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GRI DISCLAIMER 

LEGAL NOTICE This report was prepared by General 

Electric Company as an account of work sponsored by 

the Gas Research Institute (GRI). Neither GRI, 

members of GRI, nor any person acting on behalf of 

either: 

a. Makes any warranty or representation, express or 

implied, with respect to the accuracy, 

completeness, or usefulness of the information 

contained in this report, or that the use of any 

apparatus, method, or process disclosed in this 

report may not infringe privately owned rights; 

or 

b. Assumes any liability with respect to the use 

of, or for damages resulting from the use of, 

, any information, apparatus, method, or process 

disclosed in this report. 
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To o b t a i n  measurements o f  h a r v e s t a b l e  y i e l d  from a d u l t  
k e l p  p l a n t s  under n a t u r a l  as w e l l  as a r t i f i c i a l l y  i nduced  
env i ronmen ta l  c o n d i t i o n s  and t o  u t i l i z e  t h i s  d a t a  t o  
de te rm ine  t h e  commercial f e a s i b i l i t y  o f  p r o d u c i n g  methane 
f r o m  a  nearshore  k e l p  farm. 

K e l p  y i e l d  d a t a  f r o m  nearshore  t e s t  f a c i l i t i e s ,  t o g e t h e r  
w i t h  a s s o c i a t e d  d a t a  f o r  economic a n a l y s i s ,  wou ld  a1 l o w  
G R I  t o  assess t h e  p o t e n t i a l  o f  methane f r o m  m a r i n e  
biomass a g a i n s t  o t h e r  biomass p r o j e c t s  and s u b s e q u e n t l y  
t o  de te rm ine  whether t h e r e  was m e r i t  i n  c o n t i n u i n g  w i t h  
t h e  i n v e s t i g a t i o n  of t h e  o v e r a l l  m a r i n e  biomass concept .  

K e l p  y i e l d  d a t a  o b t a i n e d  f r o m  f o u r  h a r v e s t s  a t  t h e  G o l e t a  
nearshore  t e s t  f a c i l i t y  de te rm ined  t h a t  a  h a r v e s t a b l e  
k e l p  y i e l d  o f  15 d r y  ash f r e e  t o n s  pe r  ac re  p e r  year  may be 
a c h i e v a b l e  i n  a commerci a1 p r o d u c t i o n  s.ystem. T n d i v i d u a l  
p l a n t s  were shown t o  be capab le  o f  p r o d u c i n g  h a r v e s t a b l e  
y i e l d s  wh ich  can be p r o j e c t e d  t o  t h r e e  t i m e s  t h e  average 
15 t o n  y i e l d ,  t h e r e b y  i n d i c a t i n g  t h e  p o s s i b i l i t y  of 
s i g n i f i c a n t l y  l o w e r i n g  gas p r o d u c t i o n  c o s t s .  

I t  was a l s o  de te rm ined  t h a t  k e l p  p l a n t s  can be r e l i a b l y  
e s t a b l i s h e d  and m a i n t a i n e d  on nearshore  s u b s t r a t e s  and 
t h a t  con t inuous  yea r - round  f e r t i l i z a t i o n  o f  c u l t i v a t e d  
k e l p  was shown n o t  t o  be r e q u i r e d  t o  s u p p o r t  t h e  
s u s t a i n e d  h a r v e s t a b l e  y i e l d .  

As a  r e s u l t  of t h e  1982 s t u d i e s ,  t h e  Gas 9esearch T n s t i t u t e  
was a l s o  p r o v i d e d  w i t h  a  c r e d i b l e  bo t tom l i n e  c o s t  f o r  
t h e  p r o d u c t i o n  o f  methane f r o m  k e l p  o b t a i n e d  i n  nea rshore  
corrmercia l  c u l t i v a t i o n  systems. Da ta  f r o m  t h e  G o l e t a  
T e s t  F a c i l i t y  was used as a  k e y  i n p u t  t o  a  s e p a r a t e l y  
funded d e t a i l e d  economic a n a l y s i s  o f  a  m a r i n e  biomass 
p r o d u c t i o n  and c o n v e r s i o n  system. 

iii 



Technical 
Approach 

In order to provide information upon which to assess 
methane potential from marine biomass, two nearshore 
test facilities (Catalina and Goleta) were put into 
operation early in 1982. From these facilities, kelp 
biology and production data were acquired which enabled 
the determination of sustained kelp yield for marine farm 
systems. The resultant data was used as a basis for a 
detailed system and economic analysis of nearshore, 
coastal scenarios for commercial production of methane 
from kelp. 

At Catalina and Goleta, emphasis was placed on the direct 
measurements of growth rates, planting densities, harvest 
yields, and mortality of Macroc.ysti,s, as well as on the 
influences on these related to nutrient supply and uptake, 
contaminants, competitors and plant structure. The 
estimates of potential yields of marine farms were 
developed from the data collected. Laboratory and farm 
studies and collection of information on planting tech- 
nology were also pursued as adjunct data sources. 

In the laboratory, efforts were concentrated on the main- 
tenance and screening of bacterial cultures for 
the development of improved inocula to maximize acetate 
production and conversion of kelp to methane. Studies of 
microbial interactions in kelp bioconversion through 
development of binary and multiple organism food chains 
were also pursued. 

Effort was expended during 1982 toward developing 
a model for an "least cost system" which produces methane 
from Macroc stis cultivated in nearshore coastal farms. 
Kelp --7 biological engineering requirements were defined 
from available literature. Candidate system and sub- 
system concepts, functions and functional relationships 
were defined in order to identify the complete system 
requirements. Potenti a1 ocean and land sites suitable for 
substitute natural gas (SNG) production systems were 
identified based on the biological requirements of kelp, 
engineering requirement of the hardware, competing uses 
for the area, and environmental/permitting requirements. 



Project 
Imp1 i cations 

The 1982 Marine Biomass Program achieved a number of major 
successes. Quanti tat ive kelp yie lds  were documented fo r  
the  f i r s t  time, and new concepts on cul t ivat ion techniques 
( fo r  t e s t i ng  in the  1983 program) were inferred from the  
outcome of the  experiments. Equally important, there  are 
strong indications t ha t  the  yie lds  could be increased 
through genetic se lect ion of superior growing kelp plants.  

Cr i t i ca l  growth and carbon a1 1 ocati  on experiments are now 
providing an idea of carbon u t i l i z a t i on  and f a t e  i n  kelp. 
Incorporating these data in to  a kelp growth model, as we1 1 
as obtaining additional carbon a l locat ion data will 
ul t imately permit se lect ion of kelp morphologies fo r  
increased harvest y ie lds .  

Research i n to  microbial conversion of kelp t o  vo l a t i l e  
f a t t y  acids, the  subst ra tes  of the  methanogenic phase, 
determined key control l ing steps in kelp conversion. The 
several phases in breakdown of complex kelp t i s sues  t o  
vo l a t i l e  f a t t y  acids will lead t o  be t te r  control of these 
reactions and enhanced bioconversion of kelp in multinhase 
di gesters.  

The system and economi c analysis  conducted by General 
Elect r ic ,  associated with a mu1 t i face ted  examination of 
chemical co- and by-products indicates  t ha t  ea r ly  
commercialization of kelp t o  methane systems could proceed 
through development of an integrated low-cost. gas supply 
and chemical by-product industry, followed by a more 
intensive methane-oriented expansion as other investors 
are a t t rac ted .  





1.1 OVERALL PROJECT OBJECTIVE 

The overall objective of the GRI Marine Biomass Project i s  to  define 
i ntegrated processes, i ncl udi ng  feedstock production, harvesting, and conversi on, 
to  produce methane from seaweed in nearshore systems tha t  are cost-competitive on 

a comnerical basis with other a l ternat ive sources of energy. The technical, 
economic and energy requirements of a prototype comerci a1 production system are 
to  be determi ned so tha t  the f easi bi 1 i t y  of producing cost-competi t ive  methane 
from nearshore mari ne biomass farms can be ful l y  established. 
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2 SUMMARY OF ALL WORK PREVIOUSLY PERFORMED 

The t h r u s t  o f  t he  work performed on the  Marine Biomass Program s ince 1976 has 

been the a c q u i s i t i o n  o f  b i o l o g i c a l  and engineer ing data t h a t  was c r i t i c a l  t o  

making an accurate determinat ion o f  t he  techn ica l  and economic f e a s i b i l i t y  of t h e  

comnerci a1 product ion o f  Methane from Kelp. The f o l  1 owing sect ions summari ze the  

prev ious work d i r e c t e d  towards v a l i d a t i o n  o f  t he  bas ic  concepts invo lved i n  t h e  

engineer ing o f  marine farm systems (Ocean Engineering);  t he  growth and n u t r i t i o n  

o f  Macrocyst is  ( B i o l o g i c a l  Studies); and the  conversion o f  Macrocyst is t o  methane 

(B i  oconversion) . 
The o b j e c t i v e  o f  the Ocean Engineering work which commenced i n  1978 was t o  

p r o v i  de an open-ocean t e s t  s t r u c t u r e  s u i t a b l e  f o r  the  c o n t r o l  1 ed cu l  t i  v a t i  on of 

Macrocystis. Th is  o f f -shore  t e s t  farm (OSTF) was not  intended as a m in ia tu re  

vers ion  of a commercial farm but  ra the r  was designed t o  enable the  b i o l o g i c a l  

experiment team t o  gather the r e q u i s i t e  data f o r  determining the  growth, y i e l d  and 

nu tr i ti onal requ i  rements o f  ke lp  . 
The farm conf igura t ion ,  se lec ted  a f t e r  an extensive se r ies  o f  computer 

analyses and model t es t i ng ,  was designed t o  i n i  ti a1 l y  support approximately 100 

a d u l t  Macrocyst is p l  ants on a substrate suspended approximately 50 f e e t  below t h e  

surface. The t e s t  farm also had the  c a p a b i l i t y  o f  p rov id ing  upwelled water from a 

depth o f  1500 f e e t  through a two f o o t  diameter polyethy lene pipe. 

The t e s t  fawn was pos i t i oned  i n  approximately 2000 f e e t  o f  water by a th ree  

p o i n t  catenary mooring system approximately 4.5 m i l e s  o f f  Laguna Beach i n  Southern 

Cal i f  o r n i  a. 

A1 though successful l y  deployed and p l  anted, t he  OSTF proved i ncompati b l  e w i t h  

the  a d u l t  Macrocyst is p lan ts .  Heaving o f  the  s t r u c t u r e  combined w i t h  ambient 

cu r ren t  r e s u l t e d  i n  entanglement and abrasion o f  t he  p lants.  

A1 though the  pr imary  o b j e c t i v e  o f  ob ta in ing  harvestable y i e l d  data was not  

met, experience w i t h  the OSTF i n d i c a t e d  t h a t  k e l p  could survive, reproduce and 

grow i n  the  open ocean when a r t i f i c i a l l y  f e r t i l i z e d  w i t h  upwell ed n u t r i e n t - r i c h  

seawater. 



Biological studies involving kelp growth investigations and nutritional 
requirements were performed at the Cal iforni a Institute of Technology (CIT) under 
the leadership of Dr. Wheeler J. North, Professor, Environmental Sciences. The 
objective of this work was to determine the nutritional requirements of 

Macrocyst is and to provide data on the physiological requirements for opt irnizing 
kelp growth in an open ocean cultivation system. Through extensive laboratory and 
field observations, Dr. North established a set of biological criteria which must 
be met in order to achieve commercially acceptable yields. Laboratory work also 

indicated that a mixture of deep and surface water should provide the near optimal 
media for fertilizing plants in oceanic farms. 

Research at CIT also led to the development of techniques for transplanting 
healthy adult Macrocystis plants directly from natural beds into the OSTF, as well 
as experimental techniques for the controlled evaluation of kelp growth, yield, 
recruitment and health conditions for the open ocean experiment . 

By May 1981, engineering and biological data indicated that the offshore test 
facility could not be adequately shielded against ocean currents and surface 
motions. As a result of this evaluation, the kelp biological tasks were reviewed 

and redirected toward the development of the nearshore test farms for the 
acquisition of yield data. 

The research in bioconversion prior to 1982 concentrated in three major 
areas: Pretreatment/Post-treatment; Inoculum Development; and Anaerobic Process 
Development. 

Pret reatment /Post - t reatment  studies were conducted at the Western Regional 

Research Center, Albany, California. These efforts were directed toward the 
definition and evaluation of mechanical and chemical pretreatment/post-treatment 

process steps which would increase the microbial digestibi 1 i ty of kelp. 

Mechanical pretreatment studies centered on the development of least capital and 
least energy intensive methods to increase surface areas and cell rupture. 
Base1 ine processes and process equipment were evaluated and a materi a1 balance for 
the selected process was developed. Particle size reduction was examined using 
pilot scale and commercial scale equipment. Grinding mechanisms were studied and 
demonstrations of grinding using pi lot scale equipment indicated that hammer-mi 11 
grinding was the least energy-intensive method for the range of particle sizes of 
interest. 



Additional studies resulted in an assessment of the potenti a1 use of digester 

solid effluent as an animal feed supplement. Study data indicated tha t  the 

effluent has a crude protein content of about 37% and has good potential as an 

animal feed supplement. 

Inoculum development research work over the past several years has led to  the 
i dentifi  cati  on of the specific enzyme requirements fo r  the degradation of major 

constituents of kelp as we1 1 as the optimum pH values fo r  maximum enzymatic 
degradation of certain major constituents. This research has a1 so resulted in 
successful development of mi croorgani sm enrichments which can produce methane from 

the major constituents; a1 gi n ,  cellulose, manni to l ,  and fucoi dan. Temperature 
studi es usi ng enriched anaerobic cultures of marine microorgani sms indicated tha t  
such inocula can be incubated a t  ambient temperatures rather than a t  the 

mesophilic range of 3 5 ' ~  without sacr if ic ing reaction rates.  The impact of t h i s  

data, once sa t i s f ac to r i ly  verified,  would be a reduction in processing system 

costs and energy requirements. 

Anaerobi c digestion systems devel oprnent progressed towards the goal of 
maximizi ng  methane yields whi ch represent approximately 75% of that  which i s  
theoret ical ly  attainable,  and which on the average exceeds those of any other 
known biomass. I t  was established tha t  Macrocystis i s  degradable in a sal ine 
culture, can be fed direct ly  to digesters in i t s  undiluted s t a t e ,  and can 
effect ively be converted to methane without the addition of supplementary 
nutrients. Results from thi s research suggests that  s t i  11 1 ower digester 

re tent i  on times and increased yields can be expected as a resu l t  of t h i s  microbi a1 
work . 

Whi 1 e experimentation over the past years has answered several c r i t i ca l  

questi ons concerning the concept of mari ne farming as a renewable energy source, 
i t  has also raised additional considerations. The variation of harvest yield as a 
function of crop density, harvest frequency and upwell ed water appl i cat i  on i s  a 
c r i t i ca l  factor that must be understood. 

Ongoing bi 01 ogi cal research and innovative engineering devel opment wi 11 focus 
on these and other considerations. The primary task will be the determination of 
the productive capacity and the sustained yields tha t  may be obtained during the 
control 1 ed cul t i  vati on of kelp. 
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3 SPECIFIC OBJECTIVES OF CURRENT YEAR 

During the current year, the objectives GRI intends to meet are; (1) to 
determine if macroalgal feedstock can be obtained in sufficient quantity and yield 

to demonstrate a strong economic future of ocean farm systems; (2) to confirm that 
ocean farms can provide net energy gains; and (3) to determine that macroalgae can 
be harvested and converted to methane at costs competitive with other alternate 
sources of energy. The primary concepts to be investigated in the marine farming 
area are the growing of kelp on bottom or near bottom attachment systems in 
nearshore waters utilizing natural and artificial nutrients. 

Previous work has shown that controlled cultivation of macroalgae is feasible 
and that methane can be derived from marine biomass feedstock. Such work has also 

indicated that kelp can be grown in the open ocean when fertilized by artificially 
upwelled deep ocean waters and in nearshore waters fertilized with chemicals, and 
that kelp can be readily converted into methane gas. Commercial industries are in 

place that harvest and utilize this natural coastal kelp for the production of 
high value chemicals. However, it has not been shown that open ocean or nearshore 
cultivation of kelp can be accomplished in such a way as to allow methane to be 
generated at costs that are competitive with other alternate methods of methane 
production. 

Further research for the Gas Research Institute continued the investigation of 
practical marine farm systems for producing methane from kelp. Emphasis was 
placed on (1) continuation of biological and kelp growth experiments that have 

been initiated in the two nearshore test farms (Catalina and Goleta); (2) 
continued but limited investigation of inocula capable of enhancing methane 
production; (3) monitoring the quality of kelp grown on the nearshore test farms 
in terms of its methane potential; and (4) detailed systems and economic analyses 
of nearshore, coastal scenarios for commercial production of methane from kelp. 
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4 WORK TASKS FOR CURRENT YEAR 





4 WORK TASKS FOR CURRENT YEAR 

4.1 - EVALUATION, OPERATION, AND MAINTENANCE OF EXPERIMENTAL MARINE FARM SYSTEMS 

4.1.1 OBJECTIVE 

Operate and ma in ta i n  t h e  nearshore exper imenta l  t e s t  f a c i  1  i t i e s ,  (Ca ta l  i n a  and 

Goleta) ,  f rom which cont inued a c q u i s i t i o n  o f  k e l p  b i o l o g y  and p roduc t i on  da ta  i n  

t h e  marine environment w i l l  enable t he  de te rm ina t i on  o f  sus ta ined  k e l p  y i e l d  f o r  

mar ine f a rm  systems. 

4.1.2 APPROACH 

a. S t a r t u ~  and O ~ e r a t i o n  o f  Farm Svstems 

1. Ob'ect ive:  Evaluate,  checkout, s t a r t up ,  and operate t h e  C a t a l i n a  Test  
d m ~ )  and t he  Goleta Tes t  Farm (GTF) t o  enable t he  conduct o f  
exper iments on k e l p  growth and b io l ogy .  

2. A c t i v i t i e s  

C a t a l i n a  Test  Farm (CTF) 

0 Evaluate and complete t he  checkout o f  the  i n s t a l  l e d  f a c i l i t y .  

0 Tes t  t h e  performance o f  t h e  n u t r i e n t  d i s t r i b u t i o n  system and 
ad jus t  as app rop r i a te  t o  p rov ide  t he  des i r ed  d i s t r i b u t i o n  and 
c i r c u l a t i o n .  

0 Main ta i n  the  CTF. Th i s  s h a l l  i nc l ude  r o u t i n e  maintenance o f  
t h e  supp ly  and d ischarge pumps as w e l l  as t h e  n a v i g a t i o n  
equipments; r e g u l a r  i n s p e c t i o n  o f  the  CTF hardware, and normal 
r e p a i r s  as w e l l  as damage r e p a i r s ;  e s t a b l i s h i n g  a  c r i t i c a l  
spares inven to ry ;  and maintenance o f  t he  on-board da ta  
a c q u i s i t i o n  system. 

0 Operate the  CTF. Th i s  s h a l l  i nc l ude  p r o v i d i n g  consumables 
such as e l e c t r i c i t y ,  f e r t i  1  i z e r s ,  and 1  and-based l a b o r a t o r y  
support  needs necessary f o r  conduct o f  t he  k e l p  growth and 
b i o l o g y  experiments. 

0 Moni tor  the  n a t u r a l  environment around t he  CTF t o  assure 
o p e r a t i o n a l  conformance t o  t h e  issued permi ts  and l i censes .  

( b )  Go le ta  Tes t  Farm (GTF) 

0 Evaluate and complete the  check o f  the  i n s t a l l e d  f a c i l i t y  and 
suppo r t i ng  equipments and vessels.  

0 Main ta i n  t he  GTF. Th i s  s h a l l  i nc l ude  r o u t i n e  maintenance and 
r e g u l a r  i n s p e c t i o n  o f  t h e  GTF hardware and suppo r t i ng  
equipments and vessels;  normal r e p a i r s  as w e l l  as damage 
r e p a i r s  o f  t h e  fa rm s t r u c t u r e s  and equipments; and 
e s t a b l i s h i n g  a  c r i t i c a l  spares inven to ry .  

4-1 



a Operate the GTF. This shall include providing consumables 
such as; fuel, electricity and fertilizer, as well as the 
costs associated with facility rentals and leases. 

Demobilization of the Off-Shore Test Farm 

1. Ob'ective: Demobilize the remains of the Off-Shore Test Platform vhFJ that was installed in 1978 and determine the probable cause of 
the loss of the test structure for the purposes of recovering the 
insured value of the system. 

2. Activities: 

a Remove, by salvaging and/or sinking, the remnants of the OSTP still 
in place. 

e Conduct a detailed failure analyses of the recovered test structure 
mooring cables to determine the most probable cause of failure. 

a Conduct a series of tensile tests on the remaining cables to assess 
their residual strength at the time the test structure was lost. 

a Document and present the known facts, both quantitative and 
qualitative, to the insurance underwriters and represent GRI's 
interests in pursuing the recovery of the insured value of the OSTP. 

4.2 BIOLOGICAL STUDIES 

4.2.1 OBJECTIVE 

To determine the potential yield of Macrocystis cultivated under ocean 
conditions. 

The most crucial factor affecting the potential of the marine farm concept is 

yield. This, in turn, is affected by the kelp growth rates obtained at specific 
planting densities, as well as rates of natural or systems induced mortality. 
Thus, those elements of marine farm systems which significantly impact upon plant 
performance are central concerns of this program. In addition to direct 
measurements of growth rates, planting densities, harvest yields, and mortality, 
it will be necessary to conduct intensive evaluations of influences related to 
nutrient supply and uptake, contaminants and competitors, and structure. Actual 
determination of potential yields of marine farms will be developed from data 
being collected at the Catalina and Goleta Test Farms. Laboratory and farm 
studies and a collection of information on planting technology will be pursued in 
the present phase of the project as an adjunct data source addressing those 
influences on plant yield listed above. 

The activities to be conducted during 1982 are described in the following 
paragraphs: 

4-2 



4.2.2 APPROACH 

a. Laboratory Studies 

Objectives 

a To obtain the information necessary to assure the complete 
nutrition of kelp. 

a To learn how best to produce kelp tissues with the chemical 
composition most likely to maximize the value of kelp feed-stock 
for anaerobic digestion. 

a To support the conduct of the Nearshore Test Farms experiments by 
providing information on the cultivation needs of Macrocystis. 

2. Purpose: To provide the information required to better assess the 
needs and application of kelp growth in energy farms. 

3. Activities: The following activities shall be continued: 

(a) Genetics and Propagation Methodology 

Existing strains of gametophytes shall be maintained. 

(b) Aquil Experiments 

a Experiments on the growth of Macroc stis gametophytes and 

shall be continued. 
+ sporophyte juveniles in a comp ete y e ined artificial medium 

a The studies of optimal concentrations of nitrogen, 
phosphorous, iron, manganese, iodine, copper, molybdenum, 
cobalt, and zinc shall be continued for gametophytes and 
juveni 1 e sporophytes. 

a Evaluations shall continue of the suitability of the various 
chemical forms of these elements to determine speciation and 
chelation requirements. 

a Analyses shall be continued of the uptake rates of the above 
listed micronutrients. 

b. Yield and Growth Studies on Nearshore Test Farms 

1. Objective: To obtain biomass growth and harvestable yield data from 
adult Macrocystis plants in marine environments under controlled 
and/or measured nutrient/light conditions. 

2. Purpose: To provide improved data for prediction and evaluation of 
marine kelp farm growth potentials for application to and update of 
system and economic models of methane from marine biomass concepts. 



3. A c t i v i t i e s :  Two a c t i v i t i e s  s h a l l  be i n i t i a t e d :  

a B i o l o g i c a l  and growth experiments w i l l  be conducted on the  enclosed 
Catal  ~ n a  Test Farm (CTF) t o  determine the  growth and harvestable 
y i e l d  performance o f  adul t Macrocyst i s  p l  ants under vary i  ng 
c o n t r o l  l e d  t e s t  condi t ions.  Adu l t  Macrocyst i  s p l  ants w i  11 be 
se l  ected f rm natura l  beds and t ransp l  anted t o  the .  enclosure. 
Automated and/or manual measurements w i  11 be made o f  requ i red  
parameters on a regu lar  bas is  t o  ascer ta in  and v e r i f y  t he  
growthlenvi  ronmental cond i t ions  w i  t h i  n the  encl osure dur ing  each 
growth phase o f  t he  experiment. As a minimum, t h e  f o l l o w i n g  data 
w i l l  be recorded: 

- Observed p l a n t  motion 

- N u t r i e n t  l e v e l s  

- Water temperature vs t ime 

- L i g h t  l e v e l s  vs t ime 

- Standing crop dens i ty  

- Standing crop sample composit ion 

- Harvested biomass q u a n t i t y  

- Harvested sample composit ion 

- Growth vs t ime 

- Frond 1 ength/number 
- Frond i n i t i a t i o n  r a t e  

- P lan t  damage due t o  abrasion/motion, etc.  i f  any 

- P lan t  damage due t o  grazers, etc.  

- Survey o f  other  f l  o r a / f  auna i n  enclosure 

- O2 l e v e l s  

- Tota l  f ronds /p l  ant 

A s imi  1 a r  se t  of experiments w i l l  be conducted on t h e  Go1 e t a  Tes t  
Farm. I n  t h i s  case, no containment enclosure w i l l  be employed so 
t h a t  o n l y  1 i m i t e d  c o n t r o l  o f  n u t r i e n t  l e v e l s  w i l l  be possib le.  
A r t i f i c i a l  n u t r i e n t s  w i l l  be app l ied  d i r e c t l y  t o  the  canopy. 
Adequacy o f  app l i ca t i on  w i l l  be measured by chemical analys is  o f  
tk p l a n t  t i ssue.  The Goleta Test  Farm data w i l l  p rov ide  the  same 
t ype  of growth/harvestabl e y i e l d  i n f  ormati on as w i t h  the  CTF, 
except t h a t  no enclosure i n t e r a c t i o n  w i l l  be present.  Several 



l a r g e  t e s t  p l o t s  w i l l  be run  simultaneously a t  var ious p l a n t  
dens i t ies .  Many o f  the same t e s t  parameters and data measurements 
as used i n  t h e  CTF studies w i l l  be employed f o r  these experiments. 
The combined data from the  CTF and GTF w i l l  p rov ide  a new and 
s i g n i f i c a n t  body of data on growth p o t e n t i a l  o f  mature p l a n t s  i n  an 
ocean environment under c o n t r o l  1  ed and monitored n u t r i e n t  condi t ions.  

4.3 KELP BIOMASS CONVERSION STUD1 ES 

4.3.1 OBJECTIVE 

To research, devel op, and demonstrate e f f  i c i  ent  processi ng and conversi  on 

technologies w i t h  the  p o t e n t i  a1 f o r  producing comnerci a1 methane gas, and 

by-products f rom macroal gal  feedstock. 

Dur ing  1982, t he  e f f o r t s  w i l l  be concentrated on cont inu ing  the  research i n t o  

improved i nocula assessing t h e  methane p o t e n t i  a1 o f  k e l p  grown under c o n t r o l  1  ed 

cond i t i ons  i n  the  nearshore t e s t  farms. 

4.3.2 APPROACH 

a. The Research and Development o f  Basic Inocu l  a f o r  the  Anaerobic D iqes t i on  
o f  Kelp t o  Methane 

1. Object ive:  To develop i nocu la  capable o f  inc reas ing  the  r a t e s  o f  
b i o l o g i  cal lchemi cal  r e a c t i  ons 1 eadi ng t o  methane generat i  on and gas 
y i e l d .  

2. Purpose: To prov ide the bas ic  b i o l o g i c a l  mater i  a1 s requ i red  i n  t he  
anaerobic d i g e s t i  on o f  k e l p  feedstock. 

3. A c t i v i t i e s :  The f o l l o w i n g  a c t i v i t i e s  s h a l l  be continued: 

o Basel ine b a c t e r i a l  cu l t u res  s h a l l  be maintained f o r  use i n  t h e  
s t a r t u p  o f  new d iges ters  and a1 1 subsequent studies. 

o Experimental s tudies on the  u l t i m a t e  d i g e s t i b i l i t y  o f  k e l p  
i n c l u d i n g  the  use o f  s p e c i a l l y  developed inocu la  f o r  the  
r e c a l c i t r a n t  f r a c t i o n  w i l l  be continued. 

o Studies o f  m ic rob ia l  i n t e r a c t i o n s  i n  k e l p  b ioconvers ion through 
development o f  b i n a r y  and mu1 t i p l e  organism food chains w i l l  be 
continued. 

b. Assessment o f  Compositional Analyses o f  Kelp Grown a t  the Nearshore Test 
F arms 

1. Object ive:  To determine the  q u a l i t y  o f  Macrocyst is grown under 
c o n t r o l l e d  cond i t ions  a t  t h e  Near Shore Tes t  Farms. 



2. - A c t i v i t i e s :  The f o l l o w i n g  a c t i v i t i e s  s h a l l  be i n i t i a t e d .  

Using p r e v i o u s l y  developed a n a l y t i c a l  procedures, per fo rm 
composi t ional  ana l ys i s  on samples o f  k e l p  grown under c o n t r o l  l e d  
cond i t i ons  f rom the  C a t a l i n a  and Goleta Test  Farms. 

a Determine t h e  t h e o r e t i c a l  gas y i e l d  f rom the  composi t ional  da ta  o f  
each sample. 

a Perform b iomethanat ion eva lua t i on  o f  each sample o f  k e l p  us ing  
p r e v i o u s l y  developed b ioassay techniques. 

a Evaluate feedstocks f rom Cata l  i n a  and Goleta under l a b o r a t o r y  
c o n t r o l l e d ,  cont inuous base l i ne  s teady-s ta te  anaerobic d i g e s t i o n  
cond i t ions .  

4.4 SYSTEMS ANALYSIS 

4.4.1 OBJECTIVES 

a To p rov ide  and app ly  a technique f o r  e v a l u a t i n g  marine farm p r o j e c t  systems 
performance on a c o n t i n u i n g  bas is .  

a To develop and app ly  a t o o l  f o r  dec i s i on  making, i n c l u d i n g  program paths 
and t i m i n g  f o r  bo th  economic and energy balances. 

a To p rov ide  c r e d i b l e  concepts and de fens ib l e  cos ts  assoc ia ted w i t h  t he  
p roduc t  i o n  o f  methane f r om Macrocyst i s  grown on nearshore marine farms. 

4.4.2 PURPOSES 

a To p rov ide  and app ly  the  methodology r e q u i r e d  t o  syn thes ize  and eva lua te  
t o t a l  mar ine f a rm  p r o j e c t  systems f rom a l l  component subsystems, groups, 
and elements, g i v i n g  va lue  measures t o  the  b e n e f i t s  t o  be der i ved  f rom 
t e c h n i c a l  advances i n  t he  var ious  subsystem technolog ies.  

0 To assess t he  cos t  b e n e f i t  o f  a renewable methane supply  t h a t  i s  generated 
f rom ocean c u l t i v a t i o n  o f  Macrocyst is.  

4.4.3 APPROACH 

The approach t o  be used i n  1982 toward the  s t a t e d  o b j e c t i v e s  w i l l  be t h e  

analyses o f  nearshore marine fa rm systems. 

