l  r e g i o n s  o f  t h e  s p o r o p h y l l .  A one-minute dose from a masked 
t u b e ,  w i t h  4cm exposed, 26 crn above  t h e  s h a l l o w  c u l t u r e  d i s h  
c o n t a i n i n g  t h e  a t t a c h e d  spores,  i n a c t i v a t e d  50% o f  the  spores, w h i l e  
92-98% o f  t h e  unexposed c o n t r o l  s p o r e s  g e r m i n a t e d  . I n c r e a s  i n g  
e x p o s u r e s  o f  3,5,7 and 10 m i n u t e s  r e s u l t e d  i n  decreased  r a t e s  o f  
germinat ion,  and al though the  spores would su r v i ve  they would n o t  f o r m  
norma l  germ tubes. Chai (1) found t h a t  spores t r ea ted ,  and presumably 
damaged by u l t r a v i o l e t  l i g h t  cou ld  be pho to reac t i va ted  by h o l d i n g  them 
i n  the 1 i g h t  a f t e r  UV exposure. 

Spore-germinat ion and s u r v i v a l  assays,  and a s p o r e - d i s p e r s a l  
a s s a y  w e r e  u s e d  t o  measure t h e  e f f e c t s  o f  t h e  chemica l  mutagen, 
ethylmethanesul fonate (EMS). Un fo r t una te l y  p i g m e n t a t i o n  mu tan t s ,  as 
w e r e  p r o d u c e  b y  EMS t r e a t m e n t  o f  r e d  a l g a e  ( 3 6 )  were n o t  found .  
Swimning spores were observed around sporogenous d i s k s  exposed t o  10 
and 20 m i n u t e s  i n  EMS, w h i l e  no swimming spores were found a f t e r  60 
minutes i n  EMS. I n  t h e  s p o r e - d i s p e r s a l  assay spores were observed  
n e a r l y  9mm away f r o m  t h e  d i s k ,  w h i l e  10 and 20 minute exposure gave 
2 - 3 m  d i spe rsa l  zones. The d i s k s  exposed t o  60 m inu tes  o f  EMS had 
spores less  than lmm around them, presumably due t o  phys ica l  shaking o f  
the d i sk  i n  t he  s o f t  agar. As w i t h  u l t r a v i o l e t  exposure i n c r e a s i n g  
mutagenic dose produced decreasing amounts o f  germinat ion.  Ten minutes 
o f  ECIS r e s u l t e d  i n  65% germinat ion,  wh i l e  20 minutes a l l o w e d  o n l y  4'X 
g e r m i n a t i o n .  EMS t r e a t e d  g e r m l i n g s  were s t u n t e d  and mishapen.  
None the less  by c a r e f u l  s e a r c h i n g  16 f ema le  and 49 ma le  c l o n e s  o f  
EMS-exposed, b u t  nonetheless growing, gametophytes were i s o l a t e d  and 
are now i n  c l o n a l  c u l t u r e ,  

T a b l e s  1 and 2 ( on  t h e  f o l l o w i n g  pages)  show t h e  r e s u l t s  O F  
i n t r a s p e c i f i c  and i n t e r g e n e r i c  h y b r i d i z a t i o n  o f  k e l p s  u s i n g  c l o n a  l 
gametophytic stocks.  The i n t r a s p e c i f  i c  r e s u l t s  (Tab le  1)  show t h a t  
Macroc s t i s  f rom Alaska and from Mexico are i n t e r f e r t i l e ,  extending the  
o s e r v a  i o n  t h a t  a l l  t h r e e  o f  t h e  s p e c i e s  found  i n  C a l i f o r n i a  w i l l  s+ 
cross (19) .  I t  i s  noteable t h a t  even some very o l d  cu l t u res  a r e  s t i l l  
capable o f  be ing .crossed, 11 l u s t r a t l n g  the long- term s t a b i  1 i t y  o f  these 
clones. I t  i s  a l so  i n t e r e s t i n g  t h a t  wh i l e  t he  massive k e l p  sporophytes 
can be grown i n  q u a n t i t y  o n l y  i n  t h e  sea, and a r e  co.nsidered t o  be 
perenn ia l ,  they a r e  v e r y  s u s c e p t i b l e  t o  s t o r m  and n u t r i e n t  -drought; 
damage, w h i l e  the microscopic gametophytic s t r a i n s ,  once thought t o  be 
ephemeral a re  i n  f a c t  under l abo ra to r y  c u l t u r e  c o n d i t i o n s  l o n g - l i v e d  
and p e r e n n i a l .  These c l o n e s ,  n o t  p l a n t s  i n  the  sea, now serve as a 
gene bank, much l i k e  a seed c o l l e c t i o n  does f o r  land p l an t s .  



TABLEi11 .HYBRIDIZATION OF CLONED MACROCYSTIS GAMETOPHYTES FROM 
VARIOUS LOCATIONS (+=sporophyte produced, -=no sporophyte) 

MALE 
Hi-T M i - Q  M i - S  Mp-C Ma-I Ma-K Mp-A Mp-H Mp-Ch Control 

FEMALE .. - - 

Alaska Mi-T t t t t t tZ t t t - 
Nont. MI-Q t t t t t + 2 t  t t + 1 

Mont. Mi-S t t t t t t 2 t  t t - 
Mont. ~ p - c  t t + + t + 2 t  t t - 
S.B. Ma-I t t + t t t1 t t t - 
S.B. Ma-K t t t t t t 2 t  t + - 
S.C.I. Mp-A t t 't. + t t t t t t 1 

Baja Mp-H t t t t t t I t  t t t 
1 

Baja Mp-Ch + t t t + + .t t + - 
Control - t t 1 - - + - - 1 

' ~ ~ o r o ~ l l ~  tes very small, poss lbly abnormal. 
'A few small sporophytes observed after 28 days. 
note: male and female gametophytes were isolated from Macroc sis + an ustifol ia from Goleta, in October 1975, and clonally main ained f9f-- or en years. The male gametophyte strain (Ha-K) did not produce 
spermatozoids , but  the female (Ma-K:Female 6) was still capable of 
gametogenesis and produced viable sporophytes. 

SPEC I ES ISOLATES ORIGIN 

M. integrifol ia 
M.. integrifolia 
M. integrifol ia 
M. pyrifera 
M. angustifolia 
M. angustifolia 
El. pyrifera 
M. pyrifera 
M. pyrifera 

Mi -T: 
Mi -(I: 
Mi -S: 
Mp-C: 
Ha- I : 
Ma-K: 
Mp-A: 
Mp-H: 
Mp-Ch: 

Female 3, Male 18 
Female I, Male 9 
Female 2, Male 4 
Female 1, Male 5 
Female 1,Male 1 
Female 6, Male 1 
Female 1, Male 1 
Female 10, Male 4 
Female 1, Male 1 

Sitka, Alaska 
Monterey, California 
Monterey, California 
Monterey , Cal ifornia 
Santa Barbara, California 
Santa Barbara, California 
Santa Catalina Island, Calif. 
Baja California, Mexico 
Baja California, Mexico 



TABLE 12.HYBRIDIZATION OF CLONED LESSONIACEAN GAMETOPHYTES 
(+=sporophyte produced, -=no sporophyte,  b lank=no c ross  a t tempted)  

1 
FEMALE 
MI -T  + - - 
Ma-I  

Mp-A 

Mp-C 

Mp-Ch 

Dr -A 

Uc -A 

Pp-B 

Pp-C 

C o n t r o l  

M a c r o c y s t i s  gametophytes 

M. i n t e g r i f o l i a :  - m-T: temale  3, Male 4 

M. a n g u s t i f o l  i a :  - 
Na- I :  temale  2, Male 1 " pvdIe ;a  : 

emale 1, Male 1 
f4p-C: Female 1, Male 5 
Mp-Ch: Female 1, Male 1 

Other k e l p  garnetophytes 

D i c t y o n e u r o p s i s  r b t i c u l a t a :  
Dr-A: F e m i  9, Male 5" 

Nereoc s t i  s  leu tkeana:  
.+le 1 

Dictyoneurum c a l  i forn icum:  
Dc-A: f-emale 2 

Pe la  o h cus o r r a  
p ~ d % i i i k 3 % B  2 
Pp-C: Female .3; Male 2 



The i n t e rgene r i c  crosses made i n  t h i s  s t u d y  ( T a b l e  2)  show t h a t  a  
fema le  s t r a i n  o f  t h e  s t r a p - 1  i k e ,  i n t e r t i d a l  k e l p  O i c t  oneu rum * c a l i f o r n i c u m  w i l l  cross r e a d i l y  w i t h  a l l  f i v e  s p e c i e s  o  ac roc  s  i s  & m a l e  p l a n t s  t r i e d ,  t h u s  a d d i n g  a  new genus  t o  t h e  o  
(Pelagophycus and Nereocyst is )  t h a t  have been crossed w i t h  Macrocys t i s  
(7 .33)  