Energy, mass f low,  and economic models capable o f  s i m u l a t i n g  the  performance 

o f  nearshore mar ine f a rm  systems w i l l  be developed. 

4.4.4 ACTIVITIES 

The f o l l o w i n g  a c t i v i t i e s  w i l l  comprise the  e f f o r t  i n  1982 toward develop ing a 

model f o r  a l e a s t  c o s t  system which produces gas f rom Macrocyst is  c u l t i v a t e d  i n  

nearshore coas ta l  farms. 



@ The kelp biological/engineering requirements will be defined from available 
literature and by analysis of existing data interpreted in terms of the 
needs of the system and subsystem designs and tradeoffs to be performed. 

Candidate system and subsystem concepts, functions, and functional 
relationships wi 11 be defined in order to identify the end-to-end system 
for more detailed design evaluation and costing. A top-down system 
functional block diagram wi 11  be developed to the level required to 
visual ize hardware. The functional interfaces between the various 
functions and related subsystems will be defined, and various options will 
be detailed to meet the end-to-end and lower level functional requirement. 

@ Potential Southern California ocean and land sites suitable for the SNG 
production system(s) wi 11 be identified and described. Recommended siting 
locations will consider such things as the biological requirements of the 
kelp, the engineering requirement of the ocean and land hardware, the 
competing uses for the area from commercial, military, recreational and 
residential viewpoints, and the environmental/permitting requirements. 

Subsystem hardware design concepts will be developed to accomplish the 
identified functional requirements. Sufficient design information will be 
developed to permit engineering cost estimates, energy requirement and 
tradeoffs of subsystem candidate. The most promising candidate design 
concepts for each subsystem will be selected, and all subsystem hardware 
performance and interface requirements wi 1 1  be defined. An overall 
"Systems Performance/Design Requirements Specification" will be developed 
from the above details. 

@ With the "Systems Specification" as defined above, a third party GRI 
contractor will define the detailed engineering and cost model of the least 
cost gas production system. GE will provide support to this third party 
contractor. 

4.5 ENGINEERING SUPPORT 

4.5.1 OBJECTIVE 

To maintain and continue to foster the technical engineering expertise needed 
for the development of marine farm systems. 

4.5.2 PURPOSES 

To ensure systematic integrated cost-effective development of the program. 

To make available the necessary expertise as a form of checks and balances 
in the overall program effort. 

0 To make available the specific expertise needed to assure uninterrupted 
conduct of the Nearshore Test Farm experiments. 



4.5.3 ACTIVITIES 

Specific activities for which support shall be needed include the following: 

@ Project engineering whereby interrelated tasks undertaken by the various 
program subscontractors are conducted in a manner to insure timely, 
integrated and cost-effective performance. 

Field engineering for support and monitoring of ocean engineering related to 
the operation and maintenance of the experimental marine farm systems. 

e Systems engineering whereby the data developed f rom the near-shore test farm 
experiments are analyzed and utilized in the models developed for the 
comnerci a1 gas product ion scenarios. 
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5 1982 WORK PERFORMED BY TASKS 

The f o l l  owing sec t ions  descr ibe the  experimental  work expended dur ing  t h e  

course o f  t h i s  con t rac t  - the  12 month pe r i od  beginning January 1, 1982 and ending 

December 31, 1982. To prov ide  c l a r i t y  t o  t h e  reader, each major sec t i on  l i s t e d  

below i s  presented as an i n d i v i d u a l  

5.1 K e l p  D iges t i on  B io logy  

5.2 Cata l  i n a  Ke lp  C u l t i v a t i o n  

5.3 Go le ta  Ke lp  C u l t i v a t i o n  B i  

5.4 System Ana lys is  

5.5 Co-Products/By-products 

5.6 Los t  Farm A c t i v i t i e s  

5.1 KELP DIGESTION BIOLOGY 

5.1.1 MICROBIAL STUDIES 

sec t i on  o f  work. 

B io logy  

01 ogy 

The e f f o r t s  descr ibed i n  t h i s  Sec t ion  are a  con t i nua t i on  o f  prev ious s tud ies  

concerned w i t h  t h e  m i c r o b i o l o g i c a l  and biochemical events i n  t he  anaerobic 

d iges t i on  o f  marine algae t o  methane. I n  p a r t i c u l a r ,  these s tud ies  have focused 

upon t h e  b iodegradat ion o f  t h e  major cons t i tuen ts ,  a l g i n  and manni to l ,  and have 

r e s u l t e d  i n  t he  is01  a t i  on, charac ter iza t ion ,  and i d e n t i f i c a t i o n  o f  t he  predominant 

m ic rob i  a1 species respons ib le  f o r  these a c t i v i t i e s .  These f i nd ings ,  besides being 

d e t a i l e d  here, have been submi t t e d  f o r  pub1 i c a t i o n  ( T i t l e :  Is01 a t i o n  and p a r t i  a1 

c h a r a c t e r i z a t i o n  o f  a l g i n a t e  - and manni to l  - u t i l i z i n g  b a c t e r i a  f rom a  

methanogenic k e l p  (Macrocyst is  p y r i f  e ra )  d iges te r )  i n Appl i e d  and Environmental 

Microbio logy.  

Add i t i ona l  s tud ies  have shown t h a t  se lec ted  is01  ates show a  grea t  metabo l i c  

d i v e r s i t y  and are ab le  t o  degrade a  wide v a r i e t y  o f  macroalgal cons t i t uen ts  from 

k e l p  i n c l u d i n g  1  ami nar in ,  f ucoidan and ce l l u l ose .  The p a r t i c u l  ar  enzyme 

a c t i v i t i e s  and t h e  mechanisms which c o n t r o l  each o f  these a c t i v i t i e s  are beg inn ing  

t o  be defined. Each i s o l a t e  has been charac ter ized  as t o  i t s  s p e c i f i c  manni to l  

dehydrogenase enzyme and co- f  actor  requirements, and t h i s  data w i l l  be u t i l i z e d  t o  

s tudy  var ious  d iges t i on  f a c t o r s  which may a f f e c t  r a t e  l i m i t i n g  reac t i ons  i n  

reac tors .  

Ke lp  q u a l i t y  s tud ies  were a lso  conducted as an ad junc t  t o  t h e  k e l p  growth and 

nu tri t i  on studies.  These i n c l  uded composi ti onal analyses o f  major  component 

ma te r i  a1 s  and comparative g a s i f i c a t i o n  assessments o f  var ious  k e l p  harvests.  



Th i s  segment a1 so i nc l udes  a  d e t a i l e d  r e p o r t  d e s c r i b i n g  some m i c r o b i o l o g i c a l  

s t ud ies  assoc ia ted  w i t h  e f f o r t s  t o  e l u c i d a t e  t h e  cause o f  t h e  "shot -ho leu d isease 

syndrome - a  warm weather r e l a t e d  c o n d i t i o n  r e s u l t i n g  i n  a  peppered o r  "sho t -ho le '  

appearance of t h e  near su r f ace  k e l p  blades - and i nc l udes  some recommendations for 

f u t u r e  s t u d i e s  i n  k e l p  patho logy.  

5.1.1.1 Growth o f  Cytophaga on Mixed Subs t ra tes  

Prev ious  s t u d i e s  had shown t h a t  t h e  a1 g i  no1 y t i  c  Cytophaga 

been i s o l a t e d  from k e l p  d i g e s t e r s  were a l s o  capable of u t i l i z  

s t r a i n s  

i n g  mann 

t h a t  had 

i to1  , another 

major  component of Macrocyst is .  However, w h i l e  a l g i n  and manni t o 1  a re  r a p i d l y  

consumed i n d i v i  dua l l y ,  i t  was necessary t o  determine what, if any, i n t e r a c t i v e  

e f f ec t s  occur when bo th  subs t ra tes  are p resen t  s imu l taneous ly  as found i n  t h e  k e l p  

d i g e s t e r  system. 

As can be seen i n  F i g u r e  5.1-1, s imultaneous u t i l i z a t i o n  o f  a l g i n  and mann i to l  

occurs when c e l l s  are pre-grown on a l g i n .  There i s  s u f f i c i e n t  a lg inase  car ryover  

w i t h  t he  inoculum t o  p r o v i d e  i n i t i a l  growth subs t ra te  and f u r t h e r  enzyne 

syn thes is .  No i n d u c t i o n  p e r i o d  i s  needed f o r  a lg inase  p roduc t ion .  There i s  no  

apparent e f f e c t  of a l g i n  o r  i t s  breakdown p roduc ts  on mann i to l  u t i l i z a t i o n ,  and 

mann i t o l  i s  consumed more r a p i d l y  as i t  i s  p robab l y  a s s i m i l a t e d  d i r e c t l y  and does 

n o t  depend on e x t r a c e l  l u 1  ar  enzymat ic a c t i v i t i e s  as w i t h  a1 g i  n  degradat ion.  

I n  con t ras t ,  i f  c e l l s  a re  pre-grown on mann i t o l  (no de tec tab le  a l g i nase  

a c t i v i t y ) ,  no evidence o f  a l g i n  degradat ion occurs u n t i l  t he  mann i to l  i s  

comp le te ly  consumed as shown i n  F i g u r e  5.1-2. A t  t h i s  p o i n t ,  a l g i n  consumpt i in  i s  

i n i t i a t e d  and a  secondary growth phase takes p l ace  (D iaux ie  Growth). These da ta  

suggest t h a t  manni t o1  ( o r  i t s  breakdown p roduc t s )  may i n t e r f e r e  i n  some manner 

w i t h  a l g i  n - l yase  p r o d u c t i  o n / r e l  ease. T h i s  remains t o  be determined. 

5.1.1.2 Growth o f  B a c t e r i a l  I s o l a t e s  on K e l p  

Prev ious  s t u d i e s  on t h e  a b i l i t y  o f  Cytophaga spec ies t o  degrade t h e  var ious  

c o n s t i t u e n t s  o f  k e l p  have been performed i n  de f i ned  medium c o n t a i n i n g  pure 

compounds ( i .e .  sodium a lg i na te ,  mann i to l ,  e t c . ) .  I t  has been shown f o r  ins tance,  

t h a t  essen t i  a l l y  100 percen t  o f  pure a l g i n  i s  r a p i d l y  degraded by these b a c t e r i a  

as are many o the r  components. I n  order t o  f u l l y  eva lua te  t h e  r o l e  o f  these 

microorganisms i n  t h e  k e l p  t o  methane f o o d  chain,  i t  i s  necessary t o  determine how 

these  b a c t e r i a  u t i l i z e  t he  n a t u r a l  subs t ra te .  



HOURS 

Figure 5.1-1. Growth of Alginolytic C to  ha a as Indicated by Increased 
Culture O.D.  on Mixed Substrates Y_Eq_ A gin Grown Inoculum 

5.1-3 



HOURS 

Figure 5.1-2. Growth of Algi nolytic Cytophaqa as Indicated by Increased 
Culture O.D. on Mixed Substrates Inoculum was Pregrown on Mannitol Based Medium 



Studies were f i r s t  conducted t o  determine whether kelp would support the 
growth of the Cytophaga species. A medium was prepared by combining basal medium 
(Mah e t  a1 ,) and a known weight of raw kelp (Macrocystis pyrifera, Lot 53-1) in 
serum bottles using standard anaerobic techniques and a nitrogen atmosphere. The 
medium was s te r i l ized  by autoclaving. I t  i s  recognized that  t h i s  procedure 
induces some changes in the kelp, b u t  a1 ternative s te r i l iza t ion  techniques were 
n o t  avai 1 able. 

After inocul a t i  on and incubation, microscopic observations indicated growth of 

a1 1 Cytophaga s t rains  (39-1, 12 and 15) to be extremely pro1 i f i c ,  with individual 
ce l l s  appearing t o  be very healthy. In fac t ,  these cultures appear denser than 

any previously grown. In addition, an obvious change in the quantity and texture 
of the kelp substrate was noted; the kelp part ic les  were coalesced in the presence 

of the microorganisms in contrast to individual rapidly se t t l i ng  part ic les  in 
control media. These cultures have been harvested and will be analyzed for  
metabolic products. 

Similar observations were made with the mannitol-utilizing isolates.  All 

isolates grew, b u t  coagulation of the kelp part ic les  occurred with only two 
s t ra ins ,  MTL-2 and MTL-8. The kelp part ic les  in the other cultures remained 
dispersed. Furthermore, microscopic observations of most cultures revealed what 
may be kelp-bacterium associations, especially in the case of MTL-3. Cells of 
t h i s  s t rain were observed to attach in tremendous numbers to some, b u t  not a l l ,  
kelp particles in such a way as t o  resemble a "fur coat" of cel ls .  I t  i s  n o t  
clear at present why some part ic les  and not others were involved. Although these 
is01 ates may u t i l i ze  some mi nor kelp components other than mannitol, i t  i s  known 
that  they do not  u t i l i z e  algin, fucoidan or laminarin. 

In order t o  study the degradation (u t i l iza t ion)  of the various components of 
the kelp substrate during the growth of the bacterial species, i t  was necessary to  
develop methods for  the small-scale analysis of these components. This was 
accomplished by modifying and combining some existing techniques as follows. The 

contents of serum bottles,  i .e. 20 ml volume containing 0.2 t o  0.6 gm (dry weight) 
of kelp, were transferred to 50 ml centrifuge tubes. The bottles were thoroughly 
washed with 20 ml 0.4 N H2S04, and th i s  wash f lu id  was added to the contents 
of the centrifuge tubes. After standing a t  room temperature overnight, the tubes 
were centrifuged at  15000 RPM for  10 minutes. The supernatants were transferred 
to  volumetric f lasks,  the pel le ts  resuspended in 10 ml 0.2 N H2S04 and 
recentrifuged. The supernatant was combined with the previous supernatant and the 



volume brought  t o  50 rn l  by t h e  a d d i t i o n  o f  0.2 N H2S04. Th i s  supernatant  

f r a c t i o n  was then analyzed f o r  mann i to l  by t h e  HPLC method descr ibed i n  p rev ious  

r e p o r t s  and f o r  fuco idan  by t he  method o f  Dische and S h e t t l e s  (1948). 

The p e l l e t  from t h e  second c e n t r i f u g a t i o n  was resuspended i n  15 ml, 3  percen t  

Na2C03, heated a t  5 5 ' ~  f o r  two hours t o  s o l u b i l i z e  t he  a l g i n  f r a c t i o n .  

A f t e r  cen t r i f uga t i on ,  (15000 RPM, 10 minu tes )  t he  supernatant was saved and t he  

p e l l e t  r e -ex t rac ted  once w i t h  15 ml ,  1.5 percen t  Na2C03 and once w i t h  15 ml 

de ion ized  water.  The supernatant  f r a c t i o n s  were combined and q u a n t i t a t i v e l y  

brought  t o  a  50 ml volume. T h i s  s o l u t i o n  was then analyzed f o r  a l g i n  by t h e  

Orc ino l  Reagent method o f  Dische (1953). 

U t i l i z i n g  these techniques, t h e  consumption o f  a l g i  n  and manni to l  b y  Cytophaga 

sp number 15 growing on k e l p  was examined. F i g u r e  5.1-3 dep ic ts  t h e  r e s u l t s  o f  

these  experiments. Each p o i n t  represen ts  t h e  average o f  t h r e e  r e p l i c a t e  samples. 

Manni to1  ( i n i t i a l  concen t ra t i on  of 3.2 g / l )  was complete ly  consumed du r i ng  these 

t e s t s .  A l g i n  ( 2.5 gm/l) i n  c o n t r a s t  appears t o  be o n l y  p a r t i a l l y  degraded. 

Approx imate ly  40 percen t  was r a p i d l y  degraded w i t h i n  t h e  f i r s t  24 hours of 

incuba t ion .  Degradat ion a t  a  much slower r a t e  f o l l o w e d  over t h e  nex t  48 hours. 

I n  a l l ,  about 60 percen t  was degraded i n  72 hours. No degradat ion o f  f ucoidan was 

ev iden t  i n  these experiments though fucoidanase a c t i v i t y  had been demonstrated 

p r e v i o u s l y  i n  c e l l s  grown on fuco idan.  Several  f a c t o r s  may be ope ra t i ng  t o  

account f o r  these f i n d i n g s ;  r e p r e s s i  on o f  enzyme synthes is ,  depression o f  enzyme 

a c t i v i t y  by u n c o n t r o l l  ed pH changes i n  ba tch  c u l t u r e ,  i n a c c e s s i b i l i t y  o f  a l g i n  

w i t h i n  k e l p  p a r t i c l e s  t o  a l g i  nase enzymes, overabundance o f  subst ra te ,  e tc .  These 

e f f e c t s  remain t o  be i nves t i ga ted .  I t  should be noted, however, t h a t  these 

r e s u l t s  are s i m i l a r  t o  t h a t  ob ta ined  when t he  Cytophaga are grown on mixed, pure 

subs t ra tes  as shown p r e v i o u s l y  (see F i g u r e  5.1-2). Th i s  suggests t h a t  o the r  

components i n  t he  k e l p  subs t ra te  do no t  s i g n i f i c a n t l y  e f f e c t  t h e  mechanisms 

govern ing 

5.1.1.3 

P rev i  

a c t i v i t y  

t h e  consumpti on o f  these major m a t e r i a l s .  

P r e l i m i n a r y  S tud ies  on E f f e c t  o f  Growth Subs t ra te  on Polyner  Degradi nq  

Enzynes i n  Cytophaga Species 

ous s tud ies  undertaken du r i ng  t h i s  program have shown t h a t  a lg inase  

i n  t h e  a l g i n  degrading Cytophaga i s o l a t e s  i s  i nduc ib l e ,  r a t h e r  t han  

c o n s t i t u t i v e ,  as evidenced by absence o f  a c t i v i t y  when these s t r a i n s  are grown i n  

t h e  absence o f  a l g i n  ( i .e .  grown on mann i to l ) .  These s tud ies  have a l so  shown t h a t  

these  Cytophaga spec ies are ab le  t o  degrade t he  glucose polymer, 1  aminar in  and t h e  

s u l f a t e d  fucose polymer, fuco idan.  I t  was o f  i n t e r e s t  there fo re  t o  determine 
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Figure 5.1-3. Consumption of Mannitol and Algin by a Cytophaga sp. 
Growing on Kelp (Macrocysti s pyrifera) 



whether these l a t t e r  enzymes a c t i v i t i e s  were under s i m i l a r  c o n t r o l .  Cu l t u res  were 

grown i n  a l g i n ,  mann i to l ,  l a rn inar in  and fucoidan and t he  r e s u l t i n g  c u l t u r e  

supernatants t e s t e d  w i t h  r espec t  t o  a c t i v i t y  against  the  var ious  polymers us ing  

t h e  DNS reduc ing  sugar assay ( M i l l e r ,  1959). I n  general ,  fucoidanase a c t i v i t y  

appeared t o  be r a t h e r  1  ow i n  comparison t o  a1 g i  nase and 1 mi n a r i  nase a c t i v i t i e s ,  

b u t  t h i s  may r e f l e c t  p resen t  assay condi t ions/procedures.  I t  i s  planned t o  use 

t h e  more s p e c i f i c  c y s t e i n e - s u l f u r i c  a c i d  method (Dische and Shet t les ,  1948) i n  

f u t u r e  s tud ies .  

The r e s u l t s  o f  these p r e l i m i n a r y  s tud ies  are presented i n  Tab le  5.1-1. As can 

be seen, t h e  data i s  ve ry  c l e a r  f o r  c e l l s  grown on glucose, a l g i n  o r  mann i to l .  

A1 g i  nase, 1  ami nar i nase and f uco i  danase are i nduci b l  e enzynes. Fo r  c u l  t u r e s  grown 

on l a m i n a r i n  or fuco idan,  however, t he  data i s  no t  as c l e a r  cut,  and i t  appears a t  

f i r s t  g1 ance t h a t  1  ami nar i n may i nduce f uco i  danase a c t i v i t y  and some a1 g i  nase 

a c t i v i t y  and t h a t  f ucoi  dan may induce some 1 ami nar inase and a1 ginase a c t i v i t y .  

Three exp lana t ions  f o r  t h i s  phenomena are poss ib le :  1 )  an i n te rmed ia te  i n  t h e  

breakdown o f  l a m i n a r i n  or f u c o i  dan can a l so  ac t  as an enzyme inducer,  2 )  bo th  t h e  

l a m i n a r i n  and fucoidan can a l so  ac t  as enzyme inducers,  o r  3 )  bo th  t h e  la rn inar in  

and fuco idan  p repa ra t i ons  are impure and con ta in  s u f f i c i e n t  q u a n t i t i e s  o f  o ther  

polymers p resen t  t o  cause i n d u c t i o n  o f  o the r  enzyme a c t i v i t i e s .  The l a t t e r  i s  

p robab le  i n  view o f  t h e  r e s u l t s  w i t h  a l g i n  and mann i to l ,  bu t  t h i s  remains t o  be 

v e r i f i e d .  I t  a lso becomes necessary t o  determine t h e  a c t i v i t i e s  o f  each o f  t h e  

s p e c i f i c  enzymes when a l l  subs t ra tes  are p resen t  s imul taneously  ( i .e .  as i n  k e l p ) ,  

as t h i s  w i l l  p rov ide  a more q u a n t i t a t i v e  measure o f  these organisms r o l e  i n  t h e  

t o t a l  d i g e s t i  on process. 

TABLE 5.1-1. EFFECT OF GROWTH SUBSTRATE ON PRESENCE OF SPECIFIC POLYMER- 
DEGRADING ENZYMES I N  CYTOPHAGA STRAINS 

+/-  Enzyme A c t i v i t y  
A c t i v i t y  

Growth Compound A l q i n ' a s e  Mann i t o l '  ase Laminar in 'ase  Fucoidan'ase 

G l  ucose - - 

Manni t o 1  - + 
Lami n a r i  n  

Fuco i  dan - + NT 

M = Not  Tested 
+ = S t rong  A c t i v i t y  - - - No or  ve ry  l i t t l e  low a c t i v i t y  
+ = Some A c t i v i t y  - 
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5.1.2 MANNITOL DEHYDROGENASE ACTIVITY OF MICROBIAL ISOLATES 

Upon complet ion o f  t he  i s01  a t i  o n / c h a r a c t e r i z a t i o n  s t u d i e s  of t h e  

a l g i  n - u t i l i z i n g  and manni t o l - u t i l  i z i n g  i s01  ates, s t u d i e s  were begun t o  determine 

t h e  i d e n t i t y  and r e g u l a t i o n  i n v o l v e d  i n  t h e  major enzymes of rnanni t o1  rnetabol ism. 

Exper imenta l l y ,  i s o l a t e s  M I ,  M2, M3, M8, A12, A15, and A39 (Tab le  5.1.2-1) 

were grown i n  mann i to l  media (0.2 percen t  m a n n i t o l )  u n t i l  m i d - s t a t i o n a r y  phase was 

reached (as determined b y  O p t i c a l  D e n s i t y  read ings)  . C e l l  s  were harves ted  by 

c e n t r i f u g a t i o n  washed w i t h  0.02 M sodium/potassi  um phosphate b u f f e r  (pH 6.8) 

c o n t a i n i n g  l o m 2  M 2-mercaptoethanol. The c e l l  p e l l e t  was resuspended i n  t h e  

same b u f f e r  and t h e  c e l l s  broken by son i ca t i on .  C e l l  deb r i s  and unbroken c e l l s  

were removed by c e n t r i f u g a t i o n  and t h e  supernatant  used f o r  subsequent mann i to l  

dehydrogenase assays. Reactants  f o r  enzyme assay were: 0.2 M TRIS-HC1 b u f f e r  (pH 

8.5) c o n t a i n i n g  5  x  1 0 - ' ~  2-mercaptoethanol, 5  x  M c o f  a c t o r  ( e i t h e r  

NAD' o r  NADP'), s u b s t r a t e  ( e i t h e r  10" mann i to l  o r  3.3 x  M 

manni t o 1  -1 -phosphate). Enzyme a c t i v i t y  was measured by  de te rmin ing  t h e  r a t e  i n  

i nc rease  i n  o p t i c a l  d e n s i t y  a t  340 nM. P r o t e i n  was determined by t h e  method of 

Lowry e t  a1 (1951).  

Tab le  5.1-2 p resen ts  a  summary o f  t h e  a c t i v i t i e s  ob ta ined  w i t h  each o f  t h e  

i s o l a t e s  t es ted .  I s o l a t e s  M I ,  M2, and M8 possessed mannitol-1-phosphate 

dehydrogenase as t h e  f i r s t  enzyme o f  mann i t o l  metabol ism whereas M3, A12, A15, and 
+ 

A39 had manni t o1  dehydrogenase. Each o f  these enzynes was a c t i v e  w i t h  NAD b u t  

n o t  w i t h  NADP' as a  c o f  ac to r .  The presence o f  manni t o 1  -1 -phosphate dehydrogenase 

i n  some i s01  ates suggests t h a t  i n  these  s t r a i n s  t h e  manni t o1  was phosphory l  a ted  

d u r i n g  t r a n s p o r t  i n t o  t he  c e l l  s, p robab ly  by a  PEP-phosphotransferase system found  

i n  many o the r  anaerobic b a c t e r i a .  The absence o f  t h i s  enzyme i n  t h e  o the r  s t r a i n s  

i n d i c a t e s  t h a t  mann i t o l  was no t  phosphory la ted d u r i n g  t r a n s p o r t  i n t o  these  

b a c t e r i  a. 

I n  a d d i t i o n  t o  these experiments, t h e  mann i t o l  i s o l a t e s  were a l s o  grown on 

g l  ucose as a  s u b s t r a t e  p r i  o r  t o  t e s t i n g  f o r  manni t o1  -dehydrogenase a c t i v i t y .  I n  

these  t e s t s ,  n e i t h e r  mannitol -1-phosphate dehydrogenase nor  mann i to l  dehydrogenase 

were produced i n d i c t i n g  t h a t  these enzyne a c t i v i t i e s  are r e g u l  a ted by i nduc t i on .  

F u t u r e  exper iments on t h i s  s u b j e c t  are  expected t o  i n c l u d e  a  more d e t a i l e d  s t udy  

o f  enzyme i nduc t i on ,  i n c l u d i n g  i n d u c t i o n  e f f e c t s  i n  t h e  m a n n i t o l - u t i l  i z i n g  

a1 g i  na te  i s o l  a tes  and e f f e c t s  o f  ph l  o rog l  u c i  no1 , v o l  a t i  1  e  f a t t y  ac ids  and o t h e r  

k e l p  d i g e s t e r  r e l a t e d  f a c t o r s  on enzyme p roduc t i on .  T h i s  da ta  i s  e s s e n t i a l  t o  



TABLE 5.1.2-1. CHARACTERISTICS OF KELP DIGESTER ISOLATES 

I s o l a t e s  
Characteristics 

A39 A12 A15 M1 M2 M3 M6 M8 T4 T5 T7 

C e l l  morphology 

C e l l  s i z e  ( m )  

r o d  r o d  r o d  cocco id  r o d  r o d  cocco id  r o d  r o d  r o d  r o d  
r o d  r o d  

Gram r e a c t i o n  t V t t 

Spores t 

M o t i l i t y  ND N D ND t t t t t 

F l a g e l l a t i o n  N D N D N D N 0  N 0  P ND MS Y S MS P 

Colony d i  m e t e r  (mm)b ND ND ND 0.5 1.5 0.5 0.5 1.0 0.25 0.25 1.5 

aSynb01 s  are  +, p o s i t i v e ;  -, negat ive ;  V, -g ram-var iab l  e; ND, n o t  determined; P, p e r t i r i c h o u s  f l a g e l  1  a; and MS, rl lonotrichous, 
subpolar  f l a g e l l u m  

b ~ v e r a ~ e  co lony  diameter observed on MTY medium a f t e r  i ncuba t i on  f o r  1 t o  3 days ( 3  t o  4 weeks f o r  i s o l a t e s  T4 and T5) a t  
37oC. Other  co lony  c h a r a c t e r i s t i c s  were as descr ibed i n  t he  t e x t .  

I s o l a t e s  
C h a r a c t e r i s t i c =  

A39 A12 A15 MI M2 M3 M6 M8 T4 T5 T7 

Growth i n  presence o f :  

No s a l t  t t t t 

3% NaCl t t t t t t t t t t t 

3% NaCl + 3% KC1 t t t t t t t t t 

Ethano l / ac id  p roduc t i ond  APs APS APS EaLf E a l f  as EaLf Eaf eap ib i v  e a p i b i v  e a p i h b i v i c  

H2 p r o d u c t i o n  t t t t t t 

NH3 p roduc t i on  t t t 

Pyruvate  u t i l i z a t i o n  + t t 

S ta rch  h y d r o l y s i s  t t t 

Meat d i g e s t i o n  t 

I ndole  p r o d u c t i o n  t 

Ca ta l  ase f o r m a t i  on ND N D N D 

P ignent  p r o d u c t i o n  t t t 

Aerob i c  growth t t t t t 

CSqrmbols are +, p o s i t i v e ;  -, negat ive ;  ND, n o t  determined. None o f  t h e  i s o l a t e s  produced ace ty lme thy l ca rb ino l ,  b u t  a l l  produced CO?. 

d ~ c i d  and e thano l  end-products were determined f o r  a l g i na te ,  manni to l ,  and t r y p t o n e  i s o l a t e s  grown on TY medium c o n t a i n i n g  a lq i na te ,  
mann i t o l ,  and no s u b s t r a t e  add i t i ons ,  r e s p e c t i v e l y .  Products  are e, e thano l ;  a, acetate; p, proa ionate ;  b, bu ty ra te ;  i h ,  i sobu ty ra te ;  i v ,  
i sova le ra te ;  i c ,  i socaproate ;  1, l a c t a t e ;  s, succ inate ;  f, formate. Cap i t a l  l e t t e r s  i n d i c a t e  ac ids  produced i n  amounts o f  5 mM or  g rea te r  
m a l l  l e t t e r s  i n d i c a t e  amounts l e s s  t han  5 mM. 



understanding the kelp digestion process and helping overcome potential process 
instability. 

TABLE 5.1.2-2. MANNITOL DEHYDROGENASES OF 
MANNITOL UTILIZING ISOLATES 

Isolate 

M 1 
Manni to1 M2 
Is01 ates M3 

M8 

39- 1 
Algin # 12 
Is01 ates #12 

NADt Linked Mannitol Dehydrogenase 

Mannitol-1-Phos~hate Manni to1 

- 
- 
+ 
- 

t 
t 
+ 

5.1.2.1 Degradation of Cellulose by Alginate-Utilizing Isolates 

Whereas previous studies found that none of the three (3) Cytophaga strains 
exhibited any noticeable growth response with insoluble cellulose sources 

(microcrystalline cellulose or Avicel and Whatman number 1 filter paper), it now 

has been determined that they do possess cellulolytic activity against soluble 

cellulose (carboxymethylcellulose).  This finding thus extends the range of known 
macroalgal component materials that these microorganisms can successfully degrade, 

further emphasizing their importance in the overall degradative process. Further 
tests will determine this cellulase activity against native cellulose in kelp. 

The mannitol-utilizing isolates MI, M2, M3 and M8 and the tryptone-utilizing 

isolates T4, T5, and T7 were also tested for their ability to use soluble 

cellulose and were found to be negative. 

Kelp Evaluation Studies - These studies were undertaken in order to provide a data 
base for use in correlating growth performance experiments with compositional 
changes and potential gasification of cultivated Macrocystis pyrifera. 

Macrocystis - samples were provided by personnel at the California Institute of 
Technology and Neushul Mariculture Inc. and shipped to this laboratory packed in 

ice. Upon receipt, the samples were frozen (-200C) and then ground for one 

minute in a food processor (General Electric). After thoroughly mixing, 

subsamples were taken for proximate analysis, algin and mannitol analyses and for 

comparative biogasif ication potential using the Bioassay technique (60 Day). 



Algin was determined by the method of Cameron et a1 (1948) and mannitol by the -- 
in-house developed HPLC technique. 

Table 5.1-3 presents the results of these studies. A sample from Kelp Lot 

53-1 assayed in parallel is shown for comparison. 

TABLE 5.1-3. COMPARISON OF MACROCYSTIS HARVESTS 

% NA % SCF 
Lot # Source % D W  % V S  Alginate Mannitol CH4/l b VS 

82-1 CIT, 6/14/82 11.70 62.45 18.70 10.83 4.43 

82-2 CIT, 6/16/82 

82-3 NMI, 7/1/82 11.55 58.22 20.80 6.56 4.49 

82-4 NMI, 7/20/82 

53-1 WRRC, 10/22/80 12.74 60.96 14.70 17.24 4.65 

Because of the limited number of samples provided to this laboratory, it is 

difficult to make any definitive statements as to their worth as digestion 

feedstocks. Based upon past experience, however, it would appear that the 
characteristics of lot 82-4 closely approximated that of lot 53-1, and most 

certainly would have given similarly high sustained yields of methane under 

steady-state digester conditions. A striking difference was noted in mannitol 

concentrations in NMI lots 82-3 and 82-4 and according to Dr. Harger, this 

reflects the difference in cultivation strategies with 82-3 being fertilized and 

82-4 acting as a control. In general, samples from CIT, in particular 82-2, 

visually appeared to be of a paler and less healthy condition than those from NMI 

5.1.3 MICROBIAL EXAMINATION OF KELP "SHOT HOLE" DISEASE 

Due to the reappearance of the "shot-hole" disease syndrome in the Macrocystis 
plants within the Catal ina hemidome test faci 1 i ty, and the previously propounded 
theory of bacterial involvement, an on-site visit was requested of the GE 

Laboratory personnel to make a preliminary, experimental investigation into the 

possible microbiological causes/relationships for this syndrome. This section 

detai 1s these 1 imi ted studies, provides generalized observations and makes 
recommendations for future efforts. 



The s tudy was d i v i d e d  i n t o  t h r e e  bas i c  areas: One, a t tempts a t  i s p ' a t i o n  o f  

b a c t e r i  a1 s t r a i n s  f rom " i n f e c t e d "  t i ssues ;  two, bas i c  c h a r a c t e r i z a t i o n  of these 

s t r a i n s  and three, a genera1 i z e d  assessment of biomass l o a d i n g  i n  t h e  hemidow 

envi  ronmei t  through measurement o f  ATP 1  eve1 s. 

5.1.3.1 M i c r o b i o l o g i c a l  S tud ies  

C u l t u r e  Media - The media used f o r  i n i t i  a1 i s01  a t i o n  con ta ined  t h e  f o l l o w i n g  

per  l i t e r :  yeas t  e x t r a c t ,  0.1 g; t r yp tone ,  0.5 g; (NH4)2 SO4, 0.2 g; 0.2 M 

sodium phosphate bu f fe r ,  pH 7.2, 50 ml ( f i n a l  concen t ra t ion ,  0.01 M); agar, 20 g, 

and e i t h e r  glucose o r  mann i to l  a t  a  f i n a l  concen t ra t i on  o f  0.2 percent ,  w t /vo l .  

The media were prepared w i t h  seawater, and t h e  f i n a l  pH ad jus ted  t o  7.2 w i t h  NaOH. 

A  k e l p  e x t r a c t  medium was a l so  t r i e d  f o r  i s o l a t i o n .  Diseased k e l p  f r om t h e  

hemi dome was ground t o  a  f i n e  cons is tency  i n  a  b lender  and employed i n  t h e  medium 

as a  composite source of a l l  k e l p  o rgan ic  ma te r i a l s .  T h i s  medium (pH 7.6) 

contained: yeas t  e x t r a c t ,  0.1 g; t ryptone,  0.5 g; k e l p  e x t r a c t ,  50 m l  ( f i n a l  

concen t ra t ion ,  5  percent,  v o l / v o l ) ;  agar, 20 g; and seawater, 950 ml.  

The f o l l o w i n g  medium was used f o r  c u l t u r e  t r a n s f e r s ,  stock c u l t u r e  

maintenance, and c h a r a c t e r i z a t i o n  s tud ies :  yeas t  ex t rac t ,  0.1 g; t r yp tone ,  0.5 g; 

NH4C1, 1.0 g; K2HP04, 0.2 g; agar, 20 g; glucose o r  manni t o1  a t  a  f i n a l  

concen t ra t i on  of 0.2 percen t  wt /vo l ;  and I n s t a n t  Ocean, 1  l i t e r .  The I n s t a n t  

Ocean i s  an inorgan ic ,  b ica rbonate  bu f fe red  s u b s t i t u t e  f o r  seawater. The pH o f  

t h e  medium was 7.0. 

I s o l a t i o n  of B a c t e r i a  - Diseased k e l p  samples and water f rom t h e  hemidome, and 

heal t h y  k e l p  f r om I n l e t  P o i n t  were employed i n  a  v a r i e t y  o f  methods t o  i s o l a t e  

bac te r i a .  The types of i s o l a t i o n  media used are descr ibed i n  t h e  p rev ious  

sec t ion .  The f o l l o w i n g  i s  an o u t l i n e  o f  t h e  sample sources and i s o l a t i o n  methods 

used. 

Code - Sampl e  I s o l  a t i  on Method 

A Diseased Kel  pa  

B  D i  seased Ke l  pa 

C Diseased Kel  pa 

A s e p t i c a l l y  g r i n d  k e l p  i n  s t e r i l e  
seawater i n  mor ta r  and p e s t l e  o r  
blender;  s t reak  t h e  s l u r r y  

Asep t i ca l  l y  c u t  k e l p  p ieces  and 
p lace  p ieces  on agar sur f  ace. 

As i n  B, b u t  use t h e  p ieces  i n  an 
agar pour p l  ate. 



Code - Sampl e I sol a t i  on Method 

D Diseased Kel pa As in B, b u t  simply rub piece over 
agar surf ace. 

E Hemi dome Seawater Streak on agar plates. 

F Heal thy Kelp from Intake As in A 
Poi n t  

a All parts of diseased kelp blades were used in the study including areas 
showing holes, holes in progress of being made, non-hole areas, 
discolored bl otchy areas. 

I sol a t i  on pl ates were i ncubated aerobi call y fo r  24-72 hours at  20°c, 

f o l l  owed by picking of growth types and streaking on new plates until pure 
cultures were attained. Is01 ates were then placed on agar slants.  

The Isolates - All isolations began at  Catalina Island, b u t  some of the original - 
is01 ati  on plates were brought back t o  Valley Forge where the isolation process was 
continued. Those isolates obtained in pure culture a t  Valley Forge were given the 
prefix V .  Those completed a t  Catalina received the prefix C .  All 
characterization work was done at  Valley Forge. Table 5.1-4 l i s t s  data on a l l  of 
the kelp is01 ates,  including is01 at i  on method and source, growth appearance, cell  
morphology, motil i ty,  gram reaction, and growth at  4 ' ~  and 35'~. Based on 
th i s  data, the isolates  were grouped as described further on. 

Several characteristics which were studied are not included in Table 5.1-4 
since the resul ts  were essentially the same for  a l l  isolates.  All isolates  grew 
a t  room temperature (20 -24 '~ )~  most within 24-48 hours. In addition, a l l  
is01 ates grew on agar media containing yeast extract and tryptone with or without 
mannitol or glucose. The data i n  Table 5.4-1 were obtained on isolates grown on 
manni to1 -contai ni ng agar medi a. 

Microscopic observation of bacteria required the suspension of growth from an 

agar plate in a buffered s a l t  solution (Instant Ocean) on a slide.  Under these 
conditions, the ce l l s  remained viable and motile. Resuspension in d is t i l led  water 
caused loss of viabi l i ty ,  lysis ,  and loss of motility. 

The isolates  were transferred twice weekly onto new agar plates, and fresh 
cultures were used for  a l l  characterization studies. Agar s lant  stock cultures 
are stored at  4'~. 



TABLE 5.1-4. 

In4 t l a l  
I s o l a t i o n  

Qk thod/sourcea 

D 

0 

D 

A 

A 

A 

Appearance 
o f  

~ r o w t h ~  

s 
C 

S 

C 

C 

C 

C 

C 

C 

C 

S 

C ,y 

s 

S 

S 

CHARACTERISTICS OF KELP BACTERIAL ISOLATES 

Growth a t  Growth a t  
Cell 1 Observed Gram 4 O C  35°C 

iMorpholoey K o t i l i t y  Reaction Wlth in 8 Days W 9  t h i n  24 Hrs. 

Oval rods, pleomorphl sm t - - t 

Short rods t - t - 
Oval rods, pleomorphlsm + - - t 

Oval rods + - - - 
Oval rods t - - - 
Short t o  medium rods, - - t 
pleomorphi sm 

Short t o  medium rods, - - - 
p l  eomorphism 

Short t o  medium rods, - - - 
p l  eomorphi sm 

Short t o  medium rods, - - t 
pleomorphi sm 

Oval rods, p l e m r p h i  sm + - - 
TDny rods o r  coccobaci 111 + - + 
Oval rods, pleomorphism t - - t 

Oval rods, pleomorphism t - - t 

Oval rods, pleomorphism t - - + 



TABLE 5.1-4. CHARACTERISTICS OF KELP BACTERIAL ISOLATES (Cont) 

Appearance 
of 

~ r o w t h ~  

s 
C 

S 

C 

C 

S 

C 

C 

C 

C 

C 

C 

S 

C 

C 

Cel I 
Morpholoqx 

Oval rods, pleomorphi sm 

Small rods 

Oval rods, pleamorphiism 

P'leomorphlc sacks, 
blobs, ovals, c j r c l e s  

PleomorphDc sacks, 
blobs, ovals, c i r c l e s  

Oval rods, pleomorphlsm 

Cocci o r  coccobacl l l l  

Short t o  medlurn rods, 
pleomorphism 

Small curved rods 

I4edium t o  la rge rods 

Medium t o  la rge rods 

k d i  urn rods 

Oval rods, p l  eomorphl sm 

Short rods 

Short t o  medium rods, 
p l e m r p h i  sm 

Growth a t  Growth a t  
Observed Gram 4'C 35'C 
M o t i l i t y  React'Oon Wfthln 8 Days Wfthin 24 Hrs. 



TABLE 5.1-4. CHARACTER1 ST ICS OF KELP BACTERIAL ISOLATES (Cont) 

I n i t i a l  
I so la t i on  

Me thod/Sourcea 

Appearance 
0 f 

~ro\ . r t t# 

C 

c my .V 

C 

c .sV( 

C 

C 

s 

CmY 

c,sv 

s 

S 

Ce l l  
Morphol oqy 

Short t o  medium rods, 
pleomorph~sm 

Short t o  medium, t h i n  
rods 

Cocci o r  coccobacl 1 1 l 

Medium rods 

Short rods o r  
coccobacl 1 1 l 

Short t o  medlum, 
curved rods, 
pleomorphi sm 

Oval rods, pleomrphlsm 

Short t o  medlum rods 

fledlun rods 

Oval rods, pleomorphlsm 

Oval rods, pleomorphism 

Observed 
Moti 1 i t y  

Growth a t  Growth a t  
Gram 4 O C  3S°C 

Reactlon With ln 8 Days With in 24 Mrs. 

- - + - 

a see i so la t i on  methods section f o r  de ta l ls .  

5 ,  spreading growth (growth occurs as a mass w i th  mot i le  ve i l s  emanating from I t ) ;  C, co lon ia l  growth; Y, yel lor, plgment; 
V, viscous growth; sV, s l i g h t l y  viscous growth mainly observed I n  o lder cultures. Except f o r  the  yellaw-pigmented 
stra ins,  the co lor  o f  growth o f  the other iso la tes  ranged from almost c lear  t o  various shades o f  Qray and/or whlte. 
Except f o r  the one consistent ly  vlscous strain,C9, the growth consistency o f  the other iso la tes  was s o f t  o r  butymus. 

Isolates V23 and C8 fa l led  t o  grow on I n i t i a l  t ransfers a f t e r  I s o l a t i o n  and could not  be recovered. 



A1 though the 41 b a c t e r i a l  i s o l a t e s  have been d iv ided i n t o  e i g h t  groups, t he re  

appears t o  be about 20 d i f f e r e n t  types o f  b a c t e r i a  represented i n  t h e  c o l l e c t i o n .  
Some c h a r a c t e r i s t i c s  o f  the i s o l a t e s  have been determined, bu t  obv ious ly  

add i t i ona l  study would be requ i red  i n  order t o  l i n k  any o f  t he  i s o l a t e s  t o  t h e  
cause o f  "shot-hole" disease. 

One such study would be exposure o f  heal t h y  k e l p  p lan ts  t o  one or  more 

b a c t e r i  a1 is01 ates under labora tory -cont ro l  led, k e l p  growth cond i t ions  s i m i l a r  t o  

those which occurred i n  t he  hemi dome ( i  . e. e levated temperature and n i t rogen 

l e v e l s )  w i t h  appropr iate cont ro ls .  A t  present,  however, it would be d i f f i c u l t  t o  

make a  s i n g l e  choice o f  the many b a c t e r i a l  types ava i l ab le  f o r  i n c l u s i o n  i n  t h i s  

type of study. 

Another study which would be very  usefu l  i s  an analys is  o f  t he  "normalu 

b a c t e r i a l  f l o r a  o f  heal t h y  k e l p  p lants.  Only two i s o l a t e s  (both the  same) were 

obta ined f rom hea l thy  kelp, bu t  no t  much work was done i n  t h i s  area. I t  i s  

expected t h a t  a  v a r i e t y  o f  b a c t e r i a l  types would a lso be found on hea l thy  kelp.  

From a  comparison o f  t he  b a c t e r i  a1 f l o r a s  o f  bo th  heal t h y  and diseased kelp, t he  

choice o f  p o t e n t i a l  pathogens would be narrowed. However, under oppor tun i s t i c  

condi t ions,  even a  member o f  the  "normalt1 f l o r a  o f  a  heal t h y  organism can cause a  

disease. 

5.1.3.2 Grouping o f  Kelp I s01  ates 

The groups are based on growth appearance, gram react ion,  growth a t  4 ' ~  and 

35O~, and m o t i l i t y .  ~ h 6  i s o l a t e s  w i t h i n  each group are o f t e n  d i f f e r e n t  except 

f o r  t h e  above u n i f y i n g  cha rac te r i s t i cs .  I n  the  cases where in t ragroup 

s i m i l a r i t i e s  do ex i s t ,  parentheses are used t o  i n d i c a t e  t h i s .  

Group I - Spreading Growth - 13 I s o l a t e s  

I s o l a t e s  (V l ,  V3, V 1 1 ,  V13, V14, V15, V16, V18, 
V21, C4, C14, C17, C18) 

Note: A l l  o f  t h e  spreading is01 ates appear t o  be s i m i l  ar - 
except fo r  occasional , minor di f ferences. A l l  are 
mot i le ,  grow a t  350C w i t h i n  24 hours, f a i l  t o  
grow a t  40C, and are gram-negative. 

.Group I 1  - Colon ia l  Growth - 28 I s o l a t e s  

a. Gram-posi t i v e  - 1  Is01 a te  

I s o l a t e  C10 - mot i le ,  grows a t  4OC w i t h i n  8 days, and a t  35% w i t h i n  
24 hours. 



b. Gram-negative - 27 I s o l a t e s  

1. Growth a t  40C, w i t h i n  8 days - 15 I s 0 1  a tes  

( a )  Growth a t  35OC w i t h i n  24 hours  - 2  I s 0 1  a tes  

( 1 )  M o t i l  e  - I s o l a t e s  V12, C12 

( 2 )  Non-Mot i le  - None 

( b )  No growth a t  3 5 O ~  w i t h i n  24 hours - 13 I s o l a t e s  

( 1 )  M o t i l e  - I s o l a t e s  V2, V25, (Cl,C2), Cll,C15,C16 

( 2 )  Non-Mot i le  - I s o l a t e s  C9, (V6, V9, V24, C6, C7) 

2. No growth a t  ~ O C  w i t h i n  8  days - 12 I s o l a t e s  

( a )  Growth a t  35OC w i t h i n  24 hours - 7  I s 0 1  a tes  

( 1 )  M o t i l e  - I s o l a t e s  V10, V17, V22, (V19, V20), (C3,C5) 

( 2 )  Non-Mot i l e  - None 

( b )  No growkh a t  35% w i t h i n  24 hours - 5 I s 0 1  a tes  

( 1 )  M o t i l e  - I s o l a t e s  C13, (V4, V5) 

( 2 )  Non-Mot i le  - I s o l a t e s  (V7,V8) 

5.1.3.3 ATP Ana l ys i s  o f  B a c t e r i  a/Bi o l o q i c a l  Popul a t i o n s  i n  and around 

B i g  F isherman's  Cove 

Background - The u b i q u i t y  and f u n c t i o n a l  s i g n i f i c a n c e  o f  Adenosine Tr iphospha te  

(ATP) i n  metabol ism a l lows  i t s  assay t o  be an exce l  1  en t  moni t o r  o f  t h e  amount o f  

b i o l o g i c a l l y  a c t i v e  m a t e r i a l  w i t h i n  a  g i ven  specimen. Because i t  was e s t a b l i s h e d  

t h a t  t h e  f i r e f l y l l u c i f e r a s e  r e a c t i o n  - where l i g h t  i s  produced by an enzymatic 

r e a c t i o n  - i s  s p e c i f i c  f o r  ATP, many i n v e s t i g a t o r s  use t h i s  r e a c t i o n  as a  t i m e  

sav ing  i n d i c a t o r  o f  t h e  amount o f  b a c t e r i a  or  b i o l o g i c a l  mass present .  

Tes t  Procedure - Water samples were taken d a i l y  a t  t h e  f o l l o w i n g  t h r e e  l o c a t i o n s  

i n  and around B i g  F isherman's  Cove, C a t a l i n a  I s l a n d  d u r i n g  t h e  t ime  span August 

4 - August 11: ( 1 )  I n s i d e  t h e  hemidome a t  t h e  depth o f  approx imate ly  one f o o t ;  

( 2 )  sho res i  de o f  t h e  hemi dome, approx imate ly  10 f e e t  inshore;  ( 3 )  a t  i n l e t  p o i n t  

near  t he  mouth o f  t h e  Cove. The samples were t r a n s f e r r e d  immed ia te ly  t o  t h e  

l a b o r a t o r y ,  f i l t e r e d  th rough  0.22 mi l l i p o r e  f i l t e r s  t o  remove seawater, and 

assayed f o r  Adenosine Tr iphosphate.  



Resul t s  - Numbers i n  Tab le  5 . l - 5  represen t  nanograms o f  Adenosine Tr iphosphate 

per  l i t e r  o f  seawater as recorded on a LKB - Wal lac Luminometer 1250. E a r l y  

at tempts t o  c o r r o l a t e  ATP w i t h  number o f  b a c t e r i a  ( t h e  ATP con ten t  o f  an average 

bacter ium i s  about 2.5 x  10'1° g per organism) were d iscarded when mic roscop ic  

examinat ion showed t h e  presence i n  t h e  samples o f  e q u a l l y  l a r g e  q u a n t i t i e s  of 

non -bac te r i a l  organisms. 

What t he  numbers c l e a r l y  show, however, i s  t h a t  t h e r e  i s  a  l a r g e  d i f f e r e n c e  i n  

ATP l e v e l s  w i t h i n  t h e  secluded hemidome and r e s t r i c t e d  cove as compared t o  I n t a k e  

P o i n t  where f r e s h  seawater i s  c o n s t a n t l y  c leans ing  t he  na tu ra l  k e l p  beds, and t h a t  

these d i f f e r e n c e s  r e f  1  e c t  t h e  re1  a t i  v e l y  h i g h  n u t r i e n t  1  eve1 s  i n  these 

env i  ronments . 
5.1.3.4 General Observat ions 

0 "Shot-holes" are g e n e r a l l y  we1 1  developed, r e g u l a r l y  shaped l e s i o n s  rang ing  
t o  no more than  5-6 mn i n  diameter.  M i c roscop i ca l l y ,  t h e r e  does no t  appear 
t o  be much t i s s u e  damage beyond t he  'edge o f  t he  hole, as i f  they  had 
stopped en1 a rg ing  (hea led  ? ) .  I n  some ways, t h e  ho les are remin iscen t  of 
v i r a l  l e s i o n s  i n  t e r r e s t r i a l  p l an t s .  

0 Mic roscop i ca l l y ,  no evidence o f  funga l  hyphae was noted nor d i d  t h e r e  
appear t o  be o ther  f l o r a  o r  fauna d i r e c t l y  assoc ia ted w i t h  t h e  ho les  ( i .e .  
ep iphy tes )  . 

0 When c u t  t i s s u e  was p laced on o r  i n  agar p l a t e s  and observed a f t e r  
incuba t ion ,  a  1  arge amount o f  b a c t e r i a l  growth was assoc ia ted w i t h  c u t  
edges, b u t  l i t t l e  o r  none ( i n  some cases) was assoc ia ted w i t h  t h e  "holes".  
O f  course, t h i s  may r e f l e c t  t h e  medi a / cond i t i ons  employed. 

0 Upon i ncuba t i on  of t i ssues ,  f u r t h e r  decay o r  t he  appearance o f  new ho les  
was no t  ev iden t .  

5.1.3.5 Summary and Recornendations 

A  p r e l i m i n a r y  s tudy o f  b a c t e r i  a1 species assoc ia ted w i t h  Macrocys t i s  t i s s u e  

d i s p l a y i n g  "shot -ho le"  disease symptoms has r e s u l t e d  i n  t h e  i s o l a t i o n  o f  a  t o t a l  

of 41 b a c t e r i a l  c u l t u r e s .  A1 though these c u l t u r e s  can be d i v i d e d  i n t o  8 groups, 

t h e r e  appears t o  be about 20 d i f f e r e n t  types o f  b a c t e r i a  represented by t h i s  

c o l l e c t i o n .  Whi le  some c h a r a c t e r i s t i c s  o f  these i s o l a t e s  have been determined, i t  

i s  no t  p o s s i b l e  a t  t h i s  stage t o  show any cause /e f fec t  r e l a t i o n s h i p  t o  ' 'shot-hole" 

d isease nor  t o  determine if these are d i f f e r e n t  from those found assoc ia ted w i t h  

"hea l thy"  t i s sues .  I n  f a c t ,  i t  i s  e n t i r e l y  f e a s i b l e  t h a t  t h i s  disease i s  no t  of 

b a c t e r i a l  o r i g i n ,  b u t  r a t h e r  v i r a l  i n  na tu re  o r  even an auto-response t o  t h e  

adverse environmental  cond i t i ons .  The i s01  ates do prov ide,  however, a  cata logue 



Herni dome 

Nearshore 

I n t a k e  P t .  

TABLE 5.1-5. ATP (NANOGRAMS/LITER) 

Date  
8 /4  - 8/5 - 8/6 - 8/9 8/10 8 /11  



of strains for future reference and possible re-infection studies, the latter 
being an essential task in defining this kelp abnormality. 

On the basis of the destructive nature of this syndrome on Macrocystis and its - 
subsequent effect on yield and probably gasification, it is highly recommended 
that an effort be undertaken to reproduce the disease in the laboratory where it 
can be studied more closely. The a pri_ori assumption that this is a result of the - 
imposition of an adverse (or unusual) growth condition should be verified. Along 

these lines then, several approaches are suggested. 

Imposition of environmental stress conditions without deliberate attempts to 
add a causative agent(s). This means growing kelp tissues under conditions 
of high temperatures and high nutrients. If "shot-hole" disease occurs, 
this becomes an excel lent model with which to study causeleffect 
relationships. 

The transmissible nature of the disease could be studied by challenging 
"healthy" tissues with extracts from I'diseased" tissues. Extracts here are 
meant to include ground tissues as well as filtered (i.e. 022 p ) extracts 
to separate bacteri al/fungal attack from viral induced effects. 

There are, of course, several other areas which should be pursued especially 

now that intensive farming of a new crop is envisioned. 

e A definition of the "normal" microbial associations should be undertaken. 
This should include, yeast, fungi as well as viruses. What has been done in 
the past in this area is extremely limited. 

e A better knowledge of "shot-hole" pathology should be attained through a 
comparative cytological examinat ion of heal thy and diseased tissues. This 
should include histological techniques. 

e Other pathological conditions should be explored - (Black Rot, Tumors, Basal 
Blade Syndrome, etc.) and the "disease state" microbial flora defined. 

e An evaluation of kelp's natural defense mechanisms should also be made. 
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5.2 CATALINA K E L P  CULTIVATION BIOLOGY 

5.2.1 YIELD AND GROWTH STUDIES AT CATALINA TEST FARM 

The Catali na Test Faci l i ty  (Hemi dome) was a floating, f lexible  structure which 
was moored in approximately 60 fee t  of water in Big Fisherman's Cove, Catalina. 
The dome shaped structure was 50 f e e t  in diameter and 45 f ee t  deep. The Hemi dome 
could accommodate up t o  50 adul t kelp plants. 

As the t e s t  plants were is01 ated f r m  the surrounding environment, t h i s  
f a c i l i t y  could be used for  observation of plant response to  control led nutrient 
environments. Surface water obtained a t  a depth of 14 fee t  was pumped through the 
system. Nitrate and phosphate s a l t s  were added to  the throughput stream in order 
to provi de a defined nutrient environment. 

The objectives of th i s  work included determinations of growth rate ,  
harvestabl e canopy, frond i ni t i  a t i  on and photosynthetic rates. 

Physi 01 ogi cal measurements performed by CIT i ncl ude determi nation of 
phosphorus uptake rates,  photosynthetic capacity as a function of t issue age, type 
and location and observations of re1 ationships between biomass density, depth, 
organic content, parent frond size and frond in i t i a t ion  rate. 

Detailed descriptions of the experimental observations, method01 ogies and 
resul ts  from the CIT tasks are presented in t h i s  section. 

5.2.1.1 Environmental Monitorinq 

The environmental monitoring effor t  at  CIT i nvol ved extensive measurements of 
1 ight i ntensity, water temperature, dissolved oxygen ( D O ) ,  pH, dissolved 
macronutrients, water flow into the Hemi dome, studies of the discharged effluent,  
and routine monitoring of the mechanical condition of the Hemidome. Vertical 

profi les  of l igh t  intensity,  water temperature, DO,  and pH every 3 m from the 
surface to 12 m depths were taken, usually several times per week, by an ac t iv i ty  
referred to  as "daily monitoringl1, t o  distinguish i t  from another major 
data-gatheri ng act ivi ty ,  "continuous monitoringI1. Continuous monitoring was 
accomplished by fixed sensors located within or next to the Hemidome. Outputs 
from the sensors were stored on tape by a data logger on the Hemidme. Taped data 
were transferred to  a computer which presented the information as printouts. 
Parameters measured by the continuous monitoring system included 1 i g h t  intensi ty  
a t  half hour interval s ,  water temperature half-hourly ( i  nfl owing and outf 1 owing 
water as well as bottom water in the Hemidome), and half-hourly DO values (input 



pipe and two output ports).  Computer processing provided daily integrated val 
for  l igh t  and for  DO from the continuously monitoring system. 

Resul t s  from the envi ronmental monitoring program were i  nfl uenced to some 

degree by events happeni ng wit hi n the Hemi dome experiment (Tabl e 5.2-2). For 
example, depth of the intake pipes was 1 engthened on August 11, 1982, to provi 

ues 

d e 

cooler water t o  our transpl ants in the Hemidome. Consequently, characteristics of 
water entering the Hemidome resembled outside water at  12-13 m depths a f te r  August 
1 1 ,  whereas the comparison should be drawn to 3 m depths before that date. 

Temperature, D O ,  and i  nsol a t i  on data from the continuous monitoring system 
have been summarized by cit ing daily ranges (temperature and insolation) or net 

daily production ( D O )  in order to provide an overview of seasonal changes in these 

parameters (Table 5.2-3 i n  Appendix A ) .  DO data were no t  collected af ter  June 

20. Instal la t ion of two additional outflow ports caused an oscil latory tipping of 
the Hemi dome that exposed the oxygen sensors periodical 1 y t o  bubbles, producing 
erroneous data. 

Light f a l l i ng  on the Hemidome each day was integrated from the half-hourly 
data sheets by computer (Table 5.2-4 in Appendix A ) .  Light measurements arising 

from the daily monitoring program have n o t  been included because of the qua1 i t y  of 
data avai 1 able from the continuous monitoring system. I l l  urnination readings from 

daily monitoring are often d i f f i cu l t  t o  interpret due t o  shading by kelp fronds 
and canopies. The remaining parameters from the daily monitoring studies are 

useful because they describe background physiochemical conditions in the control 
areas and a1 so because they supply val uable inf ormati on concerning vertical 
distributions of the characteristics measured. 

The temperature ranges from daily monitoring of the Hemidome parameters 
complement those obtained from our continuous monitoring. Effects on Hemidome 
water temperatures from extending the lengths of the intake pipes are readily 
di scernabl e by comparing Hemi dome values with surf ace values from Big Fi sherman' s  
Cove ( B F C )  before and af te r  ins ta l l  ation of the pipe extensions on  August 11. 
Values for DO and pH suggested that background levels were usually more important 
as determinants of conditions within the Hemi dome than physiological factors such 
as photosynthesis of the kelp. Thus, pH readings for a l l  locations during spring 
and f a l l  rarely exceeded 8.3 whereas during the summer they rarely f e l l  below 
8.3. Macronutri ent analyses typical ly  yielded 1 ow values for  background waters, 
especi a1 ly the surf ace and near-surf ace 1 ayers (Tabl e 5.2-5 i  n Appendix A ) .  



TABLE 5.2-2. MAJOR HEMIDONE EVENTS 

Date Event 

Dec '81- 
Jan '82 

1/12/82 

1/22/82 

2/12/82 

2/23/82 

2/23/82 

Mar '82 

4/6/82 

4/15/82 

May '82 

6114-14/82 

June '82 

Major components of Hemidome installed at Catalina 

4 adult Macroc stis transplanted to Hemidome for + testing ow c aracteristics 

Input nozzles installed 

Daily monitoring initiated 

Hemidome discharge monitoring initiated 

Studies of Hemidome flow characteristics began 

Juvenile Macrocystis appeared, Hemidome intake pipe 

Continuously monitoring record began 

First Macrocystis yield study began, transplanting 
completed 

Damage from disease in basal regions of transplants 
becoming significant 

Transplants harvested 

2 additional outlet ports installed, Senorita fish 
introduced to control encrustations on kelp blades 

Transplants removed from Hemidome and discarded 

Next set of transplants installed in Hemidorne 

Extensive diseases noted on bases of some plants 

GE microbiological study initiated 

Depth of intake lowered from 3 m to 13 m 

Depth of thermocline descended significantly 

Large tear in Hemidome bag discovered 

Bag removed for repairs, most of transplants discarded 

Bag repairs completed and bag reinstalled 



Val ues from Hemi dome waters general  l y  c o r r e l  ated w i t h  t h e  somewhat compl ex 

schedules o f  f e r t i  1 i z i n g  employed (see be1 ow). These environmental  data w i l l  be 

presented d u r i n g  d iscuss ions  t h a t  f o l  low i n  t he  sec t i on  rega rd ing  Hemi dome 

Opera t i  ons. 