I t  i s  p a r t i c u l a r l y  i n t e r e s t i n g  t o  e x a m i n e  t h e  p r o c e s s  o f  
i n t e r g e n e r i c  h y b i d i z a t i o n  i n  some d e t a i l .  For example crosses between 
Dictyoneuropsis and Pela o  t i  cus (Figures 5-8) are d i s t i ngu i shab le  from ?eer s e l f e d  Oictyoneuropsisa a  very young age. I t  i s  a lso  notewor thy t h a t  
the s~o roohv tes  t h a t  a re  produced i n  these and o ther  ke l p  breeding work 
remain a t t a i h e d  t o  t h e  female gametophyte f rom which the. f e r t i l i z e d  egg 
was p r o d u c e d ,  mak ing  a  b a c k - s e l e c t i o n  p rocess  p o s s i b l e ,  where a  
garnetophytic s t r a i n  g i v i n g  r i s e  t o  an abnormal  spo rophy te  c o u l d  be 
i d e n t i f i e d ,  i s o l a t e d  and c l o n e d ,  w i t h o u t  h a v i n g  t o  go t h rough  the 
time-consuming task o f  r a i s i n g  t he  sporophyte t o  ma tu r i t y .  

The p o t e n t i a l  o f  b e i n g  a b l e  t o  c l o n e  g a m e t o p h y t e s  f r o m  
h igh -y i e l d i ng  s t r a i n s  o f  have been c o n s i d e r e d  ( 2 7 )  and 
appear t o  be - y i e l d i n g  s t r a i n s  have been found 
t o  produce two- t o  t h r e e - f o l d  more biomass than average. O f  course the  
r e a l i z a t i o n  o f  t h i s  p o t e n t i a l  w i l l  depend on successful  i s o l a t i o n  and 
c l o n i n g  o f  gametophytes, and on Improved f i e l d  c u l t i i a t  i on  p rac t i ces .  

Seve ra l  b a s i c  q u e s t  i o n s  about the chromosome numbers and p l o i d y  
l e v e l s  i n  t h e  n u c l e i  o f  b o t h  gametophytes and spo rophy tes  r e m a i n  
u n s o l v e d ,  h o w e v e r  t h e  u s e  o f  f l u o r o c h r o m e s  c o u p l e d  w l t h  
r n i c r o s p e c t r o p h o t o m e t e r y  ( F i g u r e  2 )  a p p e a r s  p r o m i s i n g .  I t  i s  
p a r t i c u l a r l y  i n t e r e s t i n g  t o  c o n s i d e r  t h e  i m p l i c a t i o n s  o f  
gene-expression and repress ion i n  p l an t s  where t he  same genome produces 
a  complex m u l t i c e l l u l a r  p l a n t  on one hand, and a  s imple f i lamentous one 
on t h e  other .  

I n  conc lus ion  i t  seems c l e a r  t h a t  se l ec t i on ,  mutagenesis, and the  
i s o l a t i o n  and s torage o f  gametophytic c l o n e s  t h a t  can be h y b r i d i z e d ,  
w i  11 make i t  p o s s i b l e  t o  recombine  s p e c i f i c  genomes t o  produce new 
p l a n t s  w i t h  h i gh -y i e l d ,  h i gh - t empe ra tu re - res i s t ance ,  o r  perhaps  even 
p l a n t s  c a p a b l e  o f  p r o d u c i n g  s p e c i f i c  c h e m i c a l s ,  l i k e  t h e  
o l igosacchar ines (37)  t h a t  w i l l  be o f  va lue as p l a n t  growth r egu la to r s .  
The development  o f  l a rge-sca le  nearshore, and perhaps even open ocean 
farms, where f l o a t - b e a r i n g  ke lps  are c u l t i v a t e d ,  would seem t o  be w e l l  
w i t h i n  t h e  r e a l m  o f  p o s s i b i l i t y  a t  t h e  p r e s e n t  t i m e ,  r a i s i n g  t h e  
p o s s i b i l i t y  t h a t  once again we w i l l  have extens ive c o a s t a l  f a c i l i t i e s  
l i k e  t h o s e  d e v e l o p e d  e a r l y  i n  t h i s  c e n t u r y  by  H e r c u l e s  Chemical  
Company, f o r  producing energy and chemical feedstocks from ke lps.  
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Figure  50. Macrocyst is  s p r a n g i a  c o n t a i n  32 s p o r e s ,  which are r e l e a s e d  i n  a 
packe t ,  a s  t h e  thick-walled end of t h e  s p r a n g i u m  d i s s o l v e s .  

Fiyuro 51. 9 f t x  smrss arb re loas?dt  t h z y  t e n d  t o  r e m a i n  e i t h z r  i n  a s i n 3 1 9  
clump or i n  chainq, as  shown h x s .  



Figure  52. Yale ( t h i n )  and €?male ( t h i c k ,  l o w e r  r i g h t )  q m e t 9 j h y t e s  c a n  be 
v ~ q e  t l t i v e l y  c l ~ n e d ,  a n d  g r o w n  s e p r c s t e l y .  Whsn n i x o ?  t o q o t h r r  s ? x u a l  
r e p r ~ d u c t i m  o c c u r s  and s p o r o p h y t e s  w i t h  r e g u l a r l y - a r r a n g ~ d  s m a l l  c e l l s  a r e  
formed. Normal, oblong s p ~ r o p h y t o s  o f  Dictyonnurogsis  - a r o  s h w n  h z r ~ .  

F igure  53. VJkn a femalz ~ i c t y o n e u r o ~ s i s  garnetoohyt-. is c r o s s 0 3  w i t h  a  mal? 
Pelaqophycus l i n e ,  as shorn h e r e ,  t h e  sporophytes  a r e  n o t  normal i n  s h s r ~ .  

s ~ r o ~ h v t e ,  about 7mm long is s b w n .  T r a c 2 s  F igure  54. 4 normal D i c t y o n ~ u r o p s i s  . 
g E  tho p a r ~ n t a l  ~ a m e t o p h y t e  can be seen a 3 j a c m t  t o  t h e  r m t - l i k e  h o l d f a s t .  

F i ~ u r e  55. An i n t s r g e o e r i c  D i c t y o n ~ u m o s i s  x Pelagophycus hybr id ,  a b ~ u t  ?mn 13nj 
shgws t h e  c h a r a c t e r i s i c  roun3e8, or penny-like p h e n ~ t y -  
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ABSTRACT 

Marine farms in the Orient presently produce crops valued 
at nearly one billion dollars per year. The farms now in 
use in China, Japan and the Philippines have been developed 
mainly by trial-and-error, and the crops grown have been 
developed from wild stocks by genetic selection. It is now 
possible to use sophisticated hydrodynamic measuring tools 
to select optimum sites for farming and for measuring farm 
performance. It is also possible to produce and hold 
genetically-defined algal strains and derive hybrid plants 
from them. Marine plants grown on comereial and experi- 
mental farms are very productive. This suggests that the 
marine farms of the future and the crops grownonthem, if 
properly engineered, will be a new source of fuels, feed- 
stocks, food and perhaps even valuable pharmaceuticals and 
agrichemicals. 



I. Introduction 

According to Webster's New Collegiate Dictionary, an 
engineer is: " A  person who carries through an enterprise 
by skillful or artful contrivance." The process of 
engineering is "The application of science and mathematics 
by which the properties of matter and the sources of 
energy in nature are made useful to man in structures, 
machines, products, systems and processes." The marine 
farms that exist today, in China, Japan and the Philip- 
pines, are "intuitive" and have been developed by trial- 
and-error methods, rather than through the application of 
science and mathematics. They are not "engineered." 

The purpose of this paper is to briefly consider the past 
history and present status of marine farming, to provide 
an introduction to the present market for marine-farm 
products, and to discuss some experimental marine farms 
that have recently been designed, Some of the technical 
barriers facing the marine farm engineer and marine crop 
"genetic-engineer" are introduced. 

11. The History and Present Status of Marine Farming 

While agriculture began at least 10,000 years agao, the 
cultivation of aquatic plants and animals is much more 
recent. There are records of Chinese carp culture as 
early as the 5th century B.C., and the Japanese farmed 
oysters as early as the 3rd century B.C. Other organisms 
have been domesticated and farmed even more recently. 
The Japanese cultivation of nori (Porphyra), the most 
valuable marine crop at present began in a primitive way 
in Tokyo Bay in 1736. Laminaria, the largest-yielding 
crop, was introduced to China from Japan in 1927. Chinese 
marine farmers now grow one million tons of this crop 
every year. 

The large marine macroalgal farms covering thousands of 
acres of sea surface, have been established in the last 
thirty years. The success of these farms in Japan, China 
and the Philippines is attributable to: 1.) Knowledge 
gained about the plant life-histories, so that the plants 
can be manipulated to produce seedstock at will, and 2.) 
Knowledge of the nutrients required to grow a sizeable 
crop, and the development of local and world markets for 
the products of these vast farms provided the economic 
incentive to move rapidly from experimental, to commercial 
scale farms. 



111. The Market for Marine-Farm Products 

The market for the products of the Chinese, Japanese 
Philippine macr-oalgal farms, is still small when compared 
to that for a major agricultural commodity like soybeans. 
For example, in 1981 there were some 70 million acres of 
soybeans planted in the U.S. which produced a crop worth 
13 billion dollars. In contrast, the combined value of 
the Oriental and Philippine farms was between 871 million 
and 1 billion dollars (Dotyt1982,Tseng,1981). The 
products of these farming efforts are macroalgae (seaweeds) 
eaten directly as a food, and as used as a source of the 
phycocol lo ids ,carrageenan and algin. The most valuable 
of the phycocolloids, agar and agarose, have not yet been 
produced from a farmed crop, although efforts are being 
made to do this in China and elsewhere. 

IV. The Principles of Marine-Farm and Crop Engineering 

The marine farms that are in operation today have been 
developed largely by trial-and-error (Fei, 1983, Flowers 
et a1 1981) and are almost always labor-intensive and are -- 
operated in countries where wages have traditionally been 
low. If marine farming is to be successful in U.S. waters 
basic design principles must be developed so that the 
farming process can be automated. 

As practised today marine farming might be defined as the 
"controlled fouling" of man-made structures placed in the 
sea. Squires and McKay (1982) and Nath and Grace (1977) 
discuss marine farm construction and mooring. Matsumoto 
(1959) and Harger and Neushul (1982) discuss macroalgal 
growth requirements and the selection of optimum site for 
marine farms to grow this crop plant. Opinions among 
scientists differ on such basic matters as the design of 
marine farms and how crops should be planted and grown on 
them. Some theorists have suggested that "motion-aver- 
aging" and spring-like damping structures are needed to 
"protect" crops on a farm, while others hold that marine 
farms should enhance water motion, except of course 
during storms. Marine farms certainly can be "tuned" to 
extract wave energy from the sea to increase water motion 
over the crops, and thereby increase their growth. The 
different strategies suggested by these marine scientists 
can only be tested in the field and the careful obser- 
vation and measurement of water motion both around marine 
farms where crops are grown and in the habitats where the 
plants grow naturally should resolve some of these basic 
questions. 



An e x p e r i e n c e d  seaman c a n  l o o k  a t  t h e  s e a  s u r f a c e  and can  
d e s c r i b e  t h e  s e a  s t a t e ,  u s i n g  t h e  B e a u f o r t  S c a l e .  However, 
p r e d i c t i n g  t h e  water-motion below t h e  s e a  s u r f a c e  c a n n o t  
be  accompl i shed  s o  s imply .  By s i m u l t a n e o u s l y  u s i n g  b o t h  
zn i n e r t i a l  wave-sensor t o  measure  mot ion  a t  t h e  s e a  
s u r f a c e  and e l e c t r o m a g n e t i c  c u r r e n t  meters i n s t a l l e d  on  
t h e  s e a  f l o o r ,  and by c o u p l i n g  t h e s e  i n s t r u m e n t s  w i t h  a  
s m a l l  sh ip-board  computer ,  i t  i s  p o s s i b l e  t o  measure  b o t h  
wave and water-motion.  The r e s u l t s  o f  t h i s  e x e r c i s e  
i n d i c a t e  t h a t  t h e  B e a u f o r t  s c a l e  i s  n o t  a n  a c c u r a t e  g u i d e  
t o  c o n d i t i o n s  b e n e a t h  t h e  sea s u r f a c e  ( F i g u r e  1 ) .  The 
same i n s t r u m e n t s  c a n  a l s o  be u sed  t o  compare l o o s e  and  
t e n s i o n e d  mar ine  f a rms  t o  i l l u s t r a t e  t h a t  " t u n i n g "  a  farm 
l e a d s  t o  i n c r e a s e d  w a t e r  mot ion  o v e r  t h e  p l a n t s  growing 
on i t .  I n  t h e  f u t u r e  it may be  p o s s i b l e  t o  d e s i g n  p l a n t s  
t h a t  grow w e l l  on mar ine  fa rm s t r u c t u r e s .  

The g e n e t i c  e n g i n e e r i n g  of  new mar ine  c r o p  p l a n t s  i n v o l v e s  
t h e  i s o l a t i o n  and c u l t i v a t i o n  o f  known s t r a i n s  and t h e i r  
j u d i c i o u s  c r o s s i n g  t o  p roduce  v a r i e t i e s  t h a t  grow r a p i d l y  
o r  have  o t h e r  d e s i r a b l e  c h a r a c t e r i s t i c s ,  T h i s  i s  n o t  a  
s i m p l e  p r o c e s s  and  c a n  have  unexpec t ed  r e s u l t s .  F o r  
example,  i t  h a s  been p o s s i b l e  t o  make i n t e r g e n e r i c  h y b r i d s  
o f  t h e  two l a r g e s t  ~ a l i f o r n i a n  k e l p s ,  ( M a c r o c y s t i s  and  
Pe lagophycus)  and o f  f l o a t - b e a r i n g  (Pe lagophycus)  - and 
b l a d e - l i k e  ( D i c t y o n e u r o p s i s )  fo rms ,  Sanbonsuga and Neushul  
( 1 9 7 8 )  and  Neushul ( 1 9 8 3 ) .  C o n t r a r y  t o  e x p e c t a t i o n s ,  
t h e s e  f i r s t  a t t e m p t s  t o  h y b r i d i z e  t h e  g i a n t  k e l p s  o f  
C a l i f o r n i a ,  w h i l e  s u c c e s s f u l ,  d i d  n o t  y i e l d  l a r g e  h y b r i d  
p l a n t s  w i t h  many f l o a t - l i k e  v e s i c l e s  and m u l t i p l e  g rowing  
p o i n t s ,  The h y b r i d s  were u n i f o r m l y  s m a l l  w i t h  o n l y  two 
growing p o i n t s  ( F i g u r e  2 ) .  Although  t h e  p l a n t s  were  v e r y  
h e a l t h y  and grew r a p i d l y ,  t h e y  d i d  n o t  f l o a t  e f f e c t i v e l y  
and hence d i d  n o t  s u r v i v e  w e l l  i n  t h e  s e a ,  and w e r e  
u l t i m a t e l y  found t o  be i n f e r t i l e  a s  might  have bccn  ex- 
p e c t e d  from a n  i n t e r g e n e r i c  h y b r i d  (Neushul ,  1 9 8 1 )  . I n  
s p i t e  o f  t h e  c o u n t e r - i n t u i t i v e  r e s u l t s  o f  t h e s e  f i r s t  
a t t e m p t s  t o  h y b r i d i z e  k e l p s ,  it d o e s  seem c l e a r  t h a t  t h e  
p r o c e s s e s  o f  i s o l a t i n g  m i c r o s c o p i c  r e p r o d u c t i v e  s t a g e s  and 
making d e f i n e d  c r o s s e s  w i l l  c e r t a i n l y  make i t  p o s s i b l e  t o  
g e n e t i c a l - l y  e n g i n e e r  h i g h l y - p r o d u c t i v e  p l a n t s  w i t h  
e f f e c t i v e  hydrodynamic c h a r a c t e r i s t i c s .  The g e n e t i c  
m a l l e a b i l i t y  of t h e s e  p l a n t s  a l s o  s u g g e s t s  t h a t  t h e y  migh t  
be s c r e e n e d  f o r  t h e  p r o d u c t i o n  of  u s e f u l  pharmaceuticals 
and a g r i c h e m i c a l s  i n  t h e  f u t u r e .  