S tud ies  of the  discharged Hemi dome e f f l u e n t  i nc l uded  12 i n t e n s i v e  surveys t h a t  

at tempted t o  de tec t  d i l u t e d  e f f  1 uent a t  se lec ted  l o c a t i o n s  and month ly  water 

c o l l e c t i o n s  from 19 m depths over t h e  d ischarge d i f f u s e r s  f o r  analyses o f  o i l  and 

grease, t u r b i d i t y ,  s e t t l e a b l e  so l i ds ,  pH, and macronu t r ien ts .  The 12 i n t e n s i v e  

surveys, us i ng  f 1 uorescent dye, o r  added n u t r i e n t s ,  at tempt t o  de tec t  discharged 

e f f l u e n t  and were conducted on February 23 and 26; March 9, 11, 19, 22, and 25; 

May 6 and 13; June 3; and J u l y  15 and 29. D i l u t e d  e f f l u e n t  may have been detected 

on two occasions ( 4  ppb a t  15 m depth a t  B i r d  Rock on 2/26/82 and 3 ppb a t  15 m 

depth a t  Isthmus Reef on 2/23/82), b u t  i t  i s  more l i k e l y  t h a t  these values arose 

f rom u n f a m i l i a r i t y  w i th ,  o r  i n c o r r e c t  usage, o f  equipment du r i ng  these two f i r s t  

surveys. 

E f f l u e n t  f rom the  d ischarge p i p e  o f  t he  Hemidome f a c i l i t y  sometimes reached 

depths l e s s  than  18 m, a t  l e a s t  a t  two of t h e  f o u r  areas o f  s e n s i t i v i t y  ( B i r d  Rock 

and Isthmus Reef). T ranspor t  o f  t he  e f f l u e n t  t o  these s i t e s  was no t  s imp ly  

dependent on t i d a l  cu r ren ts .  T i d a l  cond i t i ons  du r i ng  t h e  s tud ies  on February 23 

and March 9 were s i m i l a r ;  dye was de tec ted  a t  Isthmus Reef on February 23 b u t  no t  

on March 9. T i d a l  cond i t i ons  were s im i  1 ar du r i ng  s tud ies  conducted on February 26 

and March 11; dye was detected a t  B i r d  Rock on February 26 b u t  n o t  on March 11. 

T ranspor t  t o  sha l low depths p robab ly  depended on t h e  thermoc l ine  depth which i s  

o f t e n  g rea te r  than 18 m (R. Zimerman, personal communication). 

E f f l u e n t  t h a t  reached depths l e s s  than 18 m a t  t h e  areas o f  s e n s i t i v i t y  showed dye 

concent ra t ions  d i l u t e d  500-1000X the  i n i  t i  a1 re1  ease concentrat ion.  Thus, an 

i n i t i a l  e f f l u e n t  concen t ra t i on  of 15 M  NO^‘ would be d i l u t e d  t o  0.02-0.03 M 
- 

NO3 a t  t he  areas of s e n s i t i v i t y  ( p o t e n t i  a1 n u t r i e n t - l i m i  t e d  macroal ga l  

s i t e s )  . Such 1 ow concen t ra t i  on enhancement woul d cen ta i  n l y  have no measurabl e 

e f f e c t  on macroal ga l  growth, e s p e c i a l l y  i f  i t  occurred i n f r e q u e n t l y .  

5.2.1.2 Hemidome Operat ions 

Two exper imenta l  s e r i e s  were attempted w i t h i n  t h e  Hemidome du r i ng  1982 (see 

Tab le  5.2-2). The f i r s t  ope ra t i on  began w i t h  a s e t  o f  51 Macrocyst is  t r a n s p l a n t s  

i n s t a l l e d  A p r i l  12 t o  A p r i l  15. The second exper imental  s e r i e s  began w i t h  a 

second group o f  51 t r a n s p l a n t s  which were moved i n t o  t h e  Hemidome f rom J u l y  1 t o  

J u l y  7. Bo th  exper iments inc luded  10 c o n t r o l  t r a n s p l a n t s  moored nearby a t  I n t a k e  



P o i n t  o r  w i t h i n  B i g  F isherman's  Cove ( ~ i ~ u r e  5.2-14). The t e s t  p l a n t s  i n  t h e  

Hemidome became s e r i o u s l y  a f fec ted by d isease ( r e f e r r e d  t o  l a t e r  as t h e  

"sho t -ho le "  d isease) ,  l e a d i n g  t o  l e s i o n s  and t i s s u e  s lough ing  especi  a1 l y  i n  t h e  

lower  p o r t i o n s  o f  t h e  f r o n d  bundles and t h e  sporophy l l s ,  basa l  meristems, basal  

branches, and ho ld fas t s .  The d isease problem was cons idered t o  r e s u l t  f r om  

encouragement o f  mi c roo rgan i  sms r e s u l t i n g  f rom e leva ted  n u t r i  en ts  and water  

temperatures as w e l l  as from t r a p p i n g  and c o n t i n u a l  r e c i r c u l a t i o n  o f  s loughed and 

decaying t i s s u e s  i n  t h e  bot tom o f  t h e  bag. The d isease e f f e c t  caused us t o  

d i s c a r d  t h e  f i r s t  se t  o f  t r a n s p l a n t s  a f t e r  t h e y  were harves ted  June 14-15, hoping 

t h a t  t h e  impact cou ld  be reduced by changes i n  t h e  f e r t i l i z i n g  schedule and by  

ex tend ing  l e n g t h s  o f  t he  i n t a k e  p i pes  so as t o  draw i n  coo l  water f rom below t h e  

thermocl  i ne. These changes were be1 i eved t o  produce some b e n e f i t s ,  b u t  severe 

e f f e c t s  f rom d isease s t i  11 developed. 

The p r i m a r y  o b j e c t i v e  o f  t h e  Hemi dome exper imenta t ion  was t o  measure 

p r o d u c t i v i t y  and y i e l d  on a group o f  a d u l t  t r a n s p l a n t s  h e l d  under c a r e f u l l y  

c o n t r o l 1  ed and mon i to red  cond i t i ons .  The p r i m a r y  methodology f o r  assess ing 

p r o d u c t i v i t y  was t o  measure growth r a t e s  o f  va r i ous  s i z e  f r onds  con t inuous ly ,  as 

w e l l  as changes i n  f r o n d  numbers and f r o n d  s i z e  d i s t r i b u t i o n s .  T h i s  i n f o rma t i on  

was conver ted t o  changes i n  biomass by  means o f  separa te ly -de te rmi  ned f r o n d  1 ength 

t o  weight  r e l a t i o n s h i p s .  Frond e l o n g a t i o n  r a t e s  tended t o  be i n  t h e  

m idd le - to - lower  range of what i s  cons idered normal, w i t h  means f r om t e s t  p l a n t s  

o c c a s i o n a l l y  s i g n i f i c a n t l y  d i f f e r e n t  f r om  c o n t r o l s  d u r i n g  t h e  f i r s t  exper imenta l  

s e r i e s  (Tab le  5.2-6) and u s u a l l y  exceeding c o n t r o l s  d u r i n g  t h e  second exper imenta l  

s e r i e s  (Tab le  5.2-7). T o t a l  f r o n d  numbers dec l i ned  s t e a d i l y  du r i ng  bo th  

exper imenta l  s e r i e s  (Tab le  5.2-8). These reduc t i ons  r e s u l t e d  f rom t h e  combi ned 

e f fec ts  of l osses  of f ronds as s t i p e  r o t  caused severance i n  t h e  basal  b ranch ing  

system and a l a c k  of s e n i l e  f r o n d  replacement by j u v e n i l e  f ronds .  A slowdown i n  

p r o d u c t i o n  o f  j u v e n i l e  f r onds  r e s u l t e d  f r om losses  o f  basa l  meristems due t o  

t i s s u e  s loughing.  Analyses of N-contents  o f  k e l p  b lades i n d i c a t e d  t h a t  p l a n t s  i n  

t h e  Hemi dome had adequate s u p p l i e s  o f  mac ronu t r i  en ts  a t  a l l  t imes and ma in ta i ned  

r e l a t i v e l y  1  ow concen t ra t i ons  of manni t o 1  (Tables 5.2-9 and 5.2-10). By c o n t r a s t ,  

c o n t r o l  p l  ants o f  t e n  d i sp l ayed  N-contents  sugges t ing  growth 1  i m i  t a t i  on by t h i s  

element and e l eva ted  mann i t o l  l e v e l s .  



Figure 5.2-14. Chart of the Eastern Portion of the Catalina Isthmus Region, 
Showing Relation of the Hemidome Installation to the Surrounding Geographical 
Locations Mentioned in the Text. The Control Kelp Bed on the North Side of 

Intake Point was Utilized for the First Experimental Series 



TABLE 5.2-6. MEAN STANDARD GROWTH RATES (PERCENT DAILY ELONGATION NORMALIZED TO A ONE m FROND LENGTH) 
AND ASSOCIATED PARAMETERS DETERMINED F O R  THE INDICATED TIME SPANS AMONG MACROCYSTIS TRANSPLANTS I N  THE 

HEMIDOME AND THE NEARBY CONTROLS. G = MEAN STANDARD GROWTH RATE, n = NO. OF FRONDS IN SAMPLE,n = 
STANDARD DEVIATION, UCI = UPPER 95% CONFIDENCE INTERVAL, LCI = LOWEFJ 95% CONFIDENCE INTERVAL, ESG = 

NO. OF ABNORMALLY SLOW-GROWING FRONDS (NOT EXCLUDED IN COMPUTING G). ALL DATES WERE 1982. DATA 
REPRESENT THE FIRST EXPERIMENTAL SERIES 

Measurement per iod  

Bara- Feb 25 Mar Mar 30 Apr A p r 2 8  May May May May 25 June June June 
meter Mar 8 23-29 Apr 5 20-26 May 3 4-10 11-17 18-24 June 1 2-7 7-17 17-23 

- Pretransplant ing - Hemidome p lan ts  

F 6.9 6.6 6.9 6.7 7.1 6.0 6.5 7.0 6.1 6.3 6.7 7.1 
n 15 26 2 7 5 0 30 30 5 1 23 44 27 19 26 
6 0.8 0.8 1.3 1.4 '1.4 0.9 1.7 0.9 1.6 0.9 1.0 1 .5 
UCI 7.3 6.9 7.4 7.1 7.6 6.3 6.9 7.4 6.6 6.7 7.2 7.7 

m LCI 6.5 6.3 6.4 6.3 6.6 5.7 6.1 6.6 5.6 5.9 6.2 6.5 
N 
I 

ESG 0 0 0 2 0 3 3 0 5 0 0 1 
-4 

Para- 
meter 

Measurement per iod  

AP r Apr 28 May May May May 24 June June June 
21-27 May 3 4-10 10-17 17-24 June 1 1-7 7-17 17-23 

- 
G 
n 
6 
UC I 
LCI 
ESG 

Control  p lan ts  



TABLE 5.2-7. MEAN STANDARD GROWTH RATES (PERCENT D A I L Y  ELONGATION NORMALIZED TO A ONE rn FROND LENGTH) 
AND ASSOCIATED PARAMETERS DETERMINED EOR THE IND ICATED T I M E  SPANS AMONG MACROCYSTIS TRANSPLANTS I N  THE 

HEMIDOME AND THE NEARBY CONTROLS. G = MEAN STANDARD GROWTH RATE, n = NO. OF FRONDS I N  SAMPLE, o = 
STANDARD DEVIATION,  U C I  = UPPER 95% CONFIDENCE INTERVAL, L C 1  = LOWER 95% CONFIDENCE INTERVAL, ESG = 

NO. OF ABNORMALLY SLOW-GROWING FRONDS (NOT EXCLUDED I N  COMPUTING 6 ) .  ALL  DATES WERE 1982. DATA 
REPRESENT THE SECOND EXPERIMENTAL SERIES 

M e a s u r e m e n t  p e r i o d  

P a r a -  J u l y  J u l y  J u l y  27 Aug Aug A u g  A u g  Aug 31 S e p t  S e p t  S e p t  S e p t  28 O c t  O c t  Oct 
meter 12-19 20-26 A u g 2  3-9 10-86 17-23 24-30 S e p t 7  8-13 14-20 20-27 O c t 4  4-11 12-18 18-25 

Heni dome p l  a n t s  

F 
n 
6 
U C I  
L C I  
ESG 

C o n t r o l  p l a n t s  

T; 4.0 4.2 3.2 3.2 2.8 2.7 3.3 2.1 2.7 3.6 3.0 2.7 1.8 2.7 1.1 
n 30 33 30 33 33 3 3 28 2 4 22 29 25 19 21 23 
6 

17 
1.27 0.83 1.32 1.25 1.41 1.51 1.20 1.63 1.25 1.13 1.35 1.04 1.42 1.09 1.10 

U C I  4.5 4.5 3.7 3.6 3.3 3.2 3.8 2.8 3.3 4.0 3.6 3.2 2.4 3.2 1.7 
LC1  3.5 3.9 2.7 2.8 2.3 2.2 2.8 1.4 2.1 3.2 2.4 2.2 1.2 2.2 0.5 
ESG 12 10 19 25 26 2 7 20 2 3 2 1 17 2 0 18 14 95 17 



TABLE 5.2-8. TOTAL STIPES DISPLAYED BY 51  MACROCYSTIS TRANSPLANTS I N  THE 
HEMIDOME AT THE INDICATED DATES AND BY 1 0  CONTROL PLANTS NEARBY AT INTAKE POINT 

OR IN BIG FISHERMAN COVE. ALL DATES ARE 1982. 

Date 4/12-14 5/13 6 /8  7/9 7/22 8/5 8/19 9/2 9/16 9/30 10114 

F i r s t  exper imen ta l  
s e r i e s  I 

Second exper imen ta l  s e r i e s  

I 

Hemi - 
dome 1655 1476 1170 : 1815 1765 1564 1366 1312 1110 928* 810** 
f r o n d s  I 

C o n t r o l  385 360 381 , 351 328 336 359 285 315 258 220 
f r o n d s  I 

* 
One p l a n t  l o s t  (b roken h o l d f a s t ) ,  one p l a n t  dead. 

** 
Two p l a n t s  l o s t ,  two p l a n t s  dead. 



TABLE 5.2-9. 
AND CONTROL 

(HEMIDOME) OR 
GIVEN). 

ANALYSES OF TISSUE N (PERCENT DRY WT) DURING 1982 AMONG MACROCYSTIS BLADES I N  THE HEMXDOME 
POPULATIONS. VALUES REPRESENT MEANS AND STANDARD DEVIATIONS, FROM ANALYSES OF 5-6 BLADES 
2-3 BLADES (CONTROLS) EXCEPT WHEN ONLY A SINGLE BLADE WAS AVAILABLE (NO STANDARD DEVIATION 

FREQUENCY OF PULSE FERTILIZING IN THE HEMIDOME WAS REDUCED AFTER SEPTEMBER 21, 1982 

0/0 N content % N content  

Blade Juveni 'le Juveni 1 e 
Date type: Canopy Subcanopy Basal f roncl Canopy Subcanopy Basal f rond 

FIRST EXPERIMENTAL SERIES 

Hemi dome Control  

A p r i l  8 1.220.2 1.420.2 1.4k0.15 2.0t0.2 - - - - - - - - 

A p r i l  26 - - 1.8t0.5 1.4k0.2 2.120.3 - - 1.9t0.3 1.550.05 2.3k0.1 
Ln 

rQ 
I May 11 2.9t0.4 2.520.5 1.7k0.1 3.2k0.6 1.150.03 1.1k0.1 1 .2+0.5 2.0k0.7 
w 
0 

May 25 3.320.7 3.3t0.4 2.120.1 4.020.6 0.7+0. 1 1.0tO.1 1.1+0.1 1.3t0.2 

June 8 1.920.5 2.620.3 1.8k0.2 3.0k0.9 0.7tO. 1 0.8k0.2 1.0+0.1 1.3t0.4 

June 14-15 1.9t0.4 - - - - - - 0.8t0.04 - - - - - - 

* * * * 
June 21 - - 2.3k0.3 2.150.4 2.4t0.3 - - 0.620. 9 1 .O+O. 1 1.420.4 
- - -  - - - - 

* 
Samples from fronds t h a t  had been harvested. 



TABLE 5.2-9. ANALYSES OF TISSUE N (PERCENT DRY WT) DURING 198L AhOiJG MACROCYSTIS BLADES 111 THE HEMIUOME 
AND CONTROL POPULATIONS. VALUES REPRESENT MEANS AND STANDARD DEVIATIONS, FROM ANALYSES OF 5-6 6LADES 

(HEMIDOME) OR 2-3 BLADES (CONTROLS) EXCEPT WHEN ONLY A SItlGLE BLADE WAS AVAILABLE (NO STArJDUO DEVIATIW 
GIVEN). FREQUENCY OF PULSE FERTILIZING IN THE HEMIDOME WAS REDUCED AFTER SEPTEMBER 21, 1982 (Cont) 

% N content X N content 

Blade Juveni 1 e Juveni 1 e 
Date type: Canopy Subcanopy Basal f rond Canopy Subcanopy Basal frond 

- 

July 13 

VI Ju ly  27 
N 
I Aug 10 
I--. 
w 

Aug 24 

Sept 8 

Sept 21 

Oct 5 

Oct 20 

SECOND EXPERIMENTAL SERIES 

Hemi dome 
* * 

1.92k0.32 1.82k0.23 1.68t0.16 - - 
1.92k0.14 1.83t0.18 1.97t0.16 0.83k0.17 

1.80~0.31 1.7520.25 2.14k0.43 0.48~0.07 

2.43k0.46 2.37k0.41 2.9820.60 0.3020. 12 

2.77k0.28 - - 3.31r0.60 0.41k0.09 

3.0~0.49 - - 3.14k0.46 - - 
2.23k0.34 - - 2.5020.57 0.7350.24 

2.08kO. 14 -- 2.44~0.41 - - 

Control 
* * 

1.82k0.12 1.39+0.25 1.40k0.03 

8.33k0.26 1.18k0.24 1.23k0.12 

0.72k0.06 0.6720.08 0.73k0.14 

0.60+0.08 0.57 0.79+_0.19 

* 
Represents blades sampled from fronds that had been harvested. 



TABLE 5.2-10. 
HEMIDOME AND 

BLADES (HEMX 

CHANGES IN MANNITOL CONTENT (PERCEIIT DRY WT) OUKSrlG 1YdL AMONG MHCKUCYSTIS BLADES 111 THE 
CONTROL POPULATIONS. VALUES REPRESENT MEANS AND STANDARO DEVIATIONS, FROM ANALYSES OF 5-6 
DOME) OR 2-3 BLADES (CONTROLS) EXCEPT WHEN OiiLY A SXiqGLE BLADE WA5 AVHlLWLt (140 STH~DARIJ 

DEVIATION GIVEN). 

% Manni to1  content  % Manni to l  content  

Blade Juveni l e  Juven i l e  
Date type: Canopy Subcanopy Basal f r ond  Canopy Subcanopy Basal f r ond  

A p r i l  8 

A p r i l  26 
cn 

~ May 11 
I + 

r-0 May 25 

June 8 

June 14-15 

June 21 

FIRST EXPERIMENTAL SERIES 

Hemi dome 

15.226.9 6.923.1 6.323.2 3.320.7 - - 

- - 4.6k2.1 4.2k1.4 3.8k0.7 - - 
11.226.5 3.120.8 2.320.5 2.4a0.1 12.1+2.1 

8.026.8 5.724.8 2.7k0.6 2.720.8 7.4k3.6 

18.2t9.4 9.454.6 5.521.4 4.421.2 27.925.0 

14.1a8.2 - - - - - - 26.5a5.4 
* * - - 4.021.4 5.023.3 2.6k0.3 - - 

Control  

* 
Samples from fronds t h a t  had been harvested. 



TABLE 5 .2 -10 .  CHANGES I N  MANNITOL CONTENT (PERCENT DRY WT) DURIIIG 1YdL AMONG MACKOCYSTXS BLADES 111 THE 
HEMIDOME AND CONTROL POPULATIONS. VALUES REPRESENT MEANS AND STANDARD DEVIATIONS,  FROM ANALYSES OF 5-b 

BLADES (HEMIDOME) OR 2 -3  BLADES (CONTROLS) EXCEPT WHEN ONLY A SIIJGLE BLADE WAS AVA ILABLE  (NO SCHIUUAKU 
D E V I A T I O N  GIVEN) .  ( C o n t )  

% Mannitol content  % Mannit01 content 

8 1  ade Juveni 1 e Juveni 1 e 
Date type: Canopy Subcanopy Basal f rond Canopy Subcanopy Ba sa 1 f rond 

J u l y  1 3  

J u l y  2 7  

A u g  10 

A u g  2 4  

Sept 8 

Sept 2 1  

- - 

Uncut 
fronds 2 0 . 1 k 9 . 3  

Harvested 
fronds - - 

1 6 . 7 5 2 7 . 4  

1 1 . 7 5 5 4 . 2  

6 . 8 t 5 . 4  

8 . 8 k 2 . 7  

SECOND EXPERIMENTAL S E R I E S  

Hemi dome Control  
* * * * 

8 . 4 k 2 . 9  4 .651  . I  7 . 9 k 2 . 6  - - 1 2 . 9 k 5 . 5  8 . 8 k 4 . 6  1 8 . 3 t 2 . 4  

* 
Represents blades sampled from fronds t h a t  had been harvested. 



Dur i ng  t he  f i r s t  exper imenta l  se r i es ,  41 k e l p  p l a n t s  were t r ansp lan ted  f r om 

nearby Isthmus Reef i n t o  t h e  Hemidome. The rema in ing  10 were c o l l e c t e d  f r om 

Laguna Beach on t h e  main land (ca. 60 km f rom B i g  F isherman's  Cove). Observat ions 

of t i s s u e  s lough ing  and f r o n d  growth r a t e s  i n d i c a t e d  t h a t  t h e  main land p l a n t s  

m igh t  have fa red  s l i g h t l y  b e t t e r  than t h e i r  Ca ta l  i n a  coun te rpar ts .  I n  p l ann ing  

f o r  t h e  second exper imenta l  se r i es ,  i t  was decided t o  i n c l u d e  a  h igher  p r o p o r t i o n  

of p l a n t s  f r om  the  mainland, hoping thereby  t o  reduce s u s c e p t i b i l i t y  t o  t h e  

d isease problem. Th i r t y -one  a d u l t  Macrocys t i s  were c o l l e c t e d  f rom near  Bunker 

Po in t ,  Pa los  Verdes, as a  p a r t  o f  t he  second t r ansp lan t i ng .  Palos Verdes i s  a  

s t r ong  u p w e l l i n g  area, and Bunker P o i n t  l i e s  downstream from a  major  sewage 

d ischarge  a t  Pa los Verdes. I t  was con jec tu red  t h a t  these p l a n t s  m igh t  have 

developed r e s i s t a n c e  t o  any microorganisms whose growth i s  s t imu la ted  by h i g h  

l e v e l  s  of macronut r ients .The second t r a n s p l  a n t i n g  a l so  i nc l uded  10 p l a n t s  f rom 

Laguna Beach on t h e  main land and 10 f r om Isthmus Reef a t  C a t a l i n a  I s l a n d .  The 10 

c o n t r o l  p l a n t s  f o r  t h e  f i r s t  exper imenta l  s e r i e s  had been s i t u a t e d  i n  a  n a t u r a l  

k e l p  bed a t  I n t a k e  Po in t ,  a  f a i r l y  exposed l o c a t i o n .  S t rong  c u r r e n t s  here 

p e r i o d i c a l l y  p u l l e d  canopies o f  t he  c o n t r o l  and t h e  n a t u r a l  p l a n t s  w e l l  beneath 

t h e  s u r f  ace. Thus, i t  appeared t h a t  these c o n t r o l s  were exper ienc ing  an 

env i  ronment fundamental l y  d i f f e r e n t  f r om  cond i t i ons  i n  t h e  Hemi dome. A nearby 

p r o t e c t e d  s i t e  would be more app rop r i a t e .  Thus, t h e  nor theas te rn  border  o f  B i g  

F isherman's  Cove was chosen as a  s u i t a b l e  c o n t r o l  s i t e  f o r  t h e  second exper imenta l  

s e r i e s .  A smal l  f r i n g i n g  k e l p  bed occurred on t h e  s teep l y  descending rocky  w a l l  

of t h e  cover here. Ten c o n t r o l  p l a n t s  f rom Is thmus Reef were moored a long t h e  

o u t s i d e  edge o f  t h i s  n a t u r a l  bed i n  t h e  cove. Water depth was about 18 m a t  t h i s  

p o i n t .  The h o l d f a s t s  o f  t he  c o n t r o l s  were t o  be a t  n i n e  m depths ( t h e  depth o f  

h o l d f  as t s  i n  t h e  Hemi dome). Consequently, t h e  c o n t r o l s  were moored on buoys 

t e t h e r e d  about 9 m above the  bottom. A f u r t h e r  row o f  p l a n t s  was p laced o f f sho re  

f r om  t h e  c o n t r o l s  so t h a t  t h e  c o n t r o l  p l a n t s  would no t  c o n s t i t u t e  t h e  edge of t h e  

o v e r a l l  k e l p  s tand a t  t he  s i t e .  

Water temperatures i n s i d e  t h e  Hernidome were approx imate ly  1 8 ' ~  a t  t h e  

beg inn ing  o f  t h e  second exper imenta l  se r ies ,  r i s i n g  t o  lg°C du r i ng  t h e  second 

week of J u l y  and ex tend ing  up beyond 20°C d u r i n g  t h e  t h i r d  week. Observat ions on 

n a t u r a l  k e l p  beds repo r t ed  i n  t h e  l i t e r a t u r e  i n d i c a t e d  t h a t  2 0 ' ~  was about t h e  

maximal l e v e l  t o 1  e ra ted  by k e l p  canopies. Water temperatures rose  t o  21 OC 

du r i ng  t h e  l a s t  week i n  J u l y  and exceeded 2 2 ' ~  f o r  s h o r t  pe r i ods  du r i ng  e a r l y  

August. Extens ions o f  t he  i n t a k e  p ipes  on August 11 reduced Hemdidome water 

temperatures one-to-two degrees be1 ow ambi ent.  



F e r t  i 1 i z i  ng method01 ogy was a1 so a1 te red  du r ing  the  second experimental  se r i es  

t o  reduce t h e  1 i k e l  i hood o f  s t imu l  a t i n g  growth by pathogenic microorganisms from 
a r t i f  i c i  a1 l y  h igh  l e v e l s  o f  n u t r i e n t s .  The o b j e c t i v e  o f  f e r t i l i z i n g  du r ing  t h e  

f i r s t  experimental  se r i es  had been t o  c rea te  cont inuous concentrat ions of 15 p M  

n i t r a t e  and 1 yM phosphate i n  Hemidome waters. F e r t i l i z i n g  was d iscont inued f rom 

May 25 t o  June 9 i n  order t o  determine p o s s i b i l i t i e s  f o r  amel io ra t ing  t h e  e f fec ts  

of the disease problem. I t  appeared s u b j e c t i v e l y  t h a t  progression o f  t he  disease 

may have been reduced by stopping f e r t i l i z a t i o n .  Hence, f o r  t he  second 

experimental  ser ies,  two a1 t e r n a t e  f e r t i  1  i z i  ng schemes were tested: supp ly ing  
macronutr i  ents cont inuous ly  a t  1 ow concen t ra t i  ons ( o b j e c t i v e  - 3 p M  n i t r a t e ,  0.3 

yM phosphate), and p u l s i n g  p e r i o d i c a l l y  a t  h igh  concentrat ions (15 p M  n i t r a t e ,  1 

yM phosphate). The l a t t e r  method appeared t o  be t h e  most successful .  N-contents 

of the t e s t  p l a n t s  rose s t e a d i l y  throughout t h e  summer (see Table 5.2-9). 

Tissue-P para1 l e l  ed t issue-N f a i r l y  c lose l y .  

Transplants were examined i n  the  Hemidome on J u l y  20, and e a r l y  evidences o f  

disease and d e t e r i o r a t i o n  occu r r i ng  among basal blades o f  many p l a n t s  were noted. 

Weekly s tud ies  were then i n i t i a t e d  t o  document t he  progression o f  symptoms i n  

d e t a i l  and t o  de tec t  whether attempted p a l  1 i a t i  ve measures were y i e l d i n g  any 

r e s u l t s .  Drs. John Fo r ro  and Anthony Cacci apuot i  , General E l e c t r i c  Company 

m i c r o b i o l o g i s t s  a r r i v e d  J u l y  26 t o  a s s i s t  i n  d e f i n i n g  any causat ive organisms t h a t  

might  be responsi b l  e  f o r  the  observed 1 e s i  ons developing among t h e  k e l p  t i ssues .  

They succeeded i n  o b t a i n i n g  numerous i s o l a t e s  f rom k e l p  l e s i o n s  bu t  were unable t o  

determi ne which organisms ( i f  any) might  be p r i n c i p a l  p l  ant pathogens. 

Pr imary symptoms observed i n  t h e  Hemi dome t r a n s p l  ants appeared i n  g rea tes t  

i n t e n s i t y  w i t h i n  the lower two- to- three meters o f  t he  p l a n t s  - f rom t h e  h o l d f a s t  

upward we l l  i n t o  t h e  s t i p e  bundles. Lesions appeared i n  b lade t i ssues  w i t h i n  t h i s  

lower region. T issue c o l o r a t i o n  changed i n  some cases. Sizes and shapes o f  

l es ions  va r ied  f rom round holes 1 o r  2 mn i n  diameter t o  i r regu lar ly -shaped areas 

of d i s c o l o r a t i o n  or  t i s s u e  l o s s  several cm across. The small roundish h o l e  gave 

the  appearance o f  p e n e t r a t i o n  by a "BB" or  shot. When many holes occurred 

together,  t h e  c o n d i t i o n  became known as "shot -ho le  disease" o r  SHD. SHD became 

preva l  ent dur ing  t h e  f i r s t  experimental  s e r i e s  i n  May-June. SHD a1 so occurred 

du r ing  the  second experimental  s e r i e s  b u t  d i d  n o t  predominate as i t  had 
prev ious ly .  As l es ions  p r o l i f e r a t e d ,  t i ssues  weakened and f e l l  o f f ,  adding t o  a 

l a r g e  accumulation o f  l i t t e r  near the  bottom o f  t h e  bag. Water c i r c u l a t i o n  w i t h i n  

the  bag kept  much o f  t h e  small a lga l  fragments i n  suspension, p a r t i c u l a r l y  i n  t h e  



r e g i o n  o f  t h e  p l a n t  bases. Prevalence o f  d isease symptoms i n  t h e  basal  p o r t i o n s  

of t he  p l a n t s  ( c o n t r a s t i n g  w i t h  t h e  normal p a t t e r n  o f  summertime d e t e r i o r a t i o n  

among a d u l t  Macrocys t i s  which occurs i n  t h e  canopy and o the r  near-sur face p o r t i o n s  

of p l a n t s )  suggested t h a t  t h e  c i r c u l a t i n g  d r i f t  f ragments may have served as an 

i nocul  um enhancing i n f e c t i o n  o f  t h e  basal  t i s s u e s  o f  t r a n s p l  ants by pathogens. 