T e c h n i c a l  B a r r i e r s  

The major  t e c h n i c a l  b a r r i e r s  t o  m a r i n e  fa rming  i n  t h e  U . S .  



t h a t  e x i s t  t o d a y  a r e  c o n c e p t u a l .  A s  y e t ,  t h e  b a s i c  
p r i n c i p l e s  o f  mar ine  fa rm d e s i g n  have  n o t  been w e l l  de- 
f i n e d ,  S i m i l a r l y ,  t h e  h y b r i d i z a t i o n  o f  p o t e n t i a l  c r o p  
p l a n t s  shows t h a t  t h e r e  i s  c o n s i d e r a b l e  g e n e t i c  s c o p e  
a v a i l a b l e ,  b u t  t h e  s e l e c t i o n  o f  s t r a i n s  w i t h  s t i l l  t o  be  
d e f i n e d  "optimum p h y s i o l o g i c a l  and hydrodynamic c h a r a c t e r -  
i s t i c s "  w i l l  be  d i f f i c u l t .  The development  o f  s u c c e s s f u l  
mar ine  fa rm s t r u c t u r e s  and  mar ine  farm-crop e n g i n e e r i n g  
w i l l  r e q u i r e  t h e  combina t ion  o f  e l e m e n t s  o f  e c o l o g y ,  
oceanography ,  g e n e t i c s  and phys io logy .  Once t h e  b a s i c  
p r i n c i p l e s  o f  mar ine  f a rms  have  been  e s t a b l i s h e d  even  i n  
i n t e r im- fo rm,  it s h o u l d  be  p o s s i b l e  t o  select  a  s u i t a l ~ l e  
s i t e  f o r  f a rming ,  t o  p roduce  and p l a n t  g e n e k i c a l l y - d c E i n e d  
s e e d s t o c k ,  and  u l t i m a t e l y  t o  h a r v e s t  b o u n t i f u l  c r o p s  f rom 
t h e  s e a ,  

V .  The F u t u r e  o f  Marine Farming 

Some r e c e n t  r e s u l t s  o f  e x p e r i m e n t a l  f a rming  i n  U.S. w a t e r s  
(Neushul  and Harge r ,  1985) s u g g e s t  t h a t  mar ine  m a c r o a l g a l  
p r o d u c t i v i t y  a p p r o a c h e s  t h a t  o f  s u g a r  c a n e .  These r e s u l t s  
s u p p o r t  s u g g e s t i o n s  t h a t  t h e  b iomass  f u e l s  (methane ,  
me thano l ,  and a l c o h o l )  might  b e  e c o n o m i c a l l y  produced from 
m a r i n e  fa rms  w i t h i n  t h e  n e x t  t e n  y e a r s .  The d o m e s t i c a t i o n  
o f  f l o a t i n g  mac roa lgae  f o r  c u l t i v a t i o n  i n  n e a r - s h o r e  and 
open-ocean f a rms  c o u l d  w e l l  make it p o s s i b l e  t o  d e v e l o p  
a  l a r g e ,  r enewab le  e n e r g y  s o u r c e ,  a l t h o u g h  t h i s  g o d l  iyil-1 
n o t  be  a t t a i n e d  e a s i l y  (Neushul  M a r i c u l t u r e ,  1 9 8 0 ) .  

I t  i s  g e n e r a l l y  assumed t h a t  m a r i n e  mac roa lgae  o n l y  grow 
when a t t a c h e d  t o  t h e  s e a  f l o o r  o r  t o  a  f l o a t i n g  fa rm 
s t r u c t u r e .  However, mar ine  f a rms  of  t h e  f u t u r e  may w e l l  
be  p l a n t e d  i n  t h e  v a s t  a r e a s  o f  t h e  open  s e a .  For  example, 
t h e  S a r g a s s o  Sea  s c c u p i e s  some 4 m i l l i o n  s q u a r e  m i l e s  o f  
s e a  s u r f a c e  i n  t h e  m i d - A t l a n t i c  where s c a t t e r e d ,  s p a r s e  
p a t c h e s  o f  t h e  f l o a t i n g  brown a l g a  Sargassum n a t a n s  grow. 
T h i s  p l a n t  h a s  now been  c u l t i v a t e d  i n  f l a s k s  under  
l a b o r a t o r y  c o n d i t i o n s  f rom v e g e t a t i v e l y - p r o p a g a t e d  f r ag - -  
ments  o f  t h e  p l a n t  c o l l e c t e d  f rom Key West,  F l o r i d a ,  i n  
A p r i l  1984. The p l a n t  c o n s i s t e n t l y  shows a n  i n c r e a s e  i n  
wet-weight  o f  6.5% p e r  day ,  unde r  low n u t r i e n t  c o n d i t i o n s .  
T h i s  p r e l i m i n a r y  s u c c e s s  w i t h  l a b o r a t o r y - s c a l e  c u l t u r e  
s u g g e s t s  t h a t  it may u l t i m a t e l y  be  p o s s i b l e  t o  p roduce  
s e e d s t o c k  t h a t  c o u l d  be o u t p l a n t e d  i n  t h e  S a r g a s s o  s e a ,  
o r  p e r h p a s  more r e a l i s t i c a l l y  i n  t h e  more l i m i t e d  warm- 
o r  c o l d - c o r e  r i n g s  produced  by t h e  Gulf S t r e a m ,  Wiebe(1982b 
T h i s  p l a n t  c o u l d  form t h e  b a s i s  o f  a  t r u e  open ocean  fa rm 
t h e  s t r u c t u r e  o f  which would b e  formed from t h e  f l o a t s ,  
b l a d e s  and s t i p e s  o f  t h e  p l a n t .  I n  t h i s  c a s e  t h e  problem 
o f  t h e  mar ine  farm s t r u c t u r e  and g e n e t i c - e n g i n e e r i n g  a r e  



are combined (Colwell -- et al, 1984). 

The modification of both near-shore and open-ocean 
ecosystems by cultivation should eventually make it 
possible to use the highly-productive float-bearing 
macroalgae as renewable sources of chemical feedstocks and 
energy, (Neushul, 1983). In addition to the production 
of biomass, pharmaceuticals and agrichemicals, the products 
of these farms could also serve as a major food-source for 
cultivated marine animals. 

Webster's dictionary rather-tersely defines "mariculture" 
as: "The cultivation of marine organisms by exploiting 
their environment." In contrast, "agriculture" is 
described as: "The science or art of cultivating the soil, 
producing crops, and raising livestock and in varying 
degrees the preparation of these products for man's use 
and their disposal (as by marketing)." It is encouraging 
to note t h a t  we are now moving toward a maricultural 
science, where maricultural engineers use science and 
mathematics to cultivate the sea, from which we will 
harvest genetically-engineered crops and livestock for 
man's use. 



T H E  H Y D R O D Y N A M I C  INVBROsJIMBHT 

W a t o r  V o l l o c l t y  andl D l r o c t l o n  

'Cairn '  ' C h o p p y '  



Figur?  57. An i n t s r g e n e r i c  (P^laqoohycus  x Y a c r o c v s t i s )  h y b r i d ,  c o r n p a r s b l e  t o  t h a t  s h ~ w n  i n  
F igu r .  1 2  ( o a g s  17 ) . I n  b t h  t h e s e  h y b r i d s  the f r o n d s  ars "tsrminat-.d" and do n o t  c o n t i w 2  t o  
i n c r e a s ~  i s i i q t h ,  wherzas i n  t h e  Y a c r o c y s t i s  m K l n t  ( shown  o n  t h o  r i g h t )  the  m e r i s t ~ r  
c o n t i n u n s  t3 qr3w a n d  3 t n r n i n a l  v e s i c l s  ds3s n o t  f ~ r n  u n t i l  t h e  f r o n d  has  ached th?  s a n  
s u r f a c 2  , ~ r c f l u c i n q  a s t r i k i q l y  3 i f f 3 r z n t r  and m c h  l a r g e r  o l a n t .  
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A s  s t a t e d  i n  t h e  in t roduct ion  t o  t h i s  r e p o r t ,  t h e  Marine Biomass Program 
has been a  major success ,  but  the  lessons  of h i s t o r y  were a t  f i r s t  i gno red  and 
t h e  i n i t i a l  a t t e m p t s  t o  farm macrophytes  i n  t h e  s e a  were made w i t h o u t  an 
assessment of farming techniques used elsewhere i n  t h e  world. I n  t h e  c a s e  of  
t h e  Chinese, t h i s  would have been p a r t i c u l a r l y  d i f f i c u l t  f o r  p o l i t i c a l  reasons,  
but  t h e  Japanese, Korean and Phi l ipp ine  farms were c e r t a i n l y  a v a i l a b l e .  The 
sys t ems  a n a l y s i s  made by t h e  R. M. Parsons Company, was done without knowledge 
of  t h e  H e r c u l e s  Chemical Company's s u c c e s s f u l ,  l a r g e  commerc i a l - s c a l e  
p r o c e s s i n g  of  k e l p  biomass f o r  energy and o the r  products. This  inauspicious 
beginning of t he  Marine B~OMSS Program was f u r t h e r  compromised by a s sumpt ions  
t h a t  mar ine  fa rming  would n o t  be t e c h n i c a l l y  d i f f i c u l t ,  a s  D r .  Wilcox s a i d ,  
" I t ' s  not high technology, we're j u s t  t a lk ing  about p l a i n  o l d  p l a n t s  growing" 
(see page 10 ) .  Ten years  a f t e r  D r .  Wilcox f i r s t  suggested t h a t  open ocean food 
and energy farms were poss ib le ,  and a f t e r  farms had been i n s t a l l e d  and l o s t  a t  
San Clemente I s l a n d ,  Crys ta l  Cove, and Ship Rock, and "container"  experiments 
had been attempted o f f  Corona d e l  Mar ("ice-cream-cone") and a t  Cata l ina  I s land  
("hemidome"), t he re  was still no y i e l d  da t a  i n  hand. Clear ly ,  it  was not going 
t o  be easy t o  grow these  "p la in  o ld  p lan ts . "  