S t i p e  and hap te ra l  t i s s u e s  a1 so began d i s p l  ay i  ng 1  es ions and d i s c o l o r e d  

patches. These a f f l i c t i o n s  f r e q u e n t l y  l e d  t o  severance o f  t h e  s t i p e  o r  b reak ing  

of f  of ho l  df a s t  sect ions,  a l l  owing f r o n d s  t o  d r i f t  up t o  t h e  s u r f  ace where t h e y  

were c o l l  ec ted and d iscarded.  Th i s  process was p a r t i  a1 l y  respons ib l e  f o r  decl  i nes 

i n  f rond  numbers (see Tab le  5.2-8). 

Graz ing and e n c r u s t i n g  organisms a l so  caused d i f f i c u l t i e s .  A smal l  amphipod, 

Jass a  f a1 cata,  cons t ruc ted  arenaceous tubes t h a t  covered cons iderab le  p o r t i o n s  of 

b lade  sur f  aces and may have c rea ted  f o c a l  p o i n t s  f o r  c o l o n i z a t i o n  b y  m ic roscop ic  

pathogens. Enc rus ta t i ons  b y  Jassa are r a r e l y  seen i n  n a t u r a l  k e l p  beds. I t  was 

reasoned t h a t  some p reda to r ,  p o s s i b l y  a  f i s h  species, m igh t  c o n t r o l  Jassa i n  

nature.  A m a l l  f i s h ,  t h e  s e n o r i t a  ( ~ x y j u l i s  c a l i f o r n i c a )  was i n t r oduced  i n t o  t h e  

Hemidome i n  June t o  determine i f  i t  cou ld  c o n t r o l  Jassa. Some s e n o r i t a s  were 

noted p i c k i n g  a t  Jassa tubes, bu t  t h e y  were unable t o  e l i m i n a t e  t h e  k e l p  

e n c r u s t a t i o n  i n  t he  Hemi dome a1 toge ther .  

Small u r c h i n s  were appa ren t l y  r e c r u i t e d  f rom t h e  p l ank ton  onto h o l d f a s t s  i n  

t h e  Hemidome and caused some g raz i ng  damage. Most o f  these were removed be fo re  

t h e i r  f e e d i n g  a c t i v i t i e s  c o n s t i t u t e d  a  se r i ous  problem. Dove s n a i l s  (Mi t r e l l  a  

c a r i n a t a )  a l so  r e c r u i t e d  on to  many o f  t h e  f ronds .  A l though i n d i v i d u a l  s n a i l s  are 

o n l y  a  few mn l o n g  as adu l t s ,  t h e y  can cause s u b s t a n t i a l  g raz i ng  damage when a  

1  arge popu la t i on  developes. S n a i l  g r a z i n g  was be1 i eved  t o  be a  s i g n i f i c a n t  f a c t o r  

i n  t i s s u e  losses  i ncur red  du r i ng  t h e  second exper imenta l  se r ies .  

Sedimentat ion was noted on a  l a r g e  p r o p o r t i o n  o f  t he  b lade popu la t i on  a t  a l l  

t imes  (subcanopy t o  basa l  b lades, r a r e l y  i n  t h e  canopy). Th i s  may have a r i s e n  

from a  l a c k  of sc rubb ing  a c t i o n  by wave surge i n s i d e  t he  Hemidome. Sedimentat ion 

may have encouraged development o f  pathogens underneath. 

I n  c o n t r a s t  t o  ex tens i ve  t i s s u e  losses  i n c u r r e d  i n  basal  p o r t i o n s  o f  t h e  t e s t  

p l  ants, canopy t i s s u e s  f a r e d  w e l l  and s u f f e r e d  p r i m a r i l y  f rom normal senescent 
processes. F a i r l y  dense canopies developed d u r i n g  b o t h  exper imenta l  se r ies .  

Canopy t h i n n i n g  occur red  d u r i n g  September and October 1982, p robab ly  because 

senesci  ng f r o n d s  were no t  adequate ly  rep1 aced by develop ing j uven i  1  e  f ronds.  The 



j u v e n i l e s  were be ing  destroyed as a r e s u l t  o f  t h e  disease processes o c c u r r i n g  i n  

t h e  basal  reg ions.  

The unusual disease p rob l  em impacted t h e  p r o d u c t i v i t y  and y i e l d  de te rmina t ions  

dur ing  t h e  two exper imenta l  s e r i e s  and f o r c e d  us t o  abandon hope o f  o b t a i n i n g  any 

va l  i d  da ta  f o r  these parameters. Several  i n d i c a t i o n s  and conc lus ions emerged 

which p rov ide  a bas i s  f o r  f u r t h e r  i n v e s t i g a t i o n  i f  i t  should ever become des i rab le .  

No bas is  was found f o r  conc lud ing  t h a t  t h e  disease problem arose f rom a unique 

causa t i ve  agent p o s s i b l y  associ  ated w i t h  t h e  spec i  a1 circumstances under which t h e  

t e s t  p l a n t s  were be ing  cu l t u red .  A l l  t h e  va r i ous  types o f  les ions ,  

d i s c o l o r a t i o n s ,  and o ther  a f f l i c t i o n s  noted among t h e  t e s t  p l a n t s  were a l s o  

observed i n  n a t u r a l  k e l p  beds a t  Ca ta l  i n a  and t h e  main1 and d u r i n g  summer 1982. 

The unique aspect o f  our disease problem was i t s  prevalence among t h e  lower  

p o r t i o n s  of our t e s t  p l an t s .  S i m i l  a r  disease symptoms, when t h e y  occur i n  n a t u r a l  

k e l p  beds, tended t o  focus  i n  t h e  upper p o r t i o n s  o f  p l a n t s  o r  were spread 

throughout  t h e  water column. 

Warm water temperatures p robab ly  enhanced t h e  disease problem. Some t e s t  

p l  ants improved remarkably immedi a t e l y  a f t e r  t h e  i ntake p ipes  were extended down 

t o  12-13 rn depths. 

Pul  sed n u t r i e n t  i npu t s  may have been l e s s  s t i m u l a t i n g  t o  t h e  d isease(s)  than  

c o n t i  nuous f e r t  i 1 i z i  ng a t  1  ow c o n c e n t r a t i  ons o f  macronu t r i  ents. 

Cons tan t l y  r e c i  r c u l  a t i  ng a1 ga l  deb r i s  may have enhanced t h e  d i  sease(s) i n some 

way. 

One f i n a l  se t  of observa t ions  d u r i n g  t he  second exper imenta l  s e r i e s  i s  wor th  

ment ioning; namely, comparisons between t e s t  p l a n t s  i n  t h e  Hemidome and t h e  

c o n t r o l  and n a t u r a l l y  a t tached p l a n t s  i n  B i g  Fisherman's Cove. Tes t  p l a n t s  i n  t h e  

Hemi dome ma in ta ined  t h e i r  canopies i n  f a i r  t o  good c o n d i t i o n  throughout  t h e  summer 

and f a l l  1982. Canopies o f  t he  c o n t r o l  and n a t u r a l l y  a t tached p l a n t s  began 

d e t e r i o r a t i n g  i n  J u l y  and were almost non-ex is ten t  by e a r l y  August. Lack of 

canopy con t inued  f o r  t he  remainder o f  August and f o r  t h e  f i r s t  h a l f  o f  September. 

A temperature o f  2 0 ' ~  had p r e v i o u s l y  been cons idered as t h e  uppermost 

temperature t o 1  e ra ted  by a d u l t  Macrocyst is .  Our temperature data i n d i c a t e d  t h a t  

surface temperatures hovered c l ose  t o  o r  above 2 0 ' ~  th rough October w h i l e  



temperature a t  12 m depths f e l l  below 1 9 . 0 ~ ~  o n l y  f o r  one sampling day, October 

10. Thus, t he  p e r i o d  a f t e r  September 22 was cha rac te r i zed  by an upper l a y e r  o f  

water from t h e  s u r f  ace t o  a t  l e a s t  12 m depths o f  almost un i fo rm temperature, 

u s u a l l y  i n  t h e  r a t h e r  narrow range o f  1 9 . 0 ~ ~  t o  20.5'~. I n  o ther  words, t h e  

thermocl i ne appears t o  have been s i t u a t e d  below the  1 

c o n t r o l  t r a n s p l  ants i n  B i g  Fisherman's Cove. Du r i ng  

p o r t i o n s  o f  many o f  the  c o n t r o l  p l a n t s  de te r i o ra ted ,  

f r o n d  counts and growth r a t e s  i n d i c a t e d  t h a t  these p l  

5.2-6 and Tab le  5.2-7). Transplants  i n  t he  Hemidome 

eve1 o f  t he  h o l d f a s t s  o f  our 

t h i s  per iod,  t h e  lower 

and q u a n t i t a t i v e  da ta  such as 

ants were s t ressed (see Table 

a1 so showed s t r e s s  symptoms, 

bu t  t h e  s e v e r i t y  was l e s s  than t h a t  o f  t h e  c o n t r o l s  and may i n  p a r t  have been 

caused by an enc losure e f f e c t .  I t  i s  be l i eved  t h a t  d e t e r i o r a t i o n  among our 

c o n t r o l s  was p r i m a r i l y  a n u t r i t i o n a l  problem a r i s i n g  from descent of t h e  

thermoc l ine  a f t e r  about September 22 and a l ack  o f  upwel l ing.  The s t r e s s  symptoms 

observed ( t i s s u e  pa l i ng ,  s loughing, b l  ack r o t ,  l es ions ,  buoyancy l o s s )  mimicked 

many o f  the  s igns  commonly noted among d e t e r i o r a t i n g  k e l p  canopies du r i ng  warm 

sumners. I t  i s  worth n o t i n g  t h a t  comenc ing  about mid-September, t h e  n a t u r a l  k e l p  

bed i n  B i g  Fisherman's Cove (beg inn ing  about 10 f e e t  inshore  f rom t h e  c o n t r o l s )  

d i  s p l  ayed good canopy f ormat i  on and a heal  t h y  appearance. These heal  t h y  p l  ants 

were at tached t o  the  bottom a t  depths w e l l  below those o f  our c o n t r o l s  ( i .e., 

40-50 f e e t  deep, F i g u r e  5.2-14). There were some n a t u r a l l y  a t tached p l a n t s  whose 

ho ld fas t s  were a t  depths comparable t o  the  h o l d f a s t s  o f  our c o n t r o l s  ( i  .e., 26 t o  

30 f t deep). These s h a l l  owest na tu ra l  p l  ants were i ntermedi a te  i n  appearance 

between t he  deeply-at tached n a t u r a l  p l  ants and our c o n t r o l  s. T h e i r  upper f 01 i age 

had disappeared so t h a t  tops l a y  about 10 f t  below t h e  sur face.  They d isp layed  

p a l e  b l  ades, p a r t i c u l  a r l y  near t h e i r  tops. The bases, however, appeared heal t h y  

w i t h  good c o l  o r a t i  on and minimal s loughing. 

These da ta  suggest t h a t  some u p w e l l i n g  occurred du r i ng  August and e a r l y  

September, b e n e f i t t i n g  p l  ants i n  t h e  n a t u r a l  bed, t h e  con t ro l s ,  and t h e  Hemi dome. 

Sometime around September 20, 1982, depth o f  t he  thermoc l ine  increased so t h a t  

none of these p l  ant  groups r e c e i  ved much exposure t o  n u t r i  e n t - r i  ch subthermocl i ne 

water. Sur face temperatures i n  t he  cove dec l i ned  s l i g h t l y  a f t e r  t h e  f i r s t  week i n  

September t o  approx imate ly  20'~. The deeply-at tached n a t u r a l  p l  ants b e n e f i t t e d  

,cons iderab ly  f rom t h e  upwel l  i n g  i n  August-September and were ab le  t o  produce and 

s u s t a i n  a canopy f r om mi d-September onwards, aided by the  gent1 e decl  i ne i n  

sur face  temperature. P o s s i b l y  r ecyc led  n u t r i e n t s  i n  t h e  bottom waters o f  t h e  bed 

a l s o  c o n t r i b u t e d  t o  t h e i r  wel l -be ing.  T h i s  hypothes is  i s  subs tan t i a ted  by t he  



c o n t i  nu i  ng heal t h y  appearance o f  t he  basal p o r t i o n s  o f  t he  s h a l l  owest na tu ra l  l y  

at tached p lan ts .  These p lan ts ,  however, d i d  no t  b e n e f i t  as much from t h e  

August-September upwel l  i ng as the  nearby deeply attached p l  ants because o f  t h e  

v e r t i c a l  g rad ien t  o f  n u t r i e n t s  i n  an upwel l ing  event. Hence, t h e  shal lowest  

p l a n t s  were no t  able t o  form and sus ta in  a  canopy. The c o n t r o l  p lan ts ,  some 20 t o  

30 f t  o f f  t h e  bottom, received no b e n e f i t  f rom recyc led  n i t r o g e n  i n  t h e  

near-bottom water. Hence, t h e y  d i s p l  ayed symptoms o f  n u t r i t i o n a l  d e f i c i e n c y  

throughout t h e i r  1  engths s h o r t l y  a f t e r  t h e  thermocl ine descended around September 

20. The Hemi dome p l a n t s  never su f fe red  f rom n u t r i t i o n a l  de f ic iency ,  and any 

t i  ssue degradat i  on was presumably caused by enclosure e f f e c t s  and graz ing  damage. 

The evidence sus ta ins  prev ious concl us i  ons (based p r i m a r i l y  on observat ional  data) 

t h a t  20°c i s  t o l e r a t e d  by a d u l t  Macrocyst is  t i ssues .  There i s  an important  

caveat, however, which i s  t h a t  p l a n t s  must be wel l -nour ished t o  su rv i ve  i n  20°c 

water. 

A f te r  the Hemi dome bag tore,  t he  l oss  o f  head pressure i n s i d e  the  bag 

prevented t h e  wa l l s  f rom ma in ta in ing  t h e i r  i nf 1  ated conf igura t ion .  Buoyancy f mm 

t h e  t ransp lan ts  and t h e i r  moorings caused the  bottom o f  t he  bag t o  r i s e  so t h a t  

most o f  t h e  p l a n t  t i s sues  became re loca ted  a t  or near t h e  water surface. Many 

blades were pushed ou t  o f  the  water and su f fe red  f rom des icca t ion  and re1  ated 

exposure damage. It was decided t o  d i sca rd  a l l  bu t  t en  o f  t he  p lants,  pending 

r e p a i r  o f  the  bag and i n i t i a t i o n  of t he  next  experiment. The t e n  r e t a i n e d  

t ransp l  ants were moored a t  depths f rom 9  t o  18 rn on t h e  u m b i l i c a l  cord b r i n g i n g  

e l e c t r i c a l  power f rom the  shore t o  t he  Hemidome. I t  was des i rab le  t o  observe 

whether these p l a n t s  would change i n  terms o f  growth and composit ion as a  r e s u l t  

of r e t u r n i n g  t o  open water a f t e r  f o u r  months o f  enclosure. I t  was a l so  des i rab le  

t o  know i f  i t  were poss ib le  t o  s e t  up an experiment d u p l i c a t i n g  t h e  s i t u a t i o n  

descr ibed above where c o n t r o l  p l  ants de ter io ra ted ,  whi 1  e  nearby na tu ra l  l y  attached 

p l  ants survived, presumably due t o  d i f f e rences  i n  avai 1  ab i  1  i t y  of recyc led  

n i t rogen.  The ex-Hemi dome p l a n t s  moored a t  h igher  l e v e l s  on the  u m b i l i c a l  cord  

should, l i k e  our con t ro l s ,  r ece i ve  much l e s s  recyc led  N than p l a n t s  moored c l o s e  

t o  the  bottom. Hopefu l l y ,  any d i f fe rences  would be r e f l e c t e d  i n  growth r a t e s  and 

t i s s u e  composit ion. Th is  small s tudy l a s t e d  f rom October 29 t o  December 20, 1982. 

A1 1  t e n  p l a n t s  d isp layed good c o l o r a t i o n  when f i r s t  examined on November 1, 1982. 

Seven o f  t he  ten  bore evidences o f  s i g n i f i c a n t  t i s s u e  damage from exposure t o  a i r  



and/or des i cca t i on .  Ow p l a n t  (Number 11) had become "decap i ta ted"  ( a l l  t h e  

longer  f r onds  were c u t )  d u r i n g  removal f rom the  bag. Another (Number 17) l o s t  a l l  

bu t  two l o n g  f r onds  and even these were b a d l y  damaged. Three p l a n t s  (Numbers 2, 

17, and 24) shed t h e i r  l o n g  f r onds  over t he  nex t  two weeks. Les ions and g raz i ng  

damage p resen t  w h i l e  p l a n t s  were i n  t h e  Hemidome were noted subsequent ly.  The 

g r a z i n g  by u r c h i n s  and s n a i l s  became n e g l i g i b l e  ou t s i de  t h e  bag, a l though a few 

opaleye perch  were noted o c c a s i o n a l l y  munching on blades. The storm t h a t  t o r e  t h e  

bag i n  l a t e  October a l so  d is lodged  a t tached  a lgae throughout  t h e  cove. D r i f t i n g  

a l g a l  fragments l i t t e r e d  t h e  bottom near t h e  Hemidome, and amounts increased as 

o t h e r  storms swept through t h e  area, p a r t i c u l a r l y  a ve r y  v i o l e n t  storm a t  t h e  end 

o f  November. The d r i f t  may have s t imu la ted  m i c r o b i a l  growth near t h e  bottom. 

Three of t h e  t e n  t e s t  p l a n t s  were moored c l ose  t o  t h e  bottom (Numbers 11, 15, and 

17) .  These t h r e e  p l a n t s  su f f e red  g r e a t l y  f r om  d isease symptoms c l o s e l y  resembl ing 

t h e  les ions ,  etc., noted among p l a n t s  i n  t h e  Hemidome, and t h e i r  appearance 

d e t e r i  o ra ted  throughout  t h e  seven-week exper iment.  The remain ing seven p l  ants  

remained heal t h y  b u t  changed i n  va r i ous  ways. 

E longa t i on  r a t e s  among t h e  ex-Hemidome p l a n t s  were a t  t he  low end of t h e  range 

of no rma l i t y ,  and t h e r e  were always h i g h  p r o p o r t i o n s  o f  ESG (ex t reme ly  s low 

growing)  f r onds  w i t h i n  t h e  sample popul  a t i o n  (Tab le  5.2-11). Mean growth r a t e s  

were u s u a l l y  no t  s i g n i f i c a n t l y  d i f f e r e n t ,  however, f r om  a c o n t r o l  p o p u l a t i o n  which 

cons i s t ed  o f  p l  ants i n  t h e  k e l p  bed a long  t h e  nor th -eas t  edge of t h e  cove (see 

F i g u r e  5.2-15). Examinat ion o f  t h e  d i s t r i b u t i o n  o f  growth r a t e s  i n  t h e  

ex-Hemi dome p l  ants showed t h a t  i n d i v i d u a l s  moored a t  depths o f  13 m o r  less ,  

however, r a r e l y  y i e l d e d  growth r a t e s  above t h e  ESG ca tego ry  (Tab le  5.2-12). Most 

o f  t h e  non-ESG r a t e s  came f rom t h e  t r a n s p l a n t s  moored between depths of 13 and 

16.4 m. 

Counts of f ronds whose growth increased o r  decreased o r  remained unchanged 

between measurement pe r i ods  i n d i c a t e d  t h a t  t h e  l a t t e r  h a l f  o f  November was a poor 

growth per iod,  w i t h  t he  g rea t  m a j o r i t y  o f  f r o n d s  showing d e c l i n i n g  growth r a t e s  

(bo t tom t h r e e  l i n e s  i n  Tab le  5.2-12). E a r l y  December, however, was a more 

f avo rab le  growth per iod,  w i t h  few d e c l i n i n g  growth r a t e s  and a l a r g e  m a j o r i t y  o f  

i ncreas i  ng growths. D e c l i n i n g  growth r a t e s  were e v i  dent i n  an overwhelming 

m a j o r i t y  of t h e  samples d u r i n g  t h e  f i n a l  measurement per iod.  Mean growth r a t e s  

among t h e  n a t u r a l l y  a t tached  p l a n t s  dec l i ned  s i g n i f i c a n t l y  du r i ng  t h e  f i n a l  

measurement per iod,  b u t  otherwise, t rended  upward throughout  t h e  s tudy (see Tab le  

5.2-11). Water temperatures i n  B i g  Fisherman's Cove dec l i ned  from ca. 1 9 ' ~  t o  

5.2-20 



TABLE 5.2-11.  MEAN STANDARD GROWTH RATES, (PERCENT DAILY  ELONGATION NORMALIZED 
TO A ONE-METER FROND LENGTH), FROM TWO GROUPS OF ADULT MACROCYSTIS PLANTS AS 
INDICATED. ESG FRONDS WERE OMITTED I N  COMPUTING MEANS. ALL  DATES ARE 1982 .  

N = NO. OF FRONDS USED I N  COMPUTING MEAN G, 0 = STANDARD DEVIATION, U C I  = UPPER 
95% CONFIDENCE INTERVAL, L C 1  = LOWER COIJFIDENCE INTERVAL 

M e a s u r e m e n t  p e r i o d  

P a r a m e t e r  Nov 8 - 1 5  Nov  1 5 - 2 2  Nov 2 2 - 2 9  Nov 29-Dec 6 Dec 6 - 1 3  Dec 1 3 - 2 0  

LC1 5 . 0  

No. o f  ESG 1 4  

% G r o w t h  - - 
i n c r e a s i n g  

- 
G 6 . 3  

N 29 

6 1.27 

UCI  6 . 8  

LC1 5 . 8  

No. o f  ESG 1 

Ex-Hemidome p l a n t s  

N a t u r a l l y  a t t a c h e d  p l a n t s  



Figure 5.2-15. Chart of Big Fisherman Cove with Details of the Hemidome 
Installation and (Below) a Cross-sectional View of the Hemidome. Control Plants 

were those Utilized During the Second Experimental Series 

5.2-22 



TABLE 5.2-12. STANDARD GROWTH RATES, (PERCENT DAILY ELONGATION NORMALIZED TO A FROND LENGTH OF ONE 
METER), MEASURED AMONG EIGHT OF THE ADULT MACROCYSTIS EX-HEMIDOME TRANSPLANTS MOORED AT THE DEPTHS SHOWN 

(BOITOM DEPTH OF Y .7 m). ESG DESIGNATES AN "EXTREMELY SLOW GROWING" FROND, CONSIDERED AS ABNORMAL. 
DATES ARE 1982. 

P lan t  Holdfast  Frond Measurement pe r i od  
no. depth, m no. Nov 8-1 5 Nov 15-22 NOV 22-29 Nov 29-Dec 6 Dec 6-1 3 Dec 13-20 

ESG 

0 
0.9 
2.0 
3.8 
3.8 
2.7 
0.4 
2.3 
0.5 
3.9 
3.0 

3.7 

, 
0 

1.7 

Norma 1 

4.9 
6.3 
6.3 
6.9 

5.9 
7.7 
4.7 
4.8 ' 

5.3 

4.8 

ESG 

0 
0.1 
0.7 
3.0 
2.7 
2.1 
0 
2.2 
0 '  

1.5 

3.7 
3.8 
0 

2.9 

No. growth inc reas ing  
No. growth unchanged 
No. growth decreasi ng 

Normal ESG Normal ESG Norma1 ESG Normal ESG Norma 1 



ca. 1 8 ' ~  during November (Table 5.2-13). Temperatures below 18 '~  became 
common following the end of November, possibly due t o  mixing of surface and deep 
water during the 20-year storm of November 30 t o  December 1. The dramatic r i s e  in 
percent of fronds showing increased growth rates during the November 29 to  
December 6 period (Table 5.2-11) suggests a strong stimulatory effect  as a resul t  
of th i s  storm. Possibly s t i r r ing  up of bottom water increased avai labi l i ty  of 
recycled nutrients to  a l l  the ex-Hemidome plants, without causing disease problems 
associated with the mass of decaying algal l i t t e r  on the bottom. 

Analyses of N-contents of blade t issues from the ex-Hemidome and naturally 
attached plants did n o t  reveal any significant changes between the samplings of 

November 15 and December 6 (Table 5.2-14). The analyses did indicate that 
N-contents from both groups were so low that reserves were probably lacking. 
Frond growth may have been N-limited. Under such conditions, growth rapidly 
di lutes  any assimilated nitrogen so ' that  reserves do not build up and N-contents 
remain f a i r l y  constant. Mean tissue-N for the former controls indicated severe 
depletion of macronutrients. A plot of N-content for  each individual sample 
against holdfast depth for the plant which yielded the sample showed a direct 
correlation between N-content and depth for canopy samples b u t  poorer degrees of 
corre 1 a t  ion for subcanopy tissues and juveni 1 e fronds (Figure 5.2-16). Except for 
one subcanopy and two juvenile frond samples, none of the N-content values 
indicated presence of nutrient reserves, therefore the data probably reflected 
factors other than distance above the bottom (and avai labi l i ty  of recycled N ) .  

For example, juvenile fronds on the highest plant, number 2 a t  a holdfast depth of 
9.7 m,  were probably experiencing C-limited growth because th i s  plant had lost  a l l  
i t s  long fronds. 

One important change was observed among the ex-Hemidome plants following their  
removal from the bag. Numbers of small fronds ( less  than 50 cm long) increased 
substanti a l ly  during November 1982 on a l l  plants. By the end of the month, the 
total  number of small fronds present was more than fourfold greater than the t a l l y  
from the f inal  week of the intact Hemidome. (Table 5.2-15). Even plant 11, which 
became "decapitated" during relocation from the Hemidome and also lost  most of i t s  
small fronds from exposure damage, managed to regenerate the complement present 
before the catastrophic events of October 29. The findings recorded in Table 
5.2-15 suggest existence of a depressing effect by the Hemidome environment on 
a b i l i t i e s  of plants to maintain their  complements of fronds. By the end of our 
observations on the ex-Hemidome plants, numbers of small fronds were in a modestly 



TABLE 5.2-13. RANGES OF TEMPERATURES I N  DEGREES C E L S I U S  OBTAINED FROM MIN I -MAX 
THERMOMETERS POSIT IONED JUST  OUTSIDE THE HEMIDOME ON 19 NOVEMBER 1 9 8 2  AT TWO 

DEPTHS. ALL DATES REPRESENT 1 9 8 2  

Date 
Minimum 
temp. OC 

Maximum 
temp. OC 

24 Nov 

29 Nov 

5 Dec 

13 Dec 

20 Dec 

24 Nov 

29 Nov 

5 Dec 

13 Dec 

20 Dec 

0.7 m depth 

15 

18 

14 

14 

15 

13.1 m depth 

.L 
A 

Minimum recordings for the deep thermometer may be 
erroneous. 



TABLE 5.2-14. ANALYSES OF TISSUE N (PERCENT DRY WT) AMONG MACROCYSTIS FROM THE 
TRANSPLANTS FORMERLY I N  THE HEMIDOME (MOORED JUST OUTSIDE ON OCTOBER 29, 1982) 
AND FROM CONTROL PLANTS AND NATURALLY ATTACHED PLANTS NEARBY I N  B I G  FISHERMAN 
COVE. VALUES REPRESENT MEANS + STANDARD DEVIATIONS, AND (SAMPLE SIZES). ALL 

-DATES ARE 1982. 

% N content 

Date Canopy Subcanopy B a s a l  Juveni le  

EX-HEMIDOME 

Nov 15 1 .12k0 .45  (2)  

Dec 6 0 .71+0 .12(5 )  0 .76+0 .15(5 )  

Nov 15 

FORMER CONTROLS 

0 .47+0 .16(3 )  0 .70+0 .15  (4) 

NATURALLY ATTACHED 

Nov 15 0 .98+0 .  24(3)  1 .07+0 .30 (3 )  

Dec 6 1 .20+0 .23 (5 )  0 .90+0 .27 (5 )  0 .84+0 .33(5 )  1 .21+0.40(5)  



Ex- Hemidome transplants 

x canopy tissue 
o rubconopy tissue 

juvenile fronds 

O O X  X *  

0.5 I .Q 1.5 2.0 
Blade N-content (% dry wt) 

F i g u r e  5.2-16. P l o t  o f  H o l d f a s t  Depth Versus N-Content o f  Var ious Types o f  Blades 
Sampled on November 15 and December 6, 1982, From Severa l  o f  t h e  Ex-Hemidome 

P l a n t s  moored a t  Var ious Depths i n  B i g  Fisherman Cove. On ly  Canopy T issues Showed 
a F a i r l y  De f ined  R e l a t i o n  t o  H o l d f a s t  Depth 



TABLE 5.2-15. NUMBERS OF SMALL FRONDS (I.E., 50 cm OR SHORTER) PER PLANT FOR THE TEN HEMIDOME TRANSPLANTS 
RELOCATED FROM THE MEMIDOME INTERIOR TO CENTRAL BIG FISHERMAN COVE OM OCTOBER 29, 1982. PLANTS 11, 17, 
AND 24 LOST MOST OR ALL OF THE UPPER FOLIAGE DURING RELOCATION. ALL SURVEY DATES REPRESENT 1982 

P l a n t  
no. Sep 27 Oct 4 Oct 11 Oct 18 Oct 25 Nov 1 Nov 8 Nov 15 Nov 23 Nov 29 Dec 6 Dec 13 Dec 20 

44 4 6 
- - 

Tota l  3 4 t  52 

p l a n t s  
r e l oca ted  
t o  open 
water  



declining trend. As noted above, growth ra te  data indicated poor conditions fo r  
both the ex-Hemidome and the naturally attached plants d u r i n g  the f inal  week of 
the study (see Table 5.2-11 ). Specific causes for  reduced growth and declining 
to t a l s  of small fronds were not identified.  

Summari zi ng the study of the ex-Hemi dome p l  ants, re1 ocati on apparently reduced 
disease and grazing problems among those individuals moored a meter or more off 
the bottom. Numbers of small fronds increased substanti a1 ly,  suggesting re1 ease 
from some adverse f actors(s)  affecting frond in i t i a t ion  in the Hemi dome. Growth 
ra tes  of juvenile fronds, however, were moderately low, and t issue analyses 
indicated growth was probably N-limi ted. Simil ar analyses of nearby naturally 

attached pl ants a1 so suggested presence of N-1 imi ted growth, a1 though mean growth 
rates among these l a t t e r  plants was sometimes s ignif icant ly higher than mean 
val ues from the ex-Hemi dome group. Exi  stence of N-1 i m i  ted growth i nterf ered w i t h  

the attempt to assess ava i lab i l i ty  of recycled N to the ex-Hemi dome plants by 
analyzing N-content as a function of holdf ast  depth. Indications of a 
depth-related influence on growth rates  were noted, however, i n  that  most fronds 
among the shall ow-moored pl ants f e l l  into the ESG category while most of the 
non-ESG fronds occurred among the deeply moored pl ants. A1 though al l  ex-Hemi dome 
plants experienced N-limited growth, l imitation was apparently most severe among 
the s ha1 1 ow-moored i n d i  v i  dual s.  Even these severely 1 i m i  ted p l  ants, however, 
displayed a burst i n  production of small fronds. 

5.2.1.3 Physiological Studies 

Laboratory and f i e ld  investigations i n  support of the hemidome experiment as 
well as program objectives of a broader scope - including studies of phosphate 
uptake, sieve tube exudate, photosynthesis, and factors  affecting frond in i t i a t ion  
ra te  - were conducted during t h i s  report period. Work performed i n  each of these 
areas i s  reported herein: 

Phosphate Uptake by Macrocystis - Of the two macronutrients which can be 
potenti a l ly  growth 1 imi t i  ng a t  ambi ent concentrati ons (nitrogen as ammoni a and 
n i t ra te ,  and phosphorus as phosphate) phosphate has been the leas t  studied of the 
two. I n i t i a l  findings of phosphate ( P i )  uptake by adult sporophyte t issue are 
f ac i l i t a t ed  by use of the radioisotope P-32. Six parameters of P i  uptake are 
discussed: (1) temperature, (2)  t issue type, (3)  1 i ght/dark, ( 4 )  inhibitors,  (5) 
external P i  concentration, (6)  t i s sue  ( internal)  P i  concentration. Uptake periods 
were f o r  f ive  minutes u t i l iz ing  t issue discs taken from the same distance from the 



blade base. Uptake was l i n e a r  w i t h  t ime t o  a t  l e a s t  12 minutes. Less than 7 
percent  of the  l a b e l  taken up was i n  t h e  f r e e  space; therefore,  washes were 

u s u a l l y  not performed. 

Temperature (F igure  5.2-17). P i  uptake maximum was 24' C which i s  near t h e  

photosynthet ic  maximum o f  20-25' C (Clendenning). The temperature used f o r  t he  

remaining experiments was 15' C. 

T issue Type (F igure  5.2-18). Mature blade t i s s u e  takes up P i  a t  a r a t e  20 

percent  g rea ter  than j u v e n i l e  blade t i s s u e  and 45 percent  g rea ter  than ap i ca l  

s c i m i t a r  t issue.  

L iqht /Dark (F igure  5.2-18). L i g h t  enhances j u v e n i l e  t i s s u e  P i  uptake t o  a 
greater  e x t e n t  (20 percent  increase)  than i t  enhances mature t i s s u e  P i  uptake (10 

percent  increase).  

I n h i b i t o r s  (F igure  5.2-18). Arsenate i s  a compet i t i ve  i n h i b i t o r  o f  P i  uptake 

i n  algae, hence, P i  uptake r a t e  decl ined i n  i t s  presence. Arsenate i s  

concentrated i n  Macrocyst is t i s s u e  over ambient concentrat ions of 50 nM. Vanadate 
+ 

i s  a known P i  analog, compe t i t i ve l y  i n h i b i t i n g  var ious enzymes i n c l u d i n g  Na , 
K + - A T P ~ ~ ~ .  I t s  i n h i b i t i o n  of P i  uptake may be d i r e c t  compet i t i ve  i n h i b i t i o n  o r  

by i n h i b i t i n g  t h e  fo rmat ion  of ATP. DCMU, an i n h i b i t o r  o f  photosynthet ic  H i l l  

r e a c t i o n  i n h i b i t e d  P i  uptake which imp l i es  t h a t  the  ATP produced f rom c y c l i c  

phosphory lat ion does not  support t h e  h igh  i n f l u x  o f  P i .  

External  P i  Concentrat ion (F igure  5.2-19). P i  uptake f o l l o w s  sa tu ra t i on  
-2 1 k i n e t i c s ,  w i t h  KS = 3.51 pM and Vmax = 5.3 nmoles cm h r  . 

Tissue ( I n t e r n a l )  P i  Concentrat ion (F igures 5:2-20 and 5.2-21). Juven i le  

blades f rom the  same f r o n d  were placed i n  two aquaria both conta in ing  15 PM 

NOg. One aquarium contained 2.5pM P i ;  the  o ther  began a t  0.06pM and f e l l  t o  

0.02 pM b y  the  end o f  the  experiment ( 7  days). A t  zero, t h ree  and seven days, two 

blades were removed f rom both tanks. A l l  blades were placed i n  s t i r r e d  seawater 

( 0.04 pM P i )  t o  remove f r e e  space P i .  One blade f rom each tank was sent out  f o r  

t o t a l  t i s s u e  P analys is .  S i x  d i scs  were punched from the  remaining blades and 

p laced i n  bubble c u l t u r e  fo r  10 mins ( 0.04 pM P i ) .  The remainder o f  t he  t i s s u e  

was ex t rac ted  and analyzed f o r  P i  (98 percent  P i  removed). 

The t i s s u e  P i  concent ra t ion  decreased w i t h  t ime (growth d i l u t i o n )  i n  t i s s u e  

exposed t o  1 ow ex te rna l  P i  concentrat ions. The i r  uptake capac i ty  ( a t  1.6 pM) , 
however, increased w i t h  time. The opposi te r e s u l t s  were obtained w i t h  those 
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Figure 5.2-17. Prosphate ( P i )  Uptake Rate 
Versus Temperature [ P i ]  = 1.8 pM 
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F igu re  5.2-18. The E f f e c t  o f  Tissue Type, L igh t ,  
and C e r t a i n  I n h i b i t o r s  on Phosphate Uptake. A l l  

L i g h t  Experiments a t  L i g h t  I n t e n s i t y  o f  1.3 x  
104 ergs cm-2 sec-1. [ p i ]  = 1.4pM. 

DCMU = 3-(3,4-dichlorophenyl )-l,l-dimethyl urea 
(50 pM). As = Arsenate (1 pM). V = Vanadate 

( 1  pM). Brackets I n d i c a t e  95% Confidence 
I n t e r v a l  (n  = 6 )  



Pi concentration ( p ~ )  

Figure 5.2-19. Phosphate Uptake Rate Versus External Pi Concentration = Best f i t  From V Versus v/S 
Regression ( r  = 0.959) 
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F igu re  5.2-20. P i  T issue Content Versus Exposure 
Time. Af ter  Punching Discs f o r  Uptake F igu re  5.2-21. P i  Uptake Rate Versus Time. 

Experiments, the  E n t i r e  Juven i le  Blade was Uptake D e t y m i n e q  a t  1.5 pM Pi. and 1.3 x o4 
Extracted and Analyzed f o r  P i .  = Blades i n  ergs cm- sec' . Brackets i n d i c a t e  95 

Constant 2.5 p M  P i  Seawater. x = Blades i n  Low 
a 

Confidence I n t e r v a l  ( n  = 6). = Blades i n  
P i  Seawater ( t  = 0, [p i ]  = 0.6 pM; t = 7, [ p i ]  = 2.5 pM P i  Seawater. x = Blades i n  Low P i  

0.02 PM)  Seawater (0.06 t o  0.02 pM P i )  



blades exposed t o  a h igh  ex te rna l  P i  concentrat ion;  increase i n  i n t e r n a l  P i  

concentrat ion,  and decrease i n  uptake capaci ty .  

The change i n  the  uptake ra tes  may be due t o  a change i n  P i  c a r r i e r s  per u n i t  

area o r  a change i n  the  k i n e t i c  p r o p e r t i e s  of the  c a r r i e r  ( i n h i b i t i o n  and 

a c t i v a t i o n ) .  The second mechanism i s  considered more l i k e l y  s ince i t i s  a 

shor t - te rm response. Data ana lys is  y i e l d s  a K i  ( d i s s o c i  a t i o n  constant o f  t he  

imp l i ed  c a r r i e r - i n h i b i t o r  complex) o f  0.09 rng Pi -g wet . Assuming the response 

i s  due t o  a noncompeti t ive i n h i b i t i o n  ( K  constant, Vmax lowered) due t o  

i n t e r n a l  P i ,  an i n t e r n a l  P i  concent ra t ion  equal t o  K i  y i e l d s  a 50 percent 

i n h i b i t i o n  over maximum uptake obta inab le  a t  - a l l  ex terna l  P i  concentrat ions.  This 

type of i n h i b i t i o n  f o r  P i  uptake has been repo r ted  f o r  u n i c e l l u l a r  algae, 

bac ter ia ,  and fung i .  Whether t he  i n h i b i t i o n  i s  caused by the  d i r e c t  ac t ion  o f  

i n t e r n a l  P i  on the  c a r r i e r  o r  by a phosphate-containing in termediate i s  no t  

known. A Dixon p l o t ,  l / v  versus i n h i b i t o r  concentrat ion ( i n t e r n a l  P i )  y i e lded  a 

h i g h  c o r r e l a t i o n  c o e f f i c i e n t  ( r  = +0.87). 

The c o n d i t i o n  o f  the  p l a n t  t i ssue,  as represented by P i  content,  has an e f f e c t  

on the  k i n e t i c s  o f  P i  uptake. This  may e x p l a i n  the  wide v a r i a b i l i t y  i n i t i a l l y  

encountered from experiments performed i n  t h i s  laboratory.  

Previous experiments w i t h  j u v e n i l e  sporophytes have shown t h a t  growth i s  

s a t u r a t i n g  (under s p e c i f i e d  cond i t i ons )  a t  approximately 0.2 percent P ( d r y  weight 

bases). Adu l t  p l a n t s  probably a l so  have a growth s a t u r a t i n g  i n t e r n a l  

concentrat ion.  The a c t i v a t i o n / i n h i b i t i o n  o f  P i  uptake by i n t e r n a l  P i  ( d i r e c t l y  o r  

i n d i r e c t l y )  i s  a means by which the  p l a n t  attempts t o  main ta in  a growth opt imal  

i n t e r n a l  P concentrat  ion.  Phosphate uptake requ i res  energy ( a c t i v e  t ranspor t ) ,  

and i t  would be e n e r g e t i c a l l y  unfavorable f o r  the  p l a n t  t o  accumulate a 1 arge 

excess o f  P i n  i t s  t i s s u e  and t o  do so a t  a maximum ra te .  This  i s  no t  meant t o  

suggest t h a t  t h e  a d u l t  p l a n t  does n o t  have a phosphorus storage capaci ty .  

Whatever t h a t  capac i t y  i s ,  the  p l a n t  would no t  need t o  devote as much energy t o  P i  

uptake as compared t o  a "P-starved" s tate.  A complete understanding o f  n u t r i e n t  

uptake and a s s i m i l a t i o n  must be viewed i n  contex t  w i t h  the growing a d u l t  p l a n t  i n  

which n u t r i e n t  s inks  are supp l ied  v i a  t r a n s l o c a t i o n  from source t issue.  

Phosphorus concent ra t ion  was measured i n  the s ieve tube sap (STS) a t  0.84-0.97 mg 

m l - '  w i t h  15 t o  42 percent a t  Pi.  



The r e g u l a t i o n  o f  P i  uptake by i n t e r n a l  P i  content  f u r t h e r  supports the  

f e r t i  1  i z a t i o n  s t ra tegy  o f  shor t - term pu lse  a p p l i c a t i o n  i n  order  t o  op t im ize  

f e r t i l i z a t i o n  e f f i c i e n c y .  

Studies on Composition o f  Sieve Tube Sap - Manni to l  and f r e e  amino ac ids are 

the  major cons t i t uen ts  o f  s ieve  tube sap (STS) f rom Macrocyst is  (Schmi t z  and 

Sr ivastava 1979a, Parker 1966). The major inorgan ic  cons t i t uen ts  i d e n t i f i e d  have 

been K, Na, and I (Parker 1966), w i t h  the  l a t e r  a d d i t i o n  o f  Mg (Schmitz and 

Sr ivas tava 1979a), B, Ca, and t r a c e  amounts o f  17 a d d i t i o n a l  elements (Manley 

1981). None o f  t he  inorgan ic  analyses t o  date have inc luded those anions which 

are commonly found i n  the  phloem o f  h igher  p lan ts ,  no tab l y   PO^^-, C l - ,  - so4'-, and HC03 ( Z i e g l e r  l975), a1 though shor t - te rm l a b e l i n g  o f  

Macrocyst is STS i d e n t i f i e d  12 percent  o f  t he  3 2 ~  present  as PO4 3- (Schmitz 

and Sr ivas tava l979b). These f a c t s  suggest t h a t  t he  inorgan ic  f r a c t i o n  o f  STS may 

be l a r g e r  than p r e v i o u s l y  determined. Knowledge o f  the  inorgan ic  and organic 

content  i s  necessary fo r  the  understanding o f  t he  t r a n s l o c a t i o n  process and 

n u t r i e n t  a s s i m i l a t i o n  i n  Macrocyst is.  The f o l l o w i n g  data g i ve  a  more complete 

ana lys is  o f  t he  i no rgan ic  content  o f  STS f rom Macrocyst is  p y r i f e r a .  

Three mature sporophytes o f  Macrocyst is  p y r i f e r a  (L.) C. Ag. (18-23 f ronds  per 

p l a n t )  were c o l l e c t e d  from Cameo Shores, C a l i f o r n i a .  Each a d u l t  p l a n t  was 

submerged on a  sunny day i n  Newport Harbor w i t h  h o l d f a s t  placed on a  dock. The 

exposed p o r t i o n  o f  f ronds  ( 1  m) were wrapped i n  wet towels t o  prevent  

des icca t ion .  A l l  o f  the f ronds  were c u t  d i r e c t l y  above the ho ld fas t .  A f t e r  the  

c u t  ends were r i n s e d  w i t h  deionized water, t he  f i r s t  few drops o f  STS were 

discarded, and STS (6-10 mL) was c o l l e c t e d  (4-5 h )  w i t h  Pasteur p ipe t tes .  Flow 

was mainta ined by p e r i o d i c a l l y  c u t t i n g  2 cm f rom the  s t i pe .  STS was kept  a t  5 ' ~  

and then stored f rozen (-60'~).  Samples number 1, 2, and 3  correspond t o  STS 

f rom p l a n t s  one, two, and three. Analyses f o r  t o t a l  i no rgan ic  carbon and pH were 

performed w i t h i n  1  hour o f  c o l l e c t i o n  p r i o r  t o  f reez ing .  

The f o l l o w i n g  methods were used f o r  the-chemica l  ana lys is  o f  STS: Manni to l  

was determined by the  method o f  Cameron -- e t  a l .  (1948); t o t a l  amino a c i d  content  

( l e u c i n e  standard) by the  method o f  Moore and S t e i n  (1954); t r i c h l o r a c e t i c  a c i d  

p r e c i p i t a t e d  p r o t e i n  by the method o f  Lowry -- e t  a l .  (1951); I-, Br-, ~1 - ,  and 

NH3 by po ten t i ome t r i c  t i t r a t i o n s  w i t h  known add i t i ons  u t i l i z i n g  s p e c i f i c  i on  and 

ammonia e lec t rodes (Or ion  Research 1970); Na, K, Ca, Mg, As, B, and P by I C P  

emission spectroscopy (ICPES) ; t o t a l  inorgan ic  carbon, as COZY by modif i ed Van 

Slyke method (F r i ngs  -- e t  a l .  1973); and pH w i t h  hydrogen i o n  e lect rode.  



Inorgan ic  phosphate ( P i )  was determined by a mod i f ied  method o f  F i ske  and 

SubbaRow (1925): 2 rnL o f  STS p r e v i o u s l y  d i l u t e d  1:100 and 1: 1000 was added t o  1 

mL a c i d  molybdate s o l u t i o n  (Sigma Chemical Co. ) and mixed p r i o r  t o  the  a d d i t i o n  o f  

250 PL of F i ske  and SubbaRow S o l u t i o n  (Sigma). A f t e r  10 minutes, t h e  absorbance 

was read t o  660 nm. Th i s  assay i s  s e l e c t i v e  f o r  P i  (Stanton 1968). I n  order t o  
determi ne, however, i f  hyd ro l ys i s  o f  organic phosphate es ters  occurred dur ing t h e  

analys is ,  s o l u t i o n s  of ATP and glucose-6-phosphate ( a t  concentrat ions equ iva len t  

i n  t o t a l  P t o  STS t o t a l  P) were s i m i l a r l y  analyzed. N e g l i g i b l e  co lo r  f o r n a t i o n  
occurred. 

Ana lys is  f o r  n i t r a t e  and s u l f a t e  was performed on sample # 3  only. N i t r a t e  was 

determined w i t h  a Techni con Auto-Analyzer I 1  based on t h e  method o f  S t r i c k l  and and 

Parsons (1972) ( V e t t e r  Research, Costa Mesa, CA). A b lank w i t h  the  same 

concent ra t ion  of manni to1 and amino ac ids (as aspar tate)  and t h e  same i o n i c  

s t r e n g t h  ( w i t h  KC1) as STS was prepared and s i m i l a r l y  analyzed. The h igh  content 

of organic ma t te r  necessi tated d i l u t i n g  t h e  samples t h i r t y - f o l d  f o r  n i t r a t e  

analys is .  Su l fa te  was determined by the  nephelometr ic method o f  Toennies and 

Bakay (1953). STS was t u r b i d ,  e s p e c i a l l y  a f t e r  f reez ing ,  due t o  p r e c i p i t a t e d  

p ro te in .  Th i s  was removed by cen t r i f uga t i on ;  a cont ro l ,  however, was used t o  

account f o r  any remaining t u r b i d i t y .  

Two measurements were m'ade f o r  each ana lys is  on samples number one and two 

except the  s i n g l e  ICPES ana lys is  on sample number two. S ix  and th ree  r e p l i c a t e s  

were used f o r  the  su l fa te  and n i t r a t e  analyses, respec t i ve l y ,  on sample number 

three.  Dry weights were determined on measured volumes o f  STS oven-dried a t  
1 0 5 ~ ~ .  

Ana lys is  accounted f o r  97.3-107 percent  of t h e  STS d r y  weight, 1 im i ted  by 

accuracy o f  t h e  d r y  weight measurements (Tab1 e 5.2-16). Previous s tud ies  

accounted fo r  94 percent  (Schmitz and Sr ivas tava 1979a) and 48 percent  (Parker 

1966) of t h e  d r y  weight. Organic composit ion o f  t h e  STS determined i n  t h i s  s tudy 

was s i m i l a r  t o  t h a t  described by Schmitz and Sr ivas tava (1979a). 

The method o f  manni to1  determi n a t i o n  ( p e r i o d i c  ac id  ox ida t i on )  w i l l  no t  
d i s t i n g u i s h  between manni t o 1  and other  low molecular  weight carbohydrates. Parker 
(1966) d i d  no t  de tec t  any o ther  carbohydrates. The 14t-1 abel i n g  s tud ies  

revea l  ed, i n a d d i t i o n  t o  manni t o 1  , hexose d i  -and monophosphates (Schrni t z  and 

Sr ivas tava 1979a,b) which are present  i n  concentrat ions too low t o  s i g n i f i c a n t l y  
a f fec t  the manni to l  determinat ion. 



TABLE 5.2-16. CHEMICAL COMPOSITION OF SIEVE TUBE SAP FROM MACROCYSTIS PYRIFERA. 
DATA IN MCJ m l - 1  

Sample 1 

pH = 7.02 

- 

Sample 2 Seawa t e r a  

Manni t o 1  

Amino ac ids  

P r o t e i n  

To ta l  C02 

To ta l  P 

organ ic  

Dry weight  (sum) 

92.6-96.9 120-1 22 

21.1 21.5-26.0 

1.34-1.36 1.74-2.00 

0.048-0.054 0.020 

0.150-0.165 0.062 

8.50-9.54 7.48 

1.73-1.95 0.986 

0.248-0.276 0.352 

0.020-0.032 0.018 

9.67-11.1 8.26-8.30 

1.28-1.60 1.32-1.35 

0.529-0.535 0.592 

n o t  detected n o t  detected 

0.0021 + 0.0021 ( p  = 0.05) 

n o t  detected 

0.266-0.275 0.248-0.255 

0.842-0.972 0.600 

0.254-0.275 0.154-0.163 

0.567(58%)-0.718(85%) 0.437(73%)-0.446(74%) 

138.3-145.9 163.2-170.0 

Dry we igh t  (determined) 141.5-142.1 

Y i e l d  97.3%- 103% 
-- -- 

a ~ r o r n  Brewer (1975). b~aximurn nearshore, S .  C a l i f .  (Jackson 1977). C ~ o a l y s i s  performed 

on sample 63 (pH.7.24, mannitol=126rng/ml); f o r  soq2-, n=6; f o r  NOj-, n=3. 



The inorgan ic  f r a c t i o n  c o n s t i t u t e d  17 percent  and 12 percent o f  t he  d ry  weight 

of STS samples numbers one and two respec t i ve l y .  Cat ion  concentrat ions were 

s imi  1 ar t o  p r e v i o u s l y  repor ted  va l  ues. The M~~~ concent ra t ion  was s imi  1 ar t o  

t h a t  repor ted  by Manley (1981) bu t  an order  o f  magnitude lower than t h a t  repor ted  

b y  Schmi t z  and Sr ivas tava (1979a). Cat ions represented between 5 t o  8 percent of 
t he  STS d r y  weight. I no rgan ic  anions ( i n c l u d i n g  inorgan ic  C as b icarbonate)  

c o n s t i t u t e d  between 6 t o  9 percent  o f  t h e  STS d ry  weight. The major anion (and 

i no rgan ic  i o n )  of the  STS was C1-. Ch lo r ide  i s  a major inorgan ic  i o n  o f  osmosis 

r e g u l a t i o n  i n  Eck lon ia  ( K i r s t  and Bisson 1979) and may have a s i m i l a r  f u n c t i o n  i n  
Macrocyst is .  The o ther  two halogens, present  and measured as I-  and ~ r - ,  were 

4 concentrated 4 x 10 and 20 t imes r e s p e c t i v e l y  i n  t h e  STS over t h e i r  ambient 

concentrat ion.  The i r  f u n c t i o n  remains unknown. The concent ra t ion  of I i s  more 

than double t h a t  found by Parker (1966). The elements B and As may be present as 
the  anions bora te  and arsenate, al though some o f  t h e  As may be present  as 

arseno-sugars as found i n  the  k e l p  Eck lon ia  r a d i a t a  (Edmonds and Francesconi 

1981 ) . Borate r e a d i l y  complexes w i t h  sugars and hexi  to1 s, regu l  ates carbohydrate 

metabolism, and may be invo lved i n  the  t r a n s l o c a t i o n  process o f  h igher  p l a n t s  
( Z i e g l  er 1975). A s i m i l  ar f u n c t i o n  may occur i n  Macrocyst is.  

S u l f a t e  was not detected, t he  l i m i t  o f  de tec t i on  being 1.5 ppm. Su l fu r  i s  

t rans loca ted  p r i m a r i l y  ' i n  methi  oni ne (Schmi t z  and Sr ivas tava 1979a). f he 

i no rgan ic  carbon (Ci) concentrat ion measured i n  the  STS was an order o f  

magnitude greater  than i n  seawater. Th i s  h igh  concentrat ion,  however, may have 

been due t o  t h e  r e s p i r a t o r y  a c t i v i t y  o f  t h e  s ieve tube c e l l s  or the  covered 

p o r t i o n  o f  s t i p e  t i ssue.  The major species o f  Ci a t  t he  pH o f  STS i s  
b i  carbonate. 

A s i g n i f i c a n t  amount o f  inorgan ic  phosphate (Pi) was present i n  t he  STS. 

The ATP concent ra t ion  i n  Macrocyst is  i n t e q r i f o l i  a STS has been measured a t  1.18 mg 

r n ~ - '  decreasing 67 percent  upon standing a t  room temperature f o r  30 minutes. 

(Schmitz and Sr ivas tava 1974). The STS P i  concent ra t ion  determined i n  t h i s  s tudy 

may, therefore, be s l i g h t l y  l a r g e r  than found i n  vivo, al though f r a c t i o n s  were n o t  

al lowed t o  stand a t  temperature greater  than 5'~. Organ ica l l y  bound P was equal 

t o  the d i f ference between t o t a l  P (determined by ICPES) and P i  (determined 

chemical ly)  concentrat ions.  Most o f  t h e  P, approximately 72 percent,  was 
o r g a n i c a l l y  bound, which was cons is ten t  w i t h  the  f i n d i n g  t h a t  88 percent  o f  t h e  
p3' i ncorporated i n t o  the  STS a f t e r  a f o u r  hour exposure was o r g a n i c a l l y  baund 

(Schmi t z  and Sr ivas tava 1979b). 



Ni t rogen i s  t rans located p r i m a r i l y  as amino acids. Amnonium was not  detected 

(measured a t  pH 11 as NH3) i n  the  STS b u t  may be present below t h e  de tec t i on  

l i m i t  ( 2  ppm). N i t r a t e  was detected i n  the  STS. The r e s u l t s ,  however, were 

va r iab le  and thus t h e  mean was of quest ionable accuracy. Tissue n i t r a t e  l e v e l s  of 

l ess  than 15 rnol g-l wet weight have been measured i n  Macrocyst i  s  (Gerard 1982) 

and up t o  150 mol g-l wet weight i n  Laminari  a (Chapman and C r a i g i e  1977). 

Macrocyst is and other Lami n a r i  a les  are probably capable o f  n i t r a t e  t rans locat ion .  

The repor ted  concentrat ions o f  STS so lu tes  should be i n t e r p r e t e d  as being 

s t a t i c .  The use o f  c e r t a i n  STS solutes, such as n i t r a t e ,  phosphate, and t h e  

organic const i tuents ,  by the  r a p i d l y  growing ap ica l  reg ion  o f  a f r o n d  could r e s u l t  

i n  a lower so lu te  l e v e l  i n  STS obta ined from t h e  apex as compared t o  t h a t  obtained 
from the f rond  base as i t  f lows d i r e c t l y  f rom the source regions. I f  c e r t a i n  

so lu tes  are s low ly  accumulated i n  t h e  STS dur ing  t h e  l i f e  o f  a p lan t ,  then t h e i r  

concent ra t ion  i n  STS f rom j u v e n i l e  p l a n t s  should be lower than i n  mature p lants.  

Although the  t rans loca t ion  o f  c14 labe led and P~~ 1 abeled STS cons t i t uen ts  

occurs a t  s i m i l a r  v e l o c i t i e s  i n  i n t a c t  and cu t  f ronds o f  bJ. i n t e g r i f o l i a  (Schmitz 

and Sr ivas tava 1979b), t h e  m o b i l i t y  o f  t h e  other  cons t i t uen ts  i s  unknown. I n  the  

present  study, t he  f ronds were removed f rom basal meristems which are considered 

s inks  (Lobban 1978) and the STS was c o l l e c t e d  wh i l e  f l o w i n g  f rom the  cu t  s t ipes.  

I t  i s ,  there fore ,  tempting t o  i n f e r  t h a t  t he  cons t i t uen ts  were mobile; however, 

t h e  c rea t ion  of an a r t i f i c i a l  s ink  ( t h e  c u t  end o f  t he  s t i p e )  may have in f l uenced  

the  m o b i l i t y  o f  t he  var ious elements. The rad io iso topes int roduced as 

32~043-, 8 6 ~ b  (K analogue), and 3 5 ~ 0 4  '-to t h e  t h a l l u s  o f  Laminar ia 

(which conta ins s ieve elements) d i s p l  ayed, as detected by autoradiography, 

1 ong-distance t ranspor t  whi l e  45~a2+and 36~1- were nontnobi l e  (F loc 'h  and 

Penot 1976, 1980). Also, t he  elements K, Na, Mg, P, S, and C1 o f  h igher p l a n t  

phloem sap were described as mobi le wh i l e  Ca and B were nonmobi l e  ( Z i e g l e r  1975). 

Macrocyst is  STS d i f f e r s  i n  composit ion f rom higher p l a n t  phloem sap i n  t h a t  i t  
conta ins h igh  concentrat ions o f  iodide,  bicarbonate, amino acids, and manni t o 1  

(except i n  sane Oleaceae and Combretaceae) , 1 acks arnnonium ion, bu t  conta ins 
n i t r a t e  and has c h l o r i d e  as the  predominant anion ins tead  o f  phosphate. 

Photosynthesis - Much o f  t h e  previous research on photosynthesis (PS) , r e s p i r a t i o n  
( R ) ,  and dark ca rbon- f i xa t i on  (DCF) i n  the  g i a n t  k e l p  Macrocyst is,  has been 

c a r r i  cd out  w i thout  adequate cons idera t ion  o f  methodological problems associated 
w l  tlr ( 1  ) i ncuhatian techniques, ( 2 )  environmental d i f ferences,  and (3 )  i n t r i n s i c  



aspects of v a r i a b i l i t y .  Attempts t o  model growth i n  Macrocyst is  are thus severely  
1 i m i  t ed  by 1 ack of accurate q u a n t i t a t i v e  data descr ib ing  important  aspects ( r a t e s  

of PS, R, and DCF) of carbon a l l o c a t i o n  f o r  t he  e n t i r e  p lan t .  I n fo rma t ion  from 
previous s tud ies  on Macrocyst is  and numerous o ther  k e l p  species suggested t h a t  

i n t r i  ns i  c v a r i  abi  1 i ty  of photosynthet ic  metabol ism w i t h i n  Macrocyst is  should be 

exami ned. 

The proposed p r o j e c t  was s p e c i f i c a l l y  designed t o  evaluate the  i n f l uence  o f  

important  a b i o t i c  f a c t o r s  ( 1  i ght i n t e n s i t y ,  temperature, pH, and "COe1' supply) 

on the  carbon a l l o c a t i o n  w i t h i n  Macrocyst is  p y r i f e r a .  Thorough ana lys is  of t h e  

w i t h i n - p l a n t  v a r i a t i o n  i n  ne t  photosynthesis,  r e s p i r a t i o n ,  and dark 

carbon-f i x a t i  on was p e r f  ormed. These experiments prov ide  a sound bas 

designing f u t u r e  s tud ies  concerning e f f e c t s  o f  important  phys ica l  and 

va r iab les  o f  Macrocyst i s  metabol ism. 

Th is  research a1 so prov ides a c l e a r e r  understanding o f  t he  carbon 

s f o r  

chemi ca l  

a1 1 o c a t i  on 

s t r a t e g i e s  w i t h i n  Macrocyst is  as we l l  as i n fo rma t ion  regarding upper t h e o r e t i c a l  

l i m i t s  o f  p r imary  product ion.  