New program managers from Genera l  E l e c t r i c  assumed t h a t  t he  problem of 
open ocean farming could be solved by s k i l l f u l  e n g i n e e r s .  They e n l i s t e d  t h e  
h e l p  of  naval  engineers  a t  Global Marine and proceeded t o  c a r r y  out  plans t h a t  
D r .  Wilcox had made, t o  anchor a  l a rge  spar-buoy i n  open w a t e r .  T h i s  amazing 
s t r u c t u r e  c o n t a i n e d  pumps t h a t  brought nu t r i en t - r i ch  water up from a depth of 
1,500 f e e t ,  and survived f o r  s eve ra l  years .  But still the re  was no y i e l d  d a t a ,  
s ince  f o r  one reason o r  another  t he  p l a n t s  tangled with t h e  farm, were ea ten  by 
f i s h ,  became in fec t ed ,  o r  were dislodged and destroyed by s t o r m s .  BuilZling a  
" f a l s e  bot tom" f o r  t h e  open ocean was not going t o  be easy. Also at tempts  t o  
"pro tec t"  the  p l a n t s  with a  f a b r i c  cu r r en t  s h i e l d  ( r ipped  away) o r  a  rubberized 
bowl ( t o r n  and damaged by s torms)  were not successful .  

Could it be t h a t  t he  "brute-force" approach, where man-made f a b r i c s  and 
s t r u c t u r e s  were t o  resist t h e  fo rces  of t he  sea ,  w a s  an unwise one i n  t he  f i r s t  
place? The Japanese  and Chinese  have s u c c e s s f u l l y  used  t h i s  approach  f o r  
n e a r s h o r e  fa rms  f o r  a t  l e a s t  twenty  y e a r s .  A t  p r e s e n t ,  t h e  J a p a n e s e  a r e  
planning l a rge  open-ocean farms. Fortunately,  t h e  e a s t e r n  c o a s t  o f  Japan  is 
c o m p a r a t i v e l y  ca lm,  s o  t h a t  perhaps t h e i r  l a rge-sca le  anchored farms w i l l  be 
successful .  

One way t o  a v o i d  t h e  problems of  farming i n  t he  sea  i t s e l f ,  is t o  grow 
marine p l an t s  and animals i n  raceways and i n  ponds on l a n d .  T h i s  h a s  worked 
w e l l  i n  F l o r i d a  a n d  Ta iwan .  The a b i l i t y  t o  c o n t r o l  p l a n t  and an imal  
reproduction and growth i n  tanks w i l l  be e s s e n t i a l  i f  l a r g e - s c a l e  s e e d s t o c k  
p r o d u c t i o n  is t o  be ach ieved .  The Chinese and Japanese seedstock production 
f a c i l i t i e s  a r e  an important key t o  t he  success  of t h e i r  in-the-sea fa.rms. 

In-the-sea farming e f f o r t s  a t  N. M. I. have not been without f a i l u r e ,  bu t  
our  approach  h a s  been much d i f f e r e n t  from t h o s e  t aken  by K i l c o x ,  Gene ra l  
E l e c t r i c  and North, i n  t h a t  we have taken a  conservat ive approach by making our  
farm very s i m i l a r  t o  a  na tu ra l  bed, where we  know ke lp  grows well .  hie d i d  n o t  
assume t h a t  w e  c o u l d  make l a rge  sweeping changes i n  the  growth environment of 
t he  p l a n t s  and still have them grow w e l l .  We d i d  n o t  assume tha t .  we cou ld  
c r e a t e  an  " o p t i m a l "  growth environment i n  t h e  sea.  We only t r i e d  t o  optimize 



growth by making slight modifications to the growing conditions. Our 
step-by-step approach, starting from a known base was the key to our ability to 
provide yield information, where others had failed. 

At N. M. I.l we have carefully measured the interactions between the crop 
and conditions in the sea. We have taken the position that the giant kelp and 
tropical Sargassum plants are themselves "farm structures" with floats, lines 
and even anchors produced vegetatively. The genetic work that we have done 
shows that the basic structure of the kelp plant can be drastically changed. 
The fact that float formation in at least one intergeneric hybrid 
(Dictyoneuropsis x Pelagophycus) is maternally inherited, suggests that. it 
might be possible to genetically control float formation. Perhaps it would be 
easier to genetically "fabricate" or engineer open ocean farms than to grow the 
existing plants on man-made structures. 

We should examine some of the questions raised in the introduction to this 
report. Firstl why have marine farms been commercially successful in China, 
Japan and the Philippines while unsuccessful in the U. S. The answer to this 
question lies in the different economic climates in these countries. Labor 
costs are markedly lower in China and the Philippines which allow them to farm 
seaweeds for a prof it , while the same farm in the U. S. would probably be 
unprofitable. In Japan, where labor costs are more similar to in the U. S., 
the products derived from farmed seaweeds are high-priced foods. Since the 
Japanese strictly control their seaweed imports, we cannot compete in their 
market of high-priced food products. The U. S. market for high-priced seaweed 
food products remains small. In additionl the Japanese seaweed industry is 
Government subsidized. 

The final reason why the U. S. seaweed industries have had limited success 
is because of the strategies used by many U. S. companies. The Diamond Match 
and Hercules Chemical Companies made their first big profits from their 
production of explosives from kelp during World War One. Kelco has profitably 
extracted alginate from kelp for decades. However, none of these companies has 
used the profit derived from kelp products to support the research and 
development effort necessary to continually develop new profitable product 
lines from kelp. Kelco has used its R&D funds to develop new more expensive 
gums that can be extracted from bacteria grown in digesters because the 
engineers there prefer the predictability of the raw materials from digesters 
to the unpredictable nature of having to rely on harvested kelp as a raw 
material. Commercial seweed farms will be successful in the U. S. only when: 
1) the worldwide wild natural supplies of the seaweed in question are limited 
and collection is more expensive than cultivation, 2) a profitable extraction 
regime and product mix is devised that will support the seaweed farming costs 
and 3) there is some form of protection (technological or species patentsl 
secrets, etc. ) from international competition, because labor and other costs 
are less in many other countries. 

Finally! we must face the central question posed in the introduction to 
this report. Were the Marine Biomass Program goals overambitious and the money 
wasted? No matter how skillfully one presents the Marine Biomass Program 
results, the smell of failure is pervasive. Several of the engineering and 
biological technical research goals were oversimplistic and overambitious. 
Certainly, some of the money spent was wasted. In the final analysis, one 
major shortcoming was that there was no effort to analyze and determine what 
went wrong. As with the Challenger Space Shuttle tragedy, which is fresh in 



our.minds, the  f i r s t  s t e p ,  a f t e r  a farm was l o s t  o r  an expe r imen t  f a i l e d ,  
s h o u l d  have been t o  t r y  t o  f i n d  o u t  why, i n s t e a d  o f  i g n o r i n g  t h e  problem, 
g loss ing  over the  f a i l u r e  and t ry ing  a  s l i g h t l y  d i f f e r e n t  approach .  We must 
agree  with our  c r i t i c s ,  t h a t  most of t he  in-the-sea research  was a t  b e s t  low on 
the  learn ing  curve. In  addi t ion ,  t h e  f a i l u r e s  have been p o o r l y  documented. 
Much o f  t h e  money was probably wasted i f  w e  cannot l e a r n  from what w a s  done i n  
t h e  Marine Biomass Program. I n  t h e  f u t u r e ,  s c i e n t i s t s  may repea t  t h e  m i s t a k e s  
made i n  t h i s  program because those who have been involved with t h e  planning and 
execution of t h e  work were u n w i l l i n g  t o  admi t  t o  t h e i r  m i s t a k e s  and o p e n l y  
d iscuss  t h e i r  problems. 

N. M. I. h a s  used N. S. F. s u p p o r t  t o  d e f i n e  t h e  b a s i c  p r i n c i p l e s  o f  
n e a r s h o r e  marine-farm d e s i g n ,  w i t h  some success.  But it is not  l i k e l y  t h a t  
farms designed t o  work n e a r s h o r e  w i l l  a l s o  work i n  t h e  open s e a ,  where an  
e n t i r e l y  d i f f e r e n t  k i n d  of  farm may be needed. Perhaps t h e  bes t  approach t o  
designing an open-ocean fa rm would be t o  f i r s t  s t u d y  t h e  hydrodynamics o f  
f ree- f loa t ing  Macrocystis and Sargassum, and t h e n  d e s i g n  a  fa rming  s t r a t e g y  
based  on t h e  f i n d i n g s .  We f e e l  t h a t  " p l a i n  o l d  p l a n t s "  may not  be what is 
r e a l l y  needed f o r  l a r g e - s c a l e  biomass f a r m i n g ,  and  t h a t  v e r y  s p e c i a l  ( and  
p a t e n t a b l e )  p l a n t s  may be t h e  key t o  t h e  development of t h e  marine food ana 
energy farms of t he  fu ture .  

R e g a r d l e s s  o f  what k i n d  of  p l a n t  is u s e d ,  b a s i c  p h y s i o l o g i c a l  and 
oceanographic data a r e  needed and should be c o l l e c t e d  over a multi-year period. 
H o ~ e f u l l y ,  t he  N. M. I. farming s tudy w i l l  s e rve  a s  an example of how t.his type 
of work is done. Regardless of whether t he  c rop  p l a n t  is l a r g e  and complex , 
l i k e  Macrocystis o r  smaller  and more e a s i l y  man ipu la t ed  l i k e  Sargassum, t h e  
growth  s t r a t e g y  must be known, s ince  these  m u l t i c e l l u l a r  organisms a r e  ab l e  t o  
compete i n  t h e  sea  with t h e  ubiqui tous phytoplankton by e f f e c t i v e l y  t a k i n g  up 
and  s t o r i n g  ca rbon  and n u t r i e n t s ,  and r e - a l l o c a t i n g  t h e s e  resources  i n  an 
e f f e c t i v e  way. In  f a c t ,  it is t h i s  a b i l i t y  t o  accumula t e  and s t o r e  chemica l  
e n e r g y ,  i n  a m e c h a n i c a l l y - h a r v e s t a b l e  "package" ,  t h a t  makes t h e s e  p l a n t s  
useful .  L i t t l e  o r  no thought  was g i v e n ,  i n  t h i s  f i r s t  phase  o f  t h e  Marine 
Biomass Program, t o  how t h e  p l an t  s t o r e s  and a l l o c a t e s  its re se rves ,  o r  how it 
develops t h e  vegetable  anchors,  l i n e s  and f l o a t s  t h a t  a r e  obv ious  a d a p t a t i o n s  
f o r  i ts s u r v i v a l .  Any f u t u r e  a t t e m p t s  t o  farm macrophytes i n  t h e  s e a ,  w i l l  
have t o  take these  mat te rs  i n t o  account. 
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APPENDIX A 

LIST OF MACROALGAL SEEDSTOCK CULTURES 

TABLE OF CONTENTS 

I) Outline of Gametophytes in N.M. I. Seedstock Collection 

11) Origin and Number of Female and Male Garnetophytes in the 
N.M.I. Collection 

111) Collection Data 



B) CULTIVATED STOCK 

C) E.M.S, STOCK 

&f= (Mp) 

Macrocystis angustifolia (Ma) 

Macrocystis integrifolia (Mi) 

P e l a g o p h ~  E r a  - (Pp) 
Nereocystis luetkeana (Nl) -- 
Dictyoneurum californica (Dc) - 

calif ornica (PC) 

Alaria Marginata - (Am) 

Dictyoneuropsis retieulata (Dr) 

Laminaria setchellii (Ls) 

Laminaria saccharina (Lsa) 

Laminaria japonica (Lj) 



A) W I L D  STOCK (gametophytes came from spores obtained from wild sporophytes) 

Macrocyst is pyr i f e r a  

Parent 

A 

B 

C 

D 

E 

F 

G 

H 

SCI 

CHI 

Tota l  

Origin # I so la tes  ( t o t a l )  

channel islands* 6 

San Diego* 11 

Santa Cruz (Santa Cruz Point) 20 

channel i s lands  3 

channel i s lands  (Anacap) 5 

channel i s lands  9 

San Diego 36 

Ba ja 36 

Santa Catal ina Island 30 

China 2 - 
158 

Macrocystis anqust i fo l ia  

Parent Or iq i n  

I 

J 

K 

L 

M 

N 

u 

48 

151 

195 

SB 

Total  

# I so la tes  ( t o t a l )  #Females #Males 

Goleta Bay* 

Goleta Bay* 

Goleta Bay* 

Goleta Bay 

Goleta Bay 

? 

Ellwood (wild r e c r u i t  a t  farm) 

Ellwood (farm plant )  

Ellwood (farm plant )  

Ellwood (farm plant )  

Santa Barbara 



inteqrifolia 

Parent Origin #Isolates (total) #Females #Males 

Q Monterey* 14 3 11 

R Santa Cruz (Soquel Point) 9 4 5 

S Monterey (Stillwater Cove) 13 6 7 

T Alaska (Sitka) 44 20 24 

U British ColuYnbia 

Total 

prra 

Parent Origin 

A San Diego* 

B San Diego* 

C San Diego* 

Total 

#Isolates (total) #Females #males 

1 0 1 

13 3 10 

Nereocystis luetkeana 

Parent Origin #Isolates (total) #Females #Males 

A Monterey (stillwater Cove) 3 

B Oregon (Boiler Bay) 30 - 
Total 3 3 

Dictyoneurm californica 

Parent Origin #Isolates (total) #Females #Males 

A Monterey (Stillwater Cove) 3 3 0 

Pterogophora californica 

Parent Origin #Isolates (total) #Females #Males 

A Monterey (Stillwater Cove) 15 8 7 



Alaria marginata 

Parent Origin #Isolates (total) 

A Monterey (Stillwater Cove) 19 

Dictyoneuropsis reticulata 

Parent Origin 

A Monterey* 

Laminaria setchellii 

Parent Origin 

A Oregon (Boiler Bay) 

#Isolates (total) 

40 

#Isolates (total) #Females #Males 

20 10 10 

Laminaria saccharina 

Parent Or iqin #Isolates (total) 

A Oregon (Yaquina Bay) 14 

Laminaria japonica 

Parent Origin 

A ? 

#Isolates (total) 

* Duplicates from the University of California,Santa Barbara Collection 

B) CULTIVATED STOCK (gametophytes came from spores obtained from cultivated 
sprophytes i.e., f/2 stock) 

Gametophyte Parents #Isolates (total) #Females 

( females/males) 

11-10 Ma X Mp 20 8 

AA-10 MP x MP 2 0 

AI-4 Mp X Ma 13 1 I) 

AI-27 Mp X Ma 20 10 

IA-15 Ma X Mp 20 10 



IQ-5 

QA-49 

QI -24 

Total  

C)  E.M.S. GdUVIE'POPHYTES (Macrocystis gametophytes t h a t  were t rea ted  with the  
mutagen Ethyl Methyl Sulfonate (E.M.S.). The gmetophytes were t r ea ted  fo r  
0,10,20, o r  60 minutes) . 
Gmetphyte # I so la tes  ( t o t a l )  #Females #Males 

EMS-20 

!DIS-60 

Total  

D) TOTAL NUMEiER OF GAMETOPHYTlES I N  NMI CULTUFtE COLLECTION 

Wild Stock (f/l) 

Cult ivated Stock (f/2) 

E.M.S. 

GRAND TOTAL 

#Iso la tes  ( t o t a l )  #Females #Males 

62 5 316 309 

132 67 65 

8 4 - 26 - 58 - 
841 409 432 



A) Wild Sources 

M. pyrifera - 
Sporophylls collected from a wild sporophyte at Catalina Is. collected 
by Val Gerard and Ann Long on 5/6/79. Spores released 5/7/79. 
Gametophytes isolated 5/9/79. 

Sporophylls collected from a wild sporophyte off Santa Cruz Point in 
Santa Cruz Bay on 10/7/80 by S. Clabeusch and S. Fain. Spores released 
10/10/80. 

Sporophylls from a wild sporophyte (a.k.a. W#1) collected subtidally 
(12 m) from Anacapa Island by J. Woessner on 7/22/80. The sporophyte 
was characterized morphometrically. Spores released 7/24/80. 

Sporophylls from a wild sporophyte (a.k.a. W#2) collected subtidally 
from Anacapa Island by J. Woessner on 7/22/80. The sporophyte was 
characterized morphometrically. Spores released 7/24/80. 