Macrocyst is  fronds of var ious  stages o f  m a t u r i t y  were co l  l ec ted  from shal low 

s u b t i  dal h a b i t a t s  ( l e s s  than 10 meters deep) i n  Orange County, Ca l i f o rn ia .  Blade 

t i s s u e  was charac ter ized by appearance and p o s i t i o n  on a canopy f r o n d  

(non-terminated) f rom a p l  ant growing a t  10-15 meters: j u v e n i l e  b l  ade - below 

ap ica l  s c i m i t a r  t o  two meters; mature b lade - two t o  f i v e  meters from apex, r i c h l y  

pigmented (as compared t o  j u v e n i l e  and showing no signs o f  de te r i o ra t i on ) ;  

senescent blade - u s u a l l y  f a r t h e r  than f i v e  meters from the  apex and showing signs 

of d e t e r i o r a t i o n  ( i  .e., t i s s u e  s loughing and paleness). These terms were 
opera t iona l  . B e t t e r  def i n i  t i  ons mi gh t  be based on physi 01 ogi  ca l  parameters as 

demonstrated by the  present  study. 

Thal 1 i were t ranspor ted  t o  the  1 abora tory  i n  1 arge pol  y e t h y l  ene conta i  ners. 

I n d i v i d u a l  t h a l l i  or  t h a l l u s  p a r t s  were s to red a t  ambient temperatures and 

s a l i n i t y  i n  e i t h e r  1 i g h t  (photosynthesis  experiments) o r  dark (dark r e s p i r a t i o n  

and carbon f i x a t i o n  experiments) f o r  a t  l e a s t  1 hour p r i o r  t o  experimentat ion t o  

reduce ef fects of endogenous gas exchange t r a n s i e n t s  (Droomgool e, 1978ab). 

A1 1 i ncubat i  ons were performed i n  envi ronmental chambers, adjusted t o  

temperatures corresponding t o  those o f  c o l  l e c t i o n .  Cool whi t e  f l uo rescen t  1 i g h t s  

loca ted perpendicular  t o  t he  sides and top  of incubat ion  chambers prov ided l i g h t  
2 i n t e n s i t i e s  above s a t u r a t i o n  (230 pE/m /sec; K ing  & Schramm, 1976) f o r  
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photosynthesis experiments. Photosynthetic capacity was, therefore, measured in 

all cases. Chambers were stirred constantly by magnetic stir bars powered by 
electric stirrers to assure proper gas diffusion (water motion saturation). 
Incubation vessel volume varied (0.08-8.5 1) depending on thallus size, expected 
incubation time, and metabolic activity according to Littler recomnendations 
(1979). Preliminary experiments ascertained whether metabolic rates were linear 

during the course of the selected incubation interval (Figure 5.2-22). Blade to 
tissue weight to incubation volume ratios were less than 0.3 g dry wt/l for 1 hour 

incubat ions. A1 1 experiments were conducted at optimal temperatures ( 18-22'~) 

as determined from T versus PS curves obtained from mature blade plugs (Figure 
5.2-23). 

Photosynthesis was measured by assessing changes in dissolved oxygen levels in 

the incubation medium as well as by determining incorporation of radioactive 
14c02 into soluble and insoluble fractions of thallus tissue. 

Oxygen evolution was monitored using a YSI model 57 oxygen electrodes and 
amplifiers. Littler (1979) and Arnold (1980) provided specific details of O2 
electrode methodology. 

Standard 14c-uptake techniques (Wassman & Rarnus, 1979; Arnold, 1980) were 

employed to measure net carbon fixation rates. These values approximate net 

photosynthesis in kelps (Arnold, 1980). Initial 14c activity was determined on 
triplicate time zero samples (0.5 ml) trapped with 3.0 ml of NCS (Amersham, 
Arlington Heights, IL) in 10 ml of Aquasol I1 (New England Nuclear, Boston, MA). 

Total 'TO2" was determined using techniques outlined in Strickland & Parsons 
(1972). 

After incubation, thall i (or thal lus portions) were rinsed for several minutes 

in distilled water to remove adhering radioactive bicarbonate-containing 
2 seawater. Tissue samples (1.4-79.7 cm ) were taken along the blade axes with 

cork borers or cookie cutters. Contiguous plugs were also taken for dry weight 
determinations. Incubated stipe and holdfast tissues were sectioned 
longitudinally with one-half being used for dry weight/fresh weight determinations 
and the other for extractions. 

Subsampled tissues were extracted with acidified 80 percent ethanol, 
(Willenbrink -- et al., 1979). Ethanol insoluble residue was solubilized for 
counting. (Methods adapted from Lobban, 1974, by Manley, 1981). Radioactivity 
was measured on the ethanol soluble and ethanol insoluble fractions. Samples were 



Time (minutes) 

Figure 5.2-22. Photosynthetic Time Course Linearity on Mature Blade Plugs. Different Symbols Represent 
Different P lugs  



Temperature 

Figure 5.2-23. Net Photosynthesis (02-Evolution) as a Function of Temperature 
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counted on a Beckman CPM 100 s c i n t i l l a t i o n  counter, and cpm was converted t o  dpm 

a f t e r  c o r r e c t i o n  fo r  quench us ing  ex te rna l  standard channels r a t i o  technique. 

Ca lcu la t ions  of net  photosynthesis,  as determined by O2 evo lu t i on  and 

14c02-f ixat ion,  were based on d r y  weight (data based on area showed the  same 

re1  a t i  onships) and f o l l o w  the  recomnendations o f  S t r i c k l  and ( 1960) and S t r i c k  1 and 

& Parsons (1972). For a l l  ca l cu la t i ons ,  a photosynthet ic  quo t i en t  (02/C02) 

was assumed t o  be 1.0. P.Q.'s were est imated independently f o r  two types o f  blade 

t i ssues  (Table 5.2-17). These experiments evaluated agreement between two methods 

f o r  determin ing "ne t  photosynthesis".  

Dark r e s p i r a t i o n  r a t e s  were monitored us ing  Op-electrode techniques as 

out  1 ined prev ious ly .  Sample size, incubat ion  volume, and t ime were opt imized t o  

account f o r  slower O2 consumption r a t e s  observed from k e l p  r e s p i r a t i o n .  

Dark ca rbon - f i xa t i on  r a t e s  were determined as f o r  photosynthet ic  rates,  by  

i ncuba t i ng  experimental  m a t e r i a l  i n  the  dark w i t h  1 4 c - ~ a ~ c o 3 .  This  method has 

been ex tens i ve l y  used i n  the  past  (e.g., W i l l enb r ink  -- e t  al., 1979) bu t  a c t u a l l y  

underestimates dark carbon f i x a t i o n  s ince much o f  the resp i red  C02 from 

concurrent  dark r e s p i r a t i o n  may be re f i xed .  

Wounding e f f e c t s  on photosynthet ic  and r e s p i r a t o r y  r a t e s  were conducted on 
2 mature blade t i ssue .  Several 10.5 cm d i scs  were removed f rom major axes o f  two 

mature blades. Oxygen e v o l u t i o n  r a t e s  i n  l i g h t  (ne t  PS) and O2 uptake i n  dark 

(R) were measured 3 hours a f t e r  p l u g  e x c i s i o n  and again a f t e r  many hours 

dura t ion .  Plugs were h e l d  between measurements i n  a 12:12 hour L/D photo per iod  
2 a t  approximately 230p E/m /sec a t  18'~. Subsequent PS and R measurements 

showed d e c l i n i n g  r a t e s  w i t h  an average decrease o f  16 percent  i n  photosynthet ic  

performance and 53 percent  decrease i n  dark r e s p i r a t i o n  a f t e r  two days (F igure 

5.2-24). Tissues f rom mid t o  t i p  p o r t i o n s  o f  mature blades showed most dramatic 
2 

decreases. Add i t i ona l  experiments u t i l i z e d  s i x  10.5 cm d iscs  from mid po r t i ons  

o f  s i x  mature blades. Photosynthesis was measured immediately a f t e r  a one hour 

incubat ion  per iod.  Margins o f  the p lugs were then s l i c e d  s i x  t imes perpendicular  

w i t h  the  center .  This  simulated excessive wounding. Photosynthesis was again 

measured dur ing  a one hour incubat ion, then again a f te r  an a d d i t i o n a l  48 hours 

under constant  low 1 i g h t  i n t e n s i t i e s .  No s i g n i f i c a n t  d i f f e r e n c e  was noted a f t e r  

i n e d i a t e  wounding, b u t  a s i g n i f i c a n t  81 percent  decrease i n  PS appeared a f t e r  two 

days (Table 5.2-18). 



TABLE 5.2-17. DETERMINATION OF PHOTOSYNTHETIC QUOTIENTS FROM DIFFERENT BLADE 
T ISSUES I N  MACROCYSTIS PYRIFERA 

T i s s u e  Type P h o t o s y n t h e s i s  

m g c  g - l .  h-I 

Mature Blade 
C e n t r a l  P lug 

Immature Blade 
C e n t r a l  P lug 
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T Represents Number o f  Hours From C o l l e c t i n g  the  Blade 
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TABLE 5.2-18. THE EFFECTS OF WOUNDING AND PREINCUBATION ON PHOTOSYNTHETIC 
PERFORMANCE OF MATURE PLUGS I N  MACROCYSTIS PYRIFERA 

Hours After Excision photosynthesis 
mgcmg-'.h- gC -m-2 .h-l 

One 2.66 -t 0 . 3 1  0 .192 f 0 . 0 2 1  

Two 2.87 f 0.72  0.200 f 0.044 

F i f t y  0.49  f 0.10 0.036 4 0.008 



Photosynthes is  (14c-uptake, O2 e v o l u t i o n ) ,  dark r e s p i r a t i o n ,  and dark 

c a r b o n - f i x a t i o n  were measured on var ious ly -aged  blades t o  assess i n t r i n s i c  

me tabo l i c  v a r i a b i l i t y  w i t h i n  and between blades. P r o f i l e s  o f  ne t  PS (02 

e v o l u t i o n )  a long  axes of var ious ly-aged b lades revea led  s u b s t a n t i a l  d i f f e r e n c e s  

(F igu re  5.2-25). H ighest  PS r a t e s  and s teepes t  a x i a l  g rad ien t s  were found i n  

immature blades. Highest  r a t e s  occur red  a t  t h e  t i p  t o  mid p o r t i o n s  o f  t he  blade, 

decreas ing t o  low l e v e l s  a t  t h e  b lade base. Mature b lades e x h i b i t e d  s i m i l a r  

pa t t e rns ,  bu t  g rad ien t s  were l e s s  steep, and b lade  PS o v e r a l l  was about 50 percen t  

below immature t i s s u e .  The s i n g l e  senescent b lade measured had basal  r a t e s  o f  PS 

s i m i l a r  t o  mature and immature blades. The h i g h l y  d e t e r i o r a t e d  t i p  p o r t i o n  of 

t h i s  b lade y i e l d e d  v e r y  low pho tosyn the t i c  performance. 

P r o f i l e s  of dark r e s p i r a t i o n  f o r  t h r e e  d i f f e r e n t  age c lasses  o f  blades a l s o  

showed h igh  w i  thin-and-between b lade  v a r i  ab i  1  i t y  (F igu re  5.2-26). Immature blades 

had h ighes t  o v e r a l l  R ra tes ,  w i t h  r a t e s  f r om younger basal  p o r t i o n s  about 80 

percen t  h i ghe r  than b lade t i p s .  Both mature and senescent b lades showed oppos i te  

pa t t e rns .  Blade t i p s  y i e l d e d  h i g h e s t  R r a tes ,  decreas ing t o  much lower values 

b a s a l l y .  O v e r a l l  r e s p i r a t i o n  was h ighe r  i n  mature than i n  senescent blades. 

P r o f i l e s  o f  l i g h t  1 4 t - f i x a t i o n  revea led  s im i  1  a r  p a t t e r n s  t o  those observed 

from O2 e v o l u t i o n  exper iments (F igu re  5.2-27). Imnature blades y i e l d e d  h ighes t  

PS and s teepest  g rad ien t s  w h i l e  mature and senescent b lades d isp layed  f l a t t e n e d  

p r o f i l e s  and lower o v e r a l l  r a tes .  

P r o f i l e s  o f  DCF f o r  t he  t h r e e  b lade ages showed l i t t l e  v a r i a t i o n  down the  

b lade  axes ( F i g u r e  5.2-28). H ighes t  r a t e s  o f  DCF were found i n  t h e  immature 

growing blades w i t h  lower whole b lade  r a t e s  observed i n  mature and senescent 

b lades r e s p e c t i v e l y .  Basal mer i  s temat ic  areas o f  immature b lades e x h i b i t e d  

h i ghes t  r a t e s  as shown f o r  o the r  k e l p  species by Arno ld  (1980) and W i  l l e n b r i n k  - e t  

a1 (1979). 
-') , 

Ap i ca l  s c i m i t a r  t i s s u e  had s u r p r i s i n g l y  h i g h  r a t e s  o f  PS ( F i g u r e  5.2-29) 

compared t o  immature and mature blades. R e s p i r a t i o n  r a t e s  were a l so  high, about 

1/3 t h a t  o f  photosynthes is .  

The PS r a t e s  o f  spo rophy l l s  were comparable t o  those o f  senescent blades. 

Some very  r i p e  spo rophy l l  t i s s u e  d i sp layed  no pho tosyn the t i c  a c t i v i t y .  Sporophyl l  

r e s p i r a t i o n  was lower  than f o r  any o t h e r  b lade  t i s s u e  measured. 
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Figure 5.2-25. Profiles of Net PS (Os-evolution) in Different-Aged Blades 
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Figure 5.2-26. Profiles o f  DR (02-uptake) in Different-Aged Blades 
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F i g u r e  5 .2-27 .  P r o f f l e s  o f  L i g h t .  Carbon F i x a t i o n  i n  D i f fe rent -Aged  Blades 
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Figure 5.2-28. Profiles of Dark Carbon Fixation i n  Different-Aged 01 ades 
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F i gure 

Apical Sporo- S tipe Holdf ast 
scimitor phylls 

Apical Sporo- Sti pe Woldfost 
scimitar phylls 

5.2-29. Net PS and DR i n  Ap ica l  Sc imi ta r ,  Sporophyll, St ipe,  and 
Hol d f  as t  Tissues (Termi nal Haptera) 



Terminal hol d f  ast  haptera had no appreci able PS capac i t y  (F igure  5.2-29). 

While r e s p i r a t i o n  r a t e  was low, t h e  ne t  amount was q u i t e  s i g n i f i c a n t  cons ider ing  

the massive weight of the ho ld fas t  r e l a t i v e  t o  the  remainder o f  t he  p lant .  S t i p e  
t i s s u e  had s l i g h t  PS capac i ty  and r e s p i r a t o r y  ra tes  lower than the  holdfast .  

Holdf ast ma te r i a l  e x h i b i t e d  very  1 i t t l e  l i g h t  ca rbon - f i xa t i on  (LCF) bu t  

appreciable r a t e s  o f  DCF (F igu re  5.2-30). Th i s  was a t t r i b u t a b l e  t o  the  s e l e c t i o n  

of te rmina l  young growing haptera f o r  incubat ion.  Higher r a t e s  o f  r e s p i r a t i o n  i n  
h o l d f a s t  t i s s u e  (F igu re  5.2-29) agree w i t h  t h e  general pa t te rns  found i n  

mer is temat ic  t i ssue.  Immature s t i p e  t i s s u e  had h igher  r a t e s  o f  DCF than d i d  young 
or o l d  t issue,  bu t  LCF was s i g n i f i c a n t l y  g rea te r  i n  o lde r  t i s s u e  (F igure  5.2-30). 

Overa l l ,  LCFs were genera l l y  about th ree  times h igher  than those ca l cu la ted  f rom 

O2 e v o l u t i o n  experiments i n  F igu re  5.2-29. 

Highest ra tes  of dark carbon f i x a t i o n  (DCF) were observed i n  immature blade 

t i s s u e  (Table 5.2-19), f o l l owed  by mature and senescent blade t i ssue.  This  has 

been repor ted  fo r  o ther  Laminar ia les (Arnold, 1980; Kremer, 1981). P r o f i l e s  o f  

each o f  these b l  ade types revealed d i f f e r e n t  pa t te rns .  Immature blades e x h i b i t e d  

h ighes t  r a t e s  of DCF near the  basal mer is temat ic  p o r t i o n s  o f  t he  blade associated 

w i t h  i n tense  r e s p i r a t o r y  a c t i v i t y .  The s i g n i f i c a n c e  o f  t h i s  has been discussed by 

Kremer (1981). Mature and senescent blades had h ighest  r a t e s  i n  t h e  m i d - t o - t i p  

p o r t i o n s  o f  t he  blades, 

S t i p e  and ho ld f  ast  mater i  a1 genera l l y  had low r a t e s  o f  DCF and were comparable 

w i t h  the  lower r a t e s  found w i t h i n  senescent and mature blades. The r a t i o  of LCF 

t o  DCF was q u i t e  v a r i a b l e  (Table 5.2-19), being q u i t e  h igh  i n  h o l d f a s t  and 

senescent b l  ade t i ssues .  

Whole blades f rom d i f f e r e n t  regions o f  young subcanopy s i n g l e  f ronds were 

incubated t o  observe d i s t r i b u t i o n  o f  photosynthet ic  a c t i v i t y  w i t h i n  a whole 

frond. D i f f e r e n t  p r o f i l e s  o f  PS versus b lade age were found (F igures 5.2-31 and 
5.2-32). A l l  14 blades i n  t he  youngest f r o n d  had h igh  photosynthet ic  capac i ty  
(F igure  5.2-31). There was very l i t t l e  d i f f e r e n c e  between young and o l d  blades. 

These p r e l  imi  nary data suggest t h a t  source/si  nk re1  a t i  onships are no t  f u l l y  

es tab l ished or  necessary i n  young p lan ts .  I n  the s l i g h t l y  o lder ,  more developed 

(18 blades) f rond,  youngest blades had h ighes t  PS, decreasing t o  zero 
photosynthet ic  performance i n  the  o lde r  blades (F igu re  5.2-32). 01 der blades from 

t h i s  f rond appeared t o  have been abraded. 



Immature Young Old  

Holdfost Stipe 

Young Old 

Woldfast Stipe 

F igu re  5.2-30. LCF and DCF i n  Holdfast and Stipe T issue  



TABLE 5.2-19. A COMPARISON OF LIGHT AND DARK CARBON FIXATION IN 
MACROCYSTIS - PYRIFERA 

Dark F i x a t i o n  

Tha l lu s  P o r t i o n  mgc- g-l .h-' Pe rcen t  DarkILight  

Immature Blades 0.072-0.088 

Mature Blades 0.038-0.059 

Senescent  Blades 0.029-0.037 

S t i p e  0.015-0.062 

Holdfas t ( t e r m i n a l  0.037 
hap t e r a )  



lade Number 

Figure 5.2-31. Frond Profiles o f  Net PS as a Func t ion  o f  Blade Age (Number) 



F igu re  5.2-32. Frond P r o f i l e  o f  Net PS as a Func t ion  o f  Blade Age (Number) 

5.2-58 



Table 5.2-20 compares our P/R r a t i o s  t o  those o f  Clendenning (1971). H i s  

r a t i o s  are genera l l y  much h igher  f o r  a l l  t i s s u e  measured. We be1 i eve  t h a t  

Clendenning's r a t i o s  were h igher  because o f  depressed r e s p i r a t i o n  r a t e s  a r i s i n g  

from wounding and 1 ong p r e i  ncubat i  on t imes associ ated w i t h  manometric techniques. 

Ap ica l  s c i m i t a r  t i s s u e  had a f a i r l y  h igh  P/R r a t i o  which i s  i ncons i s ten t  w i t h  

observat ions by others t h a t  i t  i s  a s t rong s ink  t i ssue .  Th is  needs f u r t h e r  

eva lua t ion .  

Cal-Tech's P S  values fo r  whole blades o r  p lugs f rom s p e c i f i c  blade reg ions  were 

genera l l y  h igher  than those repor ted  by other  workers (Table 5.2-21). Other 

workers may not  have been aware o f  problems associated w i t h  t i s s u e  wounding and o f  

keeping p l  ant ma te r i  a l s  1 ong per iods  o f  t ime be fo re  incubat ion.  Thus, prev ious 

values are genera l l y  two t o  th ree  t imes lower than those observed i n  the  present  

study . 
I t  i s  be l ieved t h a t  t he  v a r i a t i o n  encountered i n  PS, DR, and DCF d i d  n o t  a r i s e  

f rom techniques but  represents i n t r i n s i c  na tu ra l  metabo l ic  v a r i a b i l i t y  w i t h i n  and 

between d i f f e r e n t  t h a l  l u s  par ts .  Laminae v a r i a b i l i t y  i n  metabol ism a r i ses  f rom 

the  d i f f e r e n t  developmental stages ( i  .e., j uven i l e ,  mature, or  senescent) and t h e  

d i f f e r e n t  environmental h i s t o r i e s .  For  example, a mature b lade taken from a 

subcanopy w i l l  have d i f f e r e n t  PS capac i ty  than a mature blade f rom a canopy 

frond. The i n t r a b l  ade v a r i  abi 1 i ty  a1 so r e f l e c t s  r e a l  d i f f e rences  i n  metabol ism. 

I t  i s  very d i f f i c u l t  t o  f i n d  a " rep resen ta t i ve  p lug"  f o r  a s i n g l e  blade or a 

" rep resen ta t i ve  b l  ade" f o r  a whole p l  ant. 

I t  i s  a lso  be l i eved  t h a t  a systematic and l abo r ious  study o f  PS and R of 

laminae u t i l i z i n g  l a r g e  sample s izes  from s i n g l e  p lan ts ,  documenting the  r a t e s  as 

a func t i on  of p o s i t i o n  on f r o n d  ( b l  ade number on f rond) ,  p o s i t i o n  re1  a t i v e  t o  t h e  

water sur face (depth) and type o f  f r o n d  w i l l  adequately descr ibe the  source/sink 

re1  a t i  onships and thus t h e  s t r a t e g y  o f  carbon a l l o c a t i o n  f o r  t h e  e n t i  r e  p l a n t .  

Without t h i s  needed research, one can o n l y  speculate about t he  maximum p o t e n t i a l  

y i e l d  as ca l cu la ted  from metabo l ic  data. Such experiments can be performed i n  t h e  

1 aboratory on f r e s h  t i s s u e  and values f o r  PS expressed i n  terms o f  area d r y  wt and 

mg ch l  o rophy l l  . 
The determi n a t i o n  o f  carbon assimi 1 a t i o n  f o r  an e n t i r e  p l a n t  requ i res  

in fo rmat ion  o f  RS, R, and DCF r a t e s  o f  t h e  var ious t i s s u e  types, t he  r e l a t i o n s h i p  

of PS and l i g h t  i n t e n s i t y  f o r  the  var ious  t issues,  t h e  weight and depth 

d i s t r i b u t i o n  o f  the  var ious t issues,  and a q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  l i g h t  



TABLE 5.2-20. NET PHOTOSYNTHESIS/RESPIRATION RATIOS FOR VARIOUS THALLUS PARTS 
OF MACROCY ST1 S PYR IFERA 

T h a l l u s  P a r t  P/R 
P r e s e n t  S tudy C lendenning  

Holdfas  t 

S t i p e  

S p o r o p h y l l  

A p i c a l  S c i m i t a r  

Blades  

TABLE 5 - 2 - 2 1 .  A COMPARISON OF PHOTOSYNTHETIC RATES I N  MACROCYSTIS PYRIFERA 

T h a l l u s  P o r t i o n  N e t  PS 

(mgC/g d ry  wt/h) 
Author  

Immature Blade  P a r t s  1 . 1 - 3 . 5  Towle & P e a r s e  1973 

A p i c a l  and Mature Blade  0 . 9 - 1 . 8  
D i s c s  

W i l l e n b r i n k  e t  a l .  1979 
-7  

Whole Blades  ( v a r i o u s  a g e s )  0 . 1 - 2 . 6  L i t t l e r  & Arnold  1979 

Whole Blades ( v a r i o u s  ages )  0.0-3 .9  P r e s e n t  S tudy 

Blade D i s c s  (various ages )  0 . 0 - 7 . 1  P r e s e n t  S tudy 



i n t ens i t y  with depth be1 ow the canopy. Source/si n k  re1 at ionships can then be 

deterrni ned. Such an attempt i s  shown in  Table 5.2-21A using PS and R values 
only. Such an estimate i s  en t i r e ly  preliminary because data of the  accuracy 
needed to  model Macrocystics productivity does not yet  ex i s t .  Table 5.2-21A 
shows the estimated sourcelsink s t rengths  during 1 hour of maximum summer 

i r radiance and darkness. The holdfast i s  a strong sink during t he  day and night. 

Canopy t i s sue  respira t ion comprises 59% of the t o t a l  plant  resp i ra t ion  in  the  
night and 78% of the  to ta l  carbon f ixa t ion  during the  day. Mature laminae t i s sue  
i s  the major source t i s sue  during the day (73%). 

Factors Affecting Frond I n i t i a t i o n  Rate - Frond i n i t i a t i o n  r a t e  i s  one of 

several growth parameters t ha t  determi ne biomass production and harvestable yie ld  
of Macrocystis pyrifera.  New fronds are i n i t i a t e d  by division of meristems 

located near the base of ex i s t ing  fronds. In describing growth of ea r ly  
sporophytes, North (1971) noted t ha t  some basal meristems are "simple1I and give 

r i s e  to a s ingle  frond i n i t i a l ,  while others undergo a second division and produce 
two frond i n i t i a l s .  Working in  central  Cal i fornia ,  Gerard (1976) showed tha t  the 
number of new fronds added to an adult  Macrocysti s pyrifera per month depended on 
plant s i z e  ( t o t a l  frond number) and t ha t  temporal changes in  frond i n i t i a t i o n  r a t e  
were corre la ted with changes in  frond e l  ongation ra te .  Zimmerman ( i n  preparation) 
found a simi 1 ar  re1 a t i  onship between frond i ni t i  at ion and elongation r a t e s  fo r  

Macrocystis pyr i fera  a t  Santa Catalina Island. Both r a t e s  were low during the  
1 ate summer-fall period of low macronutrient a v a i l a b i l i t y  and high during winter 

and ear ly  spring. North and Gerard (unpubl ished data)  observed deleterious 
e f fec t s  of continuous high macronutrient concentrations on basal meristems of 

pl ants held in the hemi dome enclosure. Neushul and Harger (personal 
comnunication) a t t r ibu ted  decreasing frond numbers of p lants  in  high biomass 
density p lo t s  t o  reduced frond i n i t i a t i o n  ra te .  

L i t t l e  i s  known of f ac to r s  d i r ec t l y  regulating frond i n i t i a t i o n  r a t e s  in 
Macrocystis pyrifera.  Translocation of photosynthates, nutr ients ,  or hormones 
from source t i s sues  on parent fronds may be the  primary f ac to r  influencing basal 
meristem ac t i v i t y ,  as m a l l  fronds and basal t i s sues  of large fronds are 
t rans loca t i  onal sinks (Lobban, 1978). Supply of carbohydrates such as manni to1 , 
which makes up a 1 arge proportion of sieve tube exudate (Parker 1966; Schmitz and 
Srivastava 1979), may be par t i cu la r ly  important, s ince  small fronds are not 

photosynthetically self-supporting (Sargent and Lantrip 1952). Ni trogen is very 



TABLE 5.2-21A. MACROCYSTIS PRODUCTIVITY ESTIMATE DERIVED FROM PS AND R AND 
1 HOUR MAXIMUM SUMMER IRRADIANCE AND DARKNESS 

I. Height D i s t r i b u t i o n  Estimate 
1 

Canopy 39.6 kg 
fronds 7 9  m 

Tissue type (12 rn avg) #= I2  

s t ipe  10 kg 26% 
i m t u r e  laminae 7.2 kg 18% 
mature II 22 kg 56% 
senescent " 0 0 

I I. Net Produc t i v i t y  

Fresh w t  X 
(kg) dry w t  

Be1 ow canopy 19.3 kg 
canopy fronds t o  9 m 
#=I2 

5 kg 26 % 
0 
4.3 kg 22% 
2.0 kg 10% 

Holdfast  35 kg 
Subcanopy 1-9 m 
(7 m avg) #=I7 

3 . 5 k g  18% 
0 .69kg  4% 
1.9 kg 10% 
0.91 kg 4% 

Quantum Carbon ass im i la t ion  
Dry w t  i r rad iance P S R (g  c) 
(kg) ( u ~ - r n - ~ . s e c - l )  % PS ( rng~-gdry " -h r -3 )  1 h r  l i g h t  1 h r  dark 

I 
m 
IU Canopy 

s t ipe  10 11 1.1 2000 100% 100% 0.45 0.10 0.5 2.8% 0 1  2% 
i m t u r e  7.2 9.7 0.70 4.5 1.0 3.2 18% 0.70 15% 
mature 2 2 13 2.9 3.5 0.65 10.2 57% 1.9 42% 
senescent 0 12 0 2 0.5 - - 

Subcanopy (1 rn 
#=I9  I Total 

Below canopy 

0 .58kg  3% 
0.39 kg 2% -- 
- - 

s t ipe  9.1 11 0.10 200 10% 100% 0.45 0.1 .045 0.2% ,010 2% 
immature 1.2 9.7 0.12 4.5 1.0 .53 2.9% .012 3% 
mature 6.2 13 0.81 3.5 0.65 2.8 16% .53 11% 
senescent 2.9 12 0.35 2 0.5 0.7 3.9% .18 4% 

9.1 kg 47% 
1.2 kg 6% 
6.2 kg 32% 
2.9 kg 15% 

Holdfast 35 16 5.6 10 0.5% 0 -0.1 0.2 -.56 1.32 24% 

Total  17.0 4.56 

'Derived from weight d i s t r i b u t i o n  presented i n  Parsons Report, 
morphometric data o f  North (1971) 



r a r e l y  l i m i t i n g  t o  small f r o n d  growth (Gerard 1982) and p l a n t  hormones have not  

y e t  been demonstrated t o  a f f e c t  k e l p  growth (Buggeln 1976; Har t  1982). The 
research described here in  i s  designed t o  exami ne e f f e c t s  o f  f a c t o r s  i n f  1 uenci ng 

t r a n s l o c a t i o n  on f rond  i n i t i a t i o n  rates.  Experimental va r iab les  i nc lude  parent  

f rond s i ze  and cond i t ion ,  i r rad iance,  subst ra te  depth, and biomass density.  
R e l a t i v e  d i f f e rences  i n  organic content o f  lamina t i ssues  are used as an i n d i c a t o r  

of t r a n s l  o c a t i  onal source st rength.  Manipul a t i  on o f  t r a n s l  o c a t i  onal sources and 

s i  nks provides a d i r e c t  t e s t  of the  hypothesized re1 a t i onsh ip  between 

t r a n s l o c a t i o n  and basal meristem a c t i v i t y .  Resu l ts  and conclusions presented 

he re in  are based on small sample s izes  and are s t r i c t l y  p re l im inary .  

Twenty adu l t  Macrocyst i  s pyr i f  era  were t ransp lanted on 30 September 1982 from 

a n a t u r a l l y  occur r ing  popu la t ion  a t  n ine  t o  eleven meters depth, I n t a k e  Point ,  

Santa Catal i n a  I s 1  and, t o  th ree  experimental p l o t s  a lso  a t  I n t a k e  Po in t .  The 

p l o t s  were located a t  two depths and p lan ted a t  two biomass dens i t ies .  F i v e  
experimental p l a n t s  made up t h e  nine-meter low dens i ty  p l o t  w i t h  approximately 0.3 

2 plant/m . Eleven experimental p l a n t s  were t ransp lanted t o  t h e  nine-meter h i g h  
2 dens i ty  p l o t ,  surrounded by other  adu l t  p l a n t s  t o  g ive  one p l  ant/m . Four 

experimental p l a n t s  were moved i n t o  a na tu ra l  k e l p  stand t o  form the  1 5  meter h i g h  
2 dens i t y  p l o t ,  a lso w i t h  one plant/m . A l l  f ronds on experimental p l a n t s  were 

counted on 11 October and 6 December. Experimental p l a n t s  were not  harvested, b u t  

canopy t i ssues  of p l a n t s  adjacent t o  the  nine-meter low dens i t y  p l o t  were removed 

on 30 September and 15 November t o  minimize shading. 