Sporophylls from a wild sporophyte (a.k.a. W#3) collected subtidally 
from Anacapa Island by J. Woessner on 7/22/80. This sporophyte was 
transplanted to the NMI Campus Pt. farm after spore collection. 
Transferred to Ellwood Pier farm on 8/21/80 and lost on 2/2/81. 
Gametophytes isolated 1/2/81. 

Sporophylls from a wild sporophyte (a.k.a. SD#10) collected subtidally 
from bed located off Pt. Loma by M. Neushul and J. Woessner on 7/3/80. 
Sporophyte transplanted to W I  Campus Pt. farm after spore collection. 
Transferred to Ellwood Pier farm on 8/21/80 and lost on 2/2/81. 
Gametophytes isolated 8/1/80. 

M. angustifolia - 
Sporophylls collected from a wild sporophyte from Campus Pt. on 5/1/79., 
Spores released 5/4/79. Gametophytes isolated 5/9/79. 

Sporophylls collected from a wild sprophyte from Campus Pt. on 4/6/79,, 
Spores releasesd 4/10/79. Gametophytes isolated 4/16/79. 

Sporophylls collected from a wild sporophyte from Campus Pt. by B. 
Harger on 10/3/75. Spores released 10/6/75. Gametophytes isolated 
10/10/75 by Y. Sangonsuga. 

Sporophylls collected from a wild sporopt.lyte from Campus Pt. on 
11/3/79. Spores released 11/14/79. Gametophytes isolated 11/20/79. 

Sporophylls collected from a wild sporophyte from Campus Pt. on 
6/23/80. The sporophyte was collected at 9.4 m depth and was dissected 
into 1-meter lengths for modelling of growth of this plant. 
Gametophytes isolated 7/5/80. 



Sporophylls collected from NSF plant #F29, collected as a wild juvenile 
and outplanted on 10/15/79 at Goleta Bay. Gametophytes isolated 
9/28/80. SporoHlyte lost in storms 3/81. 

Sporophylls collected from GRI yield farm plant R1, a fast-growing 
recruit that began in the fall of 1982, survived the storms of 1983, 
and appeared particularly healthy in the El Nino conditions of the 
s m e r  of 1983. Sporomylls collected 8/25/83. Gametophytes isolated 
9/23/83 and later. Sporophyte did in 10/83, 

M. integrifolia - 
Sporophylls collected from a wild sporophyte at Cannery Row, Monterey 
Bay, on 9/23/79. Spores released 9/27/79. 
Gametophytes isolated 10/3/79. 

Sporophylls collected from a wild sporophyte collected subtidally off 
Soquel Pt. in Santa Cruz Bay on 10/9/80 by S. Clabeusch and S. Fain. 
Spores released 10/10/80. 

Sporophylls collected from a wild sporophyte in the intertidal zone at 
Stillwater Cove, Monterey Peninsula by S. Clabuesch and S. Fain on 
10/9/80. The sporophyte was discarded. Spores released 10/10/80. 

Sporophylls collected from a wild sporophyte collected by Jill Thayer 
at Baranof Island, Sitka Sound, Alaska in 10/83. Sporophylls received 
in Santa Barbara on 10/14/83 in good condition. Gametophytes isolated 
11/29-30/83. 

Pelagophycus p r  ra 

Nereocystis luetkeana 

N1-A Donor sporophyte collected from drift in Stillwater Cove,Monterey 
Peninsula,CA by S. Fain on 10-9-80. At the collection site,ferti.le 
blades were sampled from the donor sporophyte which was then discarded 

N1-B Donor sporophyte was collected at Boiler Bay,Oregon by Ray Lewis on 
6-22-86. Sori washed with 10% Betadine for 10 minutes and allowed to 
dessicate for a short time. Many spores released on 6-22-86. 

Dictyoneurum californica 

Dc-A Donor sporophyte collected from drift in Stillwater Cove,Monterey 
Peninsula,CA. by S. Fain on 10-9-80. Donor sporophyte was vourchered as 
an herbarium specimen and stored at the NMI Goleta facility. 



Pterogophora californica 

Pc-A Donor sporophyte was collected from drift in Stillwater Cove,Monterey 
Peninsula,CA by S. Fain on 10-9-80. Fertile blades were sampled from 
the donor sporophyte at the collection site. The donor sporophyte was 
then discarded. 

Alaria mrginata 

Am-A Donor sporophyte collected from drift in Stillwater Cove,Monterey CA. 
by S. Fain on 10-9-80. The sporo@yte was then pressed and mounted on 
herbarium paper. 

Dictyoneropsis reticulata 

Laminaria setchellii 
P 

Ls-A Donor sporophyte collected from Boiler Bay,Oregon on 6-22-86 by Ray 
Lewis. Spore release was obtained on 6-23-86. 

Laminaria saccharina 

Lsa-A Collected at the breakwater inside Yaquina Bay,Orqon on 6-21-86 by Ray 
Lewis. Sorus excised,treated with 10% Betadine for 10 minutes and 
allowed to dessicate overnight. Spore release obtained on 6-22-86. 

Laminaria japonica 

5) Cultivated Sources 

M. pyrifera X M. pyrifera - - 
AA-10 Sporophylls collected from a M p A 3  X Mp-A1 sporophyte cultivated at 

Ellwood Pier farm. Gametophytes isolated 1/2/81. 

M. pyrifera X M. angustifolia - - 
AI-4, AI-27 Sporophylls colected from MpA3 X Ma-I3 sporophytes cultivated at 

Ellwood Pier farm. Gametophytes isolated 12/21/80. 

M. angustifolia X M. angustifolia - - .-- - 
11-10 Sporophylls collected from a Ma-I1 X Ma-I3 sporophyte cultivated at 

Ellwood Pier farm. Gametophytes isolated 3/4/81. 



M. angustifolia X M. pyrifera - - 
IA-15 Spr,rophyl.ls collected from a Ma-I1 X Mp-A1 sporophyte cultivated at 

Ellwood Pier farm. Garnetophytes isolated 12/31/80. 

M. angustifolia X M. integrifolia - - 
IQ-5 Sporophylls collected from a Ma-I1 X Mi39 sprophyte cultivated at 

Ellwood Pier farm. Gametophytes isolated 12/23/80. 

M. integrifolia X M. pyrifera - - -- 
614-49 Sporophylls collected from a Mi42 X Mp-A1 sprophyte cultivated at 

Ellwood Pier farm. Gametophytes isolated 3/5/81. 

M. integrifolia X M. angustifolia - -- - - - 
QI-24 Sporopi1y1l.s collected from a M i 4 2  X Ma-I3 sgorophyte cultivated at 

Ellwood Pier farm. Gametophytes isolated 3/5/81. 



A HISTORY OF KELP UTILIZATION IN CALIFORNIA 

ABSTRACT 

The H i s t o r y  o f  C a l i f o r n i a ' s  Kelp Indus t ry ,  1911-1986 

by 

Peter  Neushul 

T h i s  paper i n v e s t i g a t e s  the technology developed by the 

e a r l y  Cal i f o r n i a  k e l p  i n d u s t r y  1911-1919, and i t s  c o n t i n u a t i o n  

from 1927 t o  present .  Re-examination o f  the l a r g e  sca le  

h a r v e s t i n g  and process ing techniques used by the e a r l y  

i n d u s t r y ' s  potash, acetone, a l g i n ,  and animal feeds businesses 

p rov ides  i n f o r m a t i o n  which may be v i t a l  t o  the proposed l a r g e  

sca le  e x t r a c t i o n  o f  methane gas f rom k e l p  biomass. Harves t ing  

i s  the most d i f f i c u l t  and expensive stage i n  the kelp-to-methane 

convers ion program. Between 1913 and 1919, Cal i f o r n i a '  s World 

War I i n d u s t r y  harvested 400-500 thousand tons o f  k e l p  per  year,  

a quan ti t y  which has never aga in  been dupl i ca t e d  by con temporary 

harvesters .  The e a r l y  i n d u s t r y ' s  fermenta t i d n  process ing 

technique produced many va luab le  by-products, some o f  which 

m igh t  a l s o  be de r i ved  from the kelp-to-methane convers ion 

process. A rev iew o f  the l a r g e  sca le  h a r v e s t i n g  and process ing 

technology developed by the e a r l y  C a l i f o r n i a  k e l p  i n d u s t r i e s  i s  

i m p o r t a n t  i f  k e l p  i s  t o  be s e r i o u s l y  considered as a new source 

o f  biomass f o r  methane p roduc t ion .  





LIST OF MEETINGS ATTENDED BY NMI STAFF AND VISITORS TO NMI 1980-1986 

1980 
June 17-18 ---------- Gas Research Instituter Chicago (program planning) 
~~l~ 28-29 ---------- Kelco company, San Diego (seedstock collection) 
August 11-15 ------- International Seaweed Symposium, Gothenberg, Sweden 
Sept. 16-18 --------- GE Budgetary meeting, Goleta 
NOV. 5 ------------ GRI, GE, (program planning) Newport 
NOV. 6-7 ----------- GRI Advisors Meeting and Tour, Goleta 
NOV. 17-20 ---------- Biosaline Resources Meeting, La Paz, Mexico 

1981 
Jan. 14-15 --------- Seminar on Marine Farming, U.C. Davis, Calif. 
Jan. 28-29 ---------- GE/GRI Seminar on Biomass Programr Goleta . 

Mar. 13-31 ---------- GE/GRI Visit to Japan and China 
Apr. 7-9 ---------- GRI Energy Farm Impacts, Napa, Calif. 
J U ~ Y  15 ---------- GRI site visit, Goleta 
july 29 ------------- X.G. Fei, arrives from China 
AU~. 10 ------------ NMI/Caltech cooperative research seminar, Goleta 
AU~. 28 ----------- R. Spencer, GRI-program review 
Sept. 23-4 ---------- GRI Advisors, Newport 
Nov. 11-Dec 8 ------ National Academy of Sciences, Study Trip to China 

1982 
Jan. 27-8 --------- GRI visit by J. Frank, K. Bird, Goleta 
~ ~ b .  10 ------------ UCSB Seminar on Marine Farm Engineering 
~ ~ b .  15-17 ---------- Seminar on Marine Farming, Southampton Col. New York 
Mar. 2 ------------ Visit by Pete Benson, Kermit Woodcock, Goleta 
Mar. 10-11 ---------- GE Engineers, consulting, Goleta 
Mar. 23-24 ---- ----- - R. HOPPXIWI, G.E., visit to biomass farm, Goleta 
April 16 ------------ U.C. Riverside, Lecture on Marine Farming 
Mar. 28-29 --------- Visit to New York Biomass Program, B. Brinkhuis. 
June 10 ------------- Cooperative research, Caltech, Newort Beach 
June 17 ------------ GRI/GE, K. Bird, A. Bryce, Harvester Review 
June 22-23 ---------- GRI Advisors, Goleta 
June 25 ------------- GE Division Manager, R. Tharpe, Visit to Farm 
AU~. 3-5 ------------ GE, Parsons visit, GE Budgetary Review 
A ~ ~ .  18-19 ---------- M. Miura visits from Japan 
A ~ ~ .  21-22 ---------- C. K. Tseng visits from China 
mov, 7-8 ----------- California Coastal Corranissionr Monterey 
NOV. 10 ------------- A. Tompkinsr GE, Goleta 
NOV. 23-22 --------- Dr. Uki, visit from Japan 
NOV. 30 ------------- Louise Burden and party, Dayton Power and Light 
D ~ ~ .  5-7 ----------- K. Bird, G.E. Meeting, Newport 
Dee. g -------------- T. Arzee, visitor from Israel, Goleta 



1983 
Jan. 10-13 ---------- World Mariculture Soc., Washington D.C. 
Jan. 24-25 ---------- Kelco symposium on kelp beds, San Diego 
~+b. 1-2 ------------ GRI, Japanese Study Tour, Goleta 
~ ~ b .  3 ------------- GRI, Judy Mueller, Toni Storto, Budget Review 
Feb, 10 ------------ GE visit, A. Bryce, R. Hoppman 
Mar. 9-10 ---------- SERI program review, San Diego 
Mar. 17 ------------ GE/GRIl CO-products and by-products meeting, Go.leta 
Mar. 22-23 --------- Univ. Arizona, Arizona Stat@, Seminars on Marine Farming 
April 7-8 ---------- Dr. Fujita, visit from Japan 
April 9-13 ---------- Philip Morris Symposium, Marine Farming 
April 20 ----------- Cao Shuli, visits from Yellow Seas Fisheries Inst, China 
June 10 ------------ R. Show, U.C. Davis, Visits re: Breeding plan 
June 15-29 ---------- International Seaweed Symposium, Qingdao, China 
J U ~ Y  19-20 ---------- GRI Advisors, San Diego 
AU~. 8-9 --------- Kelco visitors (L. Whitney, R. Pettit), Goleta 
Sept. 14 ----------- Meeting with K. Anderson, So.Cal.Gas., re Test Farm 
(yt. 3 ----------- Meeting with K. Wilson, Cal. Fish & Game, Goleta 
act. 8-28 ---------- Y. Sanbonsuga visits from J a w ,  Kelp Cytogenetics 
NOV. 2-4 --------- Artificial R@ef Symposium, Newport 
Nov. 23-Dec 9 ------ U.S.A.1.D.-sponsored trip to Senegal, Marine B~OMSS 

1984 
Jan 23 -------------- K. Bird, GRII visits 
April 3 ----------- Ventura Reef Installation, Dulah, Calif. 
April 4-6 --------- SERI review meting, Bolder, Colorado 
April 25-27 -------- GRI contractors meeting, Key West, Florida 
May 10 -------------- UCSB, Dept of Engineering, Marine Farm Design 

5-10 ----------- Phycological Society Meeting, Ft. Collins, Colorado 
13 ------------- T.C. Fang artives, cooperative genetic studies 

AU~. 22 ------------ GRI Program Advisors, San Diego 
Sept. 10-11 -------- Field Trip, Piedras Blancas, with T.C. Fang 
(yt. 1 ----------- Fish and Game, Kelp Leasing, Sacramento 
act. 8 -------------- Drs. Chen & Suo, visit from China, with W.J. North 
act, 12 W. Smith, IFAS, research review visit 
NOV. 29 ------------ Dr. Kusumi, visit from Japan 
Dee. 7 ------------ R. Goodman, Elsevier Publ. Co. Re: GRI book publication 
Dee, 27-8 ---------- J. Benson, attends Western Soc. 
wc. 28 ------------ W. Wheeler visits from Canada 

1985 
Jan 14-15 ---------- P. Benson, K. Bird, visit from GRI 
Feb. 13 ------------- R. Isaacson, P. Benson, Program Review, Goleta 
pb. 20-28 ---------- Mariculture Workshop, Woods Hole, Mass. 
Mar. 20 ------- ----- GRI Advisors visit to test farm, and review 
Mar. 21-22 SERI review, Golden Colorado 
April 13 ------:----- Hercules Chemical, W. Cattle, Goleta 
April 19 ------------ H. Willumson, Danish Biomass Production 
May 10-16 ---------- Bio-expo85 , Biotechnology Meeting , Boston, Mass .. 
July 26-Aug.10 ------ International Phycological Congress, Copenhagen 
AU~. 10-15 ---------- Phycological Society Meetings, Gainesville, Florida 
Sept. 25 Dr. Kaikuchi, Hokkaido, Japan 
Sept. 27 ------------ Seminar, U.C. Berkeley, Macroalgal genetics 
act. 11 ------------- A. Mayer, Argentina 



1986 
Jan 5-8 ------------- N. Yammoto, visit from Japan 
Mar. 15 ------------- F. Cattarino, visit from Portugal 
Mar. 18 ------------- R. Hoshaw, visit from Univ. Arizona 
Mar. 27 ------------- R. Issacson, GRI 
April 5-10 --------- IGT Symposium on Bio-energy, Washington, D.C. 
May 2 -------------- J. Fernandez, Midland Bank, Mexico city, re: Kelp Beds. 
May 13-14 ----------- Computer Graphics Trade Show, Los Angeles 
June 3-7 ---------- M. Blakeslee, visit from Alaska 
June 18 ----------- Gavino Tr0n0, Philippines, Seedstock Program 
June 22-26 ---------- American Society for Virology, U.C.S.B. 
J U ~ Y  1 ------------ Dr. M. Stekoll, visit from Univ. of Alaska 
A U ~ ,  1 -------------- Dr. B. Goldstein, visit from New Mexico 
Sept. 23-25 -------- SERI meeting, and Presentation, Golden, Colorado 
Dee. 3 -------------- Kelco visit, L. Whitney, D. Pettit 
Dee, 31 ------------- GRI Final Draft Report Completed 





LIST OF PUBLICBTImS - 1980 to 1986 
1 9 8 0  

Polne, M. , M. Neushul'and A. Gibor 1980. Growing Eucheuma uncinatum in -- 
culture. - In: I. A. Abbott, M. S. Foster and L. F. Eklund (eds.), 
Pacific Seaweed Aquaculture. California Sea Grant Program: La Jolla, 
California. pp. 115-120. 

Neushul, M. 1980. Approaches to yield studies and an assessment of foreign 
macroalgal farming technology. In: Energy from Marine Biomass, 
Program presentation at the Bio-Energy '80 World Congress and Exposition, 
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