On 1 t o  5 and 18 and 19 October, 198 f ronds  w i t h  i n t a c t  ap ica l  m e r i s t m s  were 

tagged on the  experimental p lan ts .  The leng th  o f  each f r o n d  was measured, and 
each basal meristem was categor ized as undiv ided (U), having a s i n g l e  s p l i t  ( IS) ,  

or  having a f rond  i n i t i a l  l ess  than 100 cm long ( I ) .  I n i t i a l s  were i d e n t i f i a b l e  

when three t o  four  cm long bu t  were sometimes confused w i t h  basal meristems 

undergoing a secondary d i v i s i o n .  I n  time, the  l a t t e r  were recognized and 
categor ized as an u n i n i t i a t e d  t w o - s p l i t  stage (2s). Basal meristem s ta tus  on a l l  

tagged fronds was rechecked a t  two-week i n t e r v a l s  through 20 December. When a 

newly formed frond i n i t i a l  was i d e n t i f i e d ,  t h e  l eng th  and apical  cond i t i on  ( i n t a c t  

ap ica l  meristem, i n t a c t  terminal  blade, o r  broken apex) o f  t h e  parent frond were 
recorded. The leng th  o f  each f rond  i n i t i a l  was measured a t  two-week i n t e r v a l s  
u n t i l  i t  exceeded 100 cm. 

Trans locat iona l  sources and s inks were manipulated on f ronds w i t h  i n t a c t  

a p i c a l  mer i stems and undivided or  s fng le-sp l  i t basal meristems. On 22-23 

5.2-63 



November, fronds on p l a n t s  i n  t h e  n i  ne-meter h igh-dens i ty  p l o t  were randomly 

subjected t o  one of th ree  treatments. No t i ssues  were removed f rom con t ro l  
f ronds; the  ap i ca l  1 meter, a t r a n s l o c a t i o n a l  sink, was removed from some fronds; 
and t r a n s l o c a t i  ona1 source laminae occu r r i ng  two meters from the  apex t o  one meter 

above the  base were removed f rom other  f ronds.  Basal meristem s ta tus  was 

rechecked a t  two-week i n t e r v a l  s. 

Organic contents of t r a n s l o c a t i o n a l  source blades 

re1 a t i v e  d i f f e rences  i n  source s t reng th  fo r  fronds o f  

1 ami nae were c o l l e c t e d  two meters f rom the  ap ica l  mer 

and d r i e d  f o r  24 hours a t  60'~. Organic content  was 

(Lo bban 

var ious 

1978) i ndicated 

1 engths. Mature 

istem, cleaned o f  epiphytes, 

determined as percent 

ash-free d ry  weight (percent  AFDW): d r i e d  samples were weighed, ashed f o r  24 

hours a t  550°c, reweighed, and the  percent  AFDW was ca l cu la ted  as the  percentage 

o f  d ry  weight 1 os t  dur ing  ashing. 

Minimum and maximum temperatures a t  n ine  and 15  meter depths were recorded a t  

weekly i nte rva l  s from m i  n-max thermometers 1 ocated a t  I n t a k e  Po in t .  Subsurf ace 

1 i g h t  l e v e l s  were determined us ing  a B iospher ica l  I r r a d i a n c e  Meter. 

The mean s i ze  o f  t he  twenty experimental  1. p y r i f e r a  was 34.3 f ronds/p l  ant 
2 (SD = 8.1) on 11 October. Frond densi ty ,  there fore ,  was 10 f r o n d d m  i n  the  

2 low-densi ty  p l o t  and 34 f rondslm i n  the  two h igh-dens i ty  p l o t s .  Mean s i z e  o f  

t h e  eleven p l a n t s  i n  t h e  nine-meter h igh-dens i ty  p l o t  d i d  no t  change s i g n i f i c a n t l y  

between 11 October and 6 December (35.7 2 9.2 and 33.1 - + 10.8 respec t i ve l y ) .  Some 

p l  ants i n  the  other  two p l o t s  were damaged by a storm on 30 November, so changes 

i n  mean p l a n t  s i z e  f o r  those treatments d i d  no t  necessar i l y  r e f l e c t  f r o n d  

i n i  t i  a t i  on ra te .  

Fronds tagged on 1 t o  5 October were genera l l y  longer  than f ronds tagged on 18 

and 19 October (F igure  5.2-33). The e a r l i e r  group a lso  had an e x t r a  growing 

pe r iod  of 13 t o  18 days a f t e r  tagging and so were s u b s t a n t i a l l y  o lde r  and l a r g e r  

than the  l a t e r  group. O r i g i n a l  s i z e  d i s t r i b u t i o n s  o f  bo th  f r o n d  groups were 

s i m i l a r  f o r  p l a n t s  i n  the  th ree  experimental p lo t s .  

Between 18 October and 23 November, fronds w i t h  basal meristems t h a t  were 

o r i g i n a l l y  u n i n i t i  ated showed d i f f e rences  i n  i n i t i a t i o n  r a t e  between the  th ree  

experimental  p lo t s .  Only 8 percent  of t h e  nine-meter low-densi t y  f ronds  re ta ined  

undiv ided meristems du r ing  t h i s  pe r iod  as compared t o  25 percent  o f  t he  

n i  ne-meters h i  gh-density f ronds  and 40 percent  o f  t h e  15-meter h i  gh-densi ty fronds 

(n  = 26, 74, and 25 respec t i ve l y ) .  Parent f r o n d  s i z e  a t  t he  t ime o f  f rond  



9rn lowdensi ty  (n.40) 
fronds togged 10A- 5 
fronds togged 10/18-19 

v, 
-a 9rn high-density (n=118) 
E 30r  

15rn high-density (n=40) 

20 

Frond length (m) 

F i g u r e  5.2-33. S i ze  D i s t r i b u t i o n s  o f  Fronds Tagged on Exper imenta l  - Pq. P y r i f e r a  
P lan t s  i n  the Three P l o t s  Du r i ng  Two I n t e r v a l s  



i n i t i a t i o n  a l so  showed d i f f e rences  between t h e  th ree  p l o t s .  Al though s i z e  ranged 
w ide l y  i n  a l l  th ree  groups of p lan ts ,  parent  f ronds  were gene ra l l y  smal lest  i n  t h e  

nine-meter low dens i t y  p l o t  and l a r g e s t  i n  t he  15 meter h igh-dens i ty  p l o t  (F igure  

5.2-34). 

A1 together,  17 percent  of the  basal meristems on a1 1 198 tagged f ronds  were 

broken, damaged by grazing, or showed abnormal development between 18 October and 

23 November. T h i s  p ropo r t i on  was s i m i l a r  f o r  the  th ree  p lo t s .  A l l  f r o n d  i n i t i a l s  
t h a t  were formed p r i o r  t o  18 October remained i n t a c t  through 22 November 

(n  = 37). P r o b a b i l i t y  of damage or  abnormal development seemed h igher  f o r  

undiv ided or s i n g l e - s p l i t  meristems than f o r  f r o n d  i n i t i a l s  or small f ronds. The 

log-transformed e longat ion  r a t e s  were low f o r  f r o n d  i n i t i a l s  l e s s  than 20 t o  25 cm 

1 ong bu t  re1  a t i v e l y  constant  f o r  1 arger i n i  ti a1 s (F igu re  5.2-35). Rates were 

s i m i l a r  f o r  experimental  p l a n t s  i n  the  th ree  p l o t s .  

Organic contents o f  mature laminae gene ra l l y  increased w i t h  i nc reas ing  f rond 

l e n g t h  (i .e., w i t h  decreasing d is tance f rom the  sur face)  i n  a l l  experimental 

p lan ts ,  bo th  be fo re  t r a n s p l a n t i n g  and i n  t h e  th ree  p l o t s  one month a f t e r  

t r a n s p l  a n t i  ng (F igu re  5.2-36). Organic contents f o r  f ronds  o f  s i m i l a r  l eng th  

v a r i  ed between t h e  th ree  p l  ots:  n i  ne-meter low-densi ty p l  ants had the  highest,  

and 15 meter high-densi t y  p lan ts  had the  lowest  values. 

Eleven o f  t h e  63 manipulated f ronds  formed new f r o n d  i n i t i a l s  between 22 

November and 20 December. The basal meristems o f  those f ronds  had a l ready 

undergone pr imary  d i v i s i o n  p r i o r  t o  manipulat ion.  Only  f i v e  o f  t he  fronds 

mainta ined i n t a c t  ap ica l  blades (mer is temat ic  o r  t e rm ina l )  dur ing  t h e  observat ion 

per iod,  and t h i s  sample s i z e  was too  small f o r  s t a t i s t i c a l  analys is .  A l a r g e r  

sample s i z e  and longer  observat ion pe r i od  are necessary t o  d i r e c t l y  examine 

e f f e c t s  o f  t r a n s l o c a t i o n  on f r o n d  i n i t i a t i o n  ra te .  

Despi te  the  small sample s izes  and p r e l  im ina ry  na ture  o f  t he  data presented i n  

t h i s  repo r t ,  some e f f e c t s  o f  t h e  experimental  va r i ab les  on f r o n d  i n i t i a t i o n  r a t e  

are evident.  

Both depth and biomass dens i t y  appear t o  i n f l u e n c e  basal meristem a c t i v i t y  i n  

Macrocys t is  p y r i f e r a .  O f  t h e  two h igh-dens i ty  p l o t s  used i n  t h i s  study, 
experimental  p l a n t s  i n  t he  shal low p l o t  had h igher  f r o n d  i n i t i a t i o n  r a t e s  than 
p l a n t s  i n  t h e  deep p l o t .  Comparing t h e  two shal low p lo t s ,  p l a n t s  i n  t h e  

low-densi t y  p l o t  showed h igher  f r ond  i n i t i a t i o n  r a t e s  than p l a n t s  i n  t h e  

h igh-dens i ty  p l o t .  Th i s  r e s u l t  supports t h e  surmise t h a t  d i f f e rences  i n  f rond 
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Figure 5.2-34. Size Distributions of Parent Fronds with Intact Apical Blades 
(Meristematic or Terminal) and Newly Formed Initials on Experimental M. Pyrifera 

Plants in the Three Plots 
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Figure 5.2-35. Log-Transformed Elongation Rates ( R L )  for Frond Ini t ia ls  on 
Experimental M. Pyrifera Plants in the Three Plots 

Where Lo i s  Length (cm) a t  Time = 0, L t  i s  Length at  Time = t ,  and t i s  
Time (Days) 
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F i g u r e  5.2-36. Organic  Contents (; + 1 SD, n  = 3 )  o f  Mature Laminae From Fronds 
o f  Var ious Length on Exper imenta l  M.-Pyrifera P l a n t s  Be fo re  T ransp lan t i ng  and i n  

t h e  Three P l o t s  m m t e r  T ransp lan t i ng  



i n i t i a t i o n  r a t e  were a t  l e a s t  p a r t l y  respons ib le  f o r  observed p l a n t  s i z e  increases 

i n  1 ow-densi t y  p l o t s  and decreases i n  h igh-dens i ty  p l o t s  of Macrocyst i  s  p y r i f  era 

a t  Santa Barbara (Neushul and Harger, personal communication). 

The t rend  of i nc reas ing  paren t  f r o n d  s i z e  w i t h  inc reas ing  biomass dens i t y  and 

depth (F igu re  5.2-34) may account f o r  t he  r a t e  d i f f e rences  between p lo t s .  Tagged 
f ronds  on p l a n t s  i n  a l l  t h ree  p l o t s  had s i m i l a r  s i z e  d i s t r i b u t i o n s  a t  t h e  

beg inn ing  o f  the study (F igure  5.2-33). I f  increased biomass dens i t y  and depth 
delayed basal meristem a c t i v i t y  u n t i l  parent  f r onds  were longer,  t h i s  delay cou ld  

have r e s u l t e d  i n  t he  observed decreases i n  f r o n d  i n i t i a t i o n  ra te .  

Organic contents of mature laminae may prov ide  an index o f  t r ans loca t i ona l  

source s t r e n g t h  f o r  Macrocyst i  s  p y r i f  e ra  f ronds.  Accumul a t i  on o f  solutes, 

p r i m a r i l y  manni to l ,  i n  source t i ssues  g ives r i s e  t o  t he  osmotic pressure grad ien ts  

t h a t  d r i v e  t r a n s l o c a t i o n  (Schmi t z  and Sr ivastava,  1979, 1980). D i f fe rences  i n  

organic  con ten t  o f  Macrocyst i  s  p y r i f  era 1 aminae 1 a rge l y  r e f 1  ec t  d i f fe rences  i n  

manni t o1  content  (Gerard, -- e t  a l .  submit ted).  Therefore, mature 1 aminae w i t h  h igh  

organic  content  are p robab ly  s t ronger  t r a n s l o c a t i o n a l  sources than s i m i l a r  t i s sues  

w i t h  low organic  content.  I nc reas ing  organic  contents o f  mature laminae from 

f ronds  o f  i ncreasing s i z e  suppor t  t h i s  hypothesized re1  at ionship.  Dur ing growth, 

Macrocyst is  p y r i f e r a  f ronds  add t i ssues  nearer t he  sur face which photosynthesize 

a t  h igher  l i g h t  l e v e l s  and a t  h igher  r a t e s  than deeper t i s s u e s  (Sargent and 

L a n t r i p ,  1952; Towle and Pearse, 1973). As f rond  l e n g t h  increases, mature laminae 

become p h o t o s y n t h e t i c a l l y  se l f -suppor t ing ,  then accumul a te  photosynthates, begin 

acropeta l  t r ans loca t i on ,  and f i na l  l y  begin bas ipe ta l  t r a n s l  oca t ion  (Lobban, 

1978). Basal mer i  stem a c t i v i t y  may we1 1 be s t imu la ted  when bas ipe ta l  

t r a n s l o c a t i o n  exceeds some th resho ld  l e v e l .  

Biomass dens i t y  and depth probably  i n f  1 uence t r a n s l  o c a t i  on by a f fec t ing  

subsurf ace 1 i gh t  1 evel s. Se l f -shad i  ng i s  enhanced a t  increased biomass density.  

Lower 1 i ght 1 evel s  and, t h e r e f  ore, r a t e s  probably  r e s u l t  i n  reduced 

t rans loca t i on ,  as evidenced by lower organic  contents o f  mature laminae f rom t h e  

n i  ne-meter h i  gh-densi t y  p l  o t  than i n  comparable t i ssues  from t h e  n i  ne-meter 

low-densi ty  p l o t  (F igu re  5.2-36). By the  same reasoning, f r onds  growing a t  deeper 

depths p robab ly  have reduced t r a n s l o c a t i o n  i n  comparison t o  f ronds  o f  s i m i l a r  s i z e  
a t  shal low depth. Lower organic  contents o f  mature laminae i n  t he  15 meter h igh  

dens i t y  t reatment  than i n  t h e  n i  ne-meter h i  gh-densi t y  t reatment  (F igure  5.2-36) 

seem t o  subs tan t i a te  t h i s  depth e f f e c t .  I f  basal meristem a c t i v i t y  depends on 



supp ly  of t r a n s l o c a t e d  photosynthates, reduced bas i  p e t a l  t r a n s l  o c a t i  on due t o  

inc reased  biomass d e n s i t y  o r  depth cou ld  de lay  f r o n d  i n i t i a t i o n  u n t i l  pa ren t  f r ond  

s i z e  and t r a n s l o c a t i o n a l  source s t r e n g t h  inc rease  s u f f i c i e n t l y .  Thus, 

t r a n s l  o c a t i  onal r egu l  a t i  on o f  basal  me r i  stem a c t i v i t y  cou ld  account f o r  t h e  

d i f f e r e n c e s  i n  paren t  f r o n d  s i z e  and f r o n d  i n i t i a t i o n  r a t e  between exper imenta l  

p l a n t s  i n  t h e  t h r e e  p l o t s .  

Rate of f rond  i n i t i a t i o n  by Macrocys t i s  p y r i f e r a  a t  a  d e n s i t y  o f  34 
2 f rondslm and n i  ne-meter depth was s u f f i c i e n t  t o  mai n t a i  n  cons tan t  p l  an t  s i z e  

over a  two month pe r i od .  T h i s  r e s u l t  c o n t r a s t s  t h e  marked r e d u c t i o n  i n  p l a n t  s i t e  
2 

noted i n  two exper imenta l  p l o t s  o f  Macrocys t i s  a n g u s t i f o l i a  a t  25 f ronds lm and 

seven meter depth a t  Santa Barbara and a t t r i b u t e d  t o  low f r o n d  i n i t i a t i o n  r a t e  

(Neushul and H arger, personal  comrnuni c a t i  on). Th i s  apparent c o n t r a d i  c t i  on may be 

exp l  a ined by s i  t e - s p e c i f  i c d i f f e r e n c e s  i n  environmental  cond i t i ons .  The leeward 

coast  o f  Santa C a t a l i n a  I s l a n d  has g e n e r a l l y  low t u r b i d i t y  and h i g h  subsurface 

l i g h t  l e v e l s ;  t he  Santa Barbara coast  i s  cha rac te r i zed  by h i g h  t u r b i d i t y  and low 

subsur f  ace 1  i ght  1  eve1 s. I f  basal  me r i  stem a c t i v i t y  depends on t r a n s l o c a t i o n  of 

photosynthates,  t u r b i d i t y  p robab ly  a f f e c t s  f r o n d  i n i t i a t i o n  r a t e  i n  a  s i r n i l  a r  

The 

mature 

suppor t  

t r a n s l  o  

manner t o  biomass d e n s i t y  and depth. 

observed re1  a t i  onships between biomass dens i ty ,  depth, organ 

laminae, paren t  f r o n d  size, and f r o n d  i n i t i a t i o n  r a t e  p rov ide  

f o r  t he  hypothes is  t h a t  basal  mer is tem a c t i v i t y  i s  r e g u l  a ted  

ca t i on .  Manipul  a t i  on o f  t r a n s l o c a t i  onal sources and s inks  wo 

c  con ten t  o f  

i n d i r e c t  

by 
I d  p rov ide  a  

d i r e c t  t e s t  of t he  hypothes is  b u t  r e q u i r e s  a  l a r g e  sample s i z e  f o r  s t a t i s t i c a l  

comparison o f  f r o n d  i n i t i a t i o n  parameters. T h i s  work i s  now planned f o r  Sp r i ng  

1983 when f r o n d  i n i t i a t i o n  r a t e s  should be r e l a t i v e l y  h i g h  (Zimnerman, personal  

comrnuni c a t i o n ) .  E f f e c t s  o f  biomass dens i ty ,  depth, and o the r  exper imenta l  

v a r i a b l e s  may be examined f u r t h e r  a t  t h a t  t ime. I n  add i t ion ,  observa t ions  on 

synchrony o f  f r o n d  i n i  ti a t i  on and occurrence o f  s imple versus mu1 t i p 1  e-di  v i s i o n  

meristems w i l l  a l so  be cont inued. 
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5.3 GOLETA KELP CULTIVATION BIOLOGY 

The 1982 e f f o r t  a t  t he  Goleta Test  F a c i l i t y  (GTF) was a  con t i nua t i on  o f  t he  

work t h a t  was i n i t i a t e d  i n  A p r i l  1981 by Neushul M a r i c u l t u r e  Incorpora ted  (NMI). 

The major o b j e c t i v e  o f  the  GTF was t o  determine sus ta inab le  harves t  y i e l d  as a  

f u n c t i o n  o f  crop dens i t y  and f e r t i l i z a t i o n .  

The GTF cons is ted  o f  two, one-half  acre t e s t  p l o t s  each con ta in ing  

approx imate ly  350 a d u l t  Macrocyst is  p lan ts .  One p l o t  was f e r t i l i z e d  w h i l e  p l  ants 

on the  second were exposed t o  n a t u r a l l y  ambient n u t r i e n t s  only. On each t e s t  

p l o t ,  t h e  p l a n t s  were grouped i n t o  t h r e e  p l a n t i n g  (biomass) dens i t i es .  These were 

0.0625 p l  ant/square meter ( l ow  dens i ty ) ,  0.25 p l  ant/sq. m. (medium), and 1.0 

p lan t /sq .  m. (h igh ) .  These dens i t i es  compare t o  1 p l a n t  every 16, 4, and 1 square 

meters, respec t i ve l y .  The p l a n t s  were hand-harvested a t  t h ree  month i n t e r v a l s ,  

thereby  producing data f o r  a  f u l l  growing season. I n  a d d i t i o n  t o  t he  y i e l d  task, 

N M I  performed work i n  the  areas o f  p l a n t  genet ic  s e l e c t i o n  and cha rac te r i za t i on ,  

environmental mon i to r i ng  and t h e  assessment o f  f o r e i g n  k e l p  growth technology. 

The f o l l  owing sec t ions  discuss the  experimental  observat ions, r e s u l t s  and 

conclusions. 

5.3.1 DENSITY, FERTILIZATION AND YIELD STUDIES 

5.3.1.1 P l a n t i n g  

The purpose o f  the  y i e l d  s tudy was t o  determine t h e  y i e l d s  t h a t  could be 

obta ined f rom a  l a r g e  sample o f  mature p l a n t s  grown under def ined and mainta ined 

p l a n t i n g  dens i t i es .  Major goals were t o  determine i f  the  f r o n d  growth and 

i n i t i a t i o n  r a t e s  remained h igh  and how the  p l a n t s  would respond t o  q u a r t e r l y  

harvests and 

P l a n t i n g  

a n q u s t i f o l i a  

C a l i f o r n i a .  

harvested a t  

n u t r i e n t  f e r t i l i z a t i o n .  

the  farm was accompl i shed by c o l l  e c t i  ng 722 mature Macrocyst i  s  

p l a n t s  f rom t h e  inshore  area o f  bed # 28 near Ellwood, 

Each p l a n t  was c u t  loose f rom the  sea f l o o r  w i t h  a  p run ing  saw and 

approximately one meter be1 ow mean t i d e  l e v e l .  Th i s  pre- 

p l a n t i n g  harvest  made it eas ie r  t o  t r anspo r t  t he  p l a n t s  t o  t h e  farm and 

es tab l i shed  an i n i t i a l  " s t a r t i n g  p o i n t "  f o r  a l l  t h e  p lan ts .  The p l a n t s  were 

p laced i n  n y l  on-mesh bags and taken t o  t h e  sur face where bo th  the  p l a n t  and 

h o l d f a s t  were weighed and p l a s t i c  tags were a f f i x e d .  They were then t rans-  

po r ted  by boat t o  t h e  farm. Once a t  t he  farm, t h e  h o l d f  asts  were p laced i n t o  t h e  

tops o f  g r a v e l - f i l l e d , m e s h  bags. The mouth o f  each bag was c losed above t h e  



holdfast ,  around the  base o f  t he  pr imary basal branches. These bags were then 
a1 lowed t o  s ink  t o  the  sea f l o o r  and were t i e d  t o  one-half  i n c h  chain and rope 

1 i nes, which were l a i d  ou t  t o  make a p l a n t i n g  g r i d  w i t h  rope-chain i n t e r c e p t  

p a i n t s  serv ing  as s i t e s  f o r  each p lan t .  The farm consis ted o f  two one-half acre 
p l o t s  which were i n  t u r n  d i v ided  i n t o  f i v e  sect ions.  There were two low-densi ty  
sec t ions  each w i t h  0.0625 p l a n t  per square meter on a four-meter g r id ,  two 

medium-density sect ions w i t h  0.250 p l a n t  per square meter on a two-meter g r id ,  and 
one high-densi t y  sec t ion  w i t h  one p l  ant per square meter on a one meter g r id .  

Each p l  o t  was i n  about 23 f e e t  (7m) o f  water and or ien ted  perpend icu la r ly  t o  t h e  

p r e v a i l i n g  swel l .  O f  the t o t a l  722 p lants,  72 of these were ex tens i ve l y  s tud ied  

"sample p lan ts" .  These p l a n t s  had each f rond tagged w i t h  a p l a s t i c  t ag  on a 

q u a r t e r l y  basis  and the growth o f  i n d i v i d u a l  f ronds  was fol lowed. O f  the  

remaining 650 p lan ts ,  s i x  were used as "handl ing"  con t ro l s  f o r  t he  sample p lan ts ,  

these being measured underwater t o  avoid hand1 i n g  damage. F igu re  5.3-1 shows the  

attachment d e t a i l  f o r  an i n d i v i d u a l  p l  ant. F igu re  5.3-2 i nd i ca tes  the  general 

p l a n t i n g  arrangement on one o f  the t e s t  p l o t s .  

5.3.1.2 C u l t i v a t i o n ,  Harvest ing and Measurement 

C u l t i v a t i o n ,  harvest ing,  and measurement were an extension o f  the  1981 work 

and were cont inued through 1982 along w i t h  the  other  tasks discussed below. Three 

experiments were r u n  simultaneously. These were: 

Densi t y - y i e l  d 
F e r t i l i z a t i o n - y i e l d  
Frond-product i  on 

I n  the  densi t y - y i e l d  experiment, var ious  areas o f  bo th  p l o t s  were harvested on 

a q u a r t e r l y  bas is  a t  one meter below t h e  mean low t i d e  l e v e l .  For each p lan t ,  t h e  

number of fronds a t  one meter above the  ho ld fas t  and a t  t he  harvest  p o i n t  were 

counted. The canopy was then cu t  o f f  and placed i n  a mesh bag by a d i v e r  and 

taken t o  a boat where i t  was allowed t o  d r i p  u n t i l  a1 1 the  excess water was 

removed. The bags were then weighed t o  the  nearest 0.5 ki logram. Any o f  t h e  

p l a n t s  t h a t  were l o s t  or  t h a t  had d ied dur ing  the  quar te r  were recorded as such 

and were rep1 aced a t  t he  end o f  t he  harvest. P lan ts  t h a t  were l i v i n g  bu t  t h a t  had 

no fronds reaching the harvest  depth, were recorded as p lan ts  w i t h  no canopy but  

were not  replaced. 

The f e r t i  1 i z a t i  on-yi e l  d experiment invo lved repeated appl i cat ions  o f  

f e r t i l i z e r .  One o f  t h e  two ha l f -ac re  p l o t s  was f e r t i l i z e d  four  t o  f i v e  days a 
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Figure 5.3-1. Gravel-Bag Plant Anchor Design with Plant Attached 
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Figure 5.3-2. General Experimental Planting Arrangement 



week depending on the weather, while the other acted as a control and received no 
f e r t i l i z e r .  The f e r t i l i z a t i o n  was performed by dissolving sol id  ammonium su l f a t e  

in  sea water and applying i t  a t  a r a t e  of 37.8 grams per square meter. A 

f e r t i l i z e r  boat was used to apply nutr ients  through a spray gun d i r ec t l y  onto t he  
kelp canopy. 

The frond-production experiment u t i l i zed  sample plants which were randomly 
chosen from the  t e s t  plant population. A t  three  m o n t h  in te rva l s ,  the  sample 
plants were removed from the water, taken aboard a boat, and spread out on a 
marked table .  The fronds were individually iden t i f i ed  and tagged a t  the  base with 
a numbered p l a s t i c  tag. The fronds were then measured t o  the nearest 10cm; those 

t ha t  were longer than the  harvest length (1 m belowmean low t i d e )  were 
individually harvested and weighed. When a l l  of the fronds were tagged and 

measured, the plants were returned to t h e i r  respective locations. The anchoring 
system for  the sample plants used i n  the frond-production experiment was somewhat 

d i f f e r en t  from tha t  used f o r  the  population plants.  While mesh bags were used, 
these contained f l o a t s  and were t i ed  t o  the farm grid so tha t  they could be eas i ly  

and repeatedly removed and replaced. Later, the  f l o a t s  were discarded and the 
pl ants were planted d i r ec t l y  in  gravel -f i  1 led bags and removed per iodical ly  f o r  

processing. Since these plants received extensive handling, and i t  was not 
ce r ta in  what the e f f ec t  of repeated dislodgements and hand1 ing would be, s i x  

pl ants from one of the  medium density areas were chosen to  function as control s. 
These plants were t reated in  a way similar  t o  the  sample plants except t ha t  they 

were removed from the  water; the  canopy was harvested a t  the  same time as the  
normal popul a t i  on pl ants. Each frond of the controls was careful l y  disentangled 

from the  r e s t  of the  plant  and then measured by s t r inging i t  out on the  sea f l oo r  
next to a p l a s t i c  measuring tape. 

5.3.1.3 Cultivated Kelp Bed Yield and S t a b i l i t y  

The r e su l t s  of the Macrocystis y ie ld  study show qui te  c l ea r ly  t ha t  there i s  a 
pronounced e f f ec t  of p1 ant crowding (Figure 5.3-3). If the  edge plants are 

disregarded and only the center ones evaluated, one can see t ha t  the number of 

fronds produced per plant  increased fo r  plants a t  low density, remained about the  
same fo r  plants a t  medium density, and decreased from 25 t o  around 10 fronds to ta l  
f o r  plants a t  the  highest planting density. The e f f ec t  of density i s  a1 so evident 
when the production of t i s sue  by individual p lants  i s  considered. Here again the  
production of low density plants  was higher than t ha t  of medium and high density 
plants  (Figure 5.3-4). 
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NO MEASUREMENTS MADE AT THIS HARVEST 

DAYS AFT LANTJNG 

Figure 5.3-3. Changes in Macrocystis Number as a Function of Planting Density 
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Figure 5.3-4. Plant Wet Weight Increase 



The p ro jec ted  y i e l d  from f o u r  seasonal harvests a t  th ree  p l a n t i n g  dens i t i es  i n  

d ry  ash- f ree tons per  acre per year, ranged f rom a  h igh  o f  around 15 DAFT/AY f o r  

h igh -dens i t y  p lan t i ngs  t o  2 t o  3 f o r  low-densi ty  p lan t i ngs  (F igure  5.3-5). The 

h igher  number i s  s i m i l a r  t o  what had been p ro jec ted  from the  1981 data (Neushul, 

Harger and Woessner 1981) w h i l e  the lower number i s  s i m i l a r  t o  est imates f rom 

natura l  k e l p  beds. 

The r e s u l t s  of the  p lan t ing ,  c u l t i v a t i n g  and harves t ing  tasks show t h a t  t he re  

i s  a  major seasonal d i f f e r e n c e  i n  y i e l d ,  w i t h  t h e  Spr ing harvest i n  June being t h e  

h ighest  a t  a l l  dens i t ies .  There i s  s i g n i f i c a n t  upwel l ing  o f  n u t r i e n t - r i c h  water 
i n  e a r l y  Spring. The lowest harvests were i n  l a t e  summer when n u t r i e n t  l e v e l s  had 

been low f o r  several months wh i l e  temperatures and l i g h t  l e v e l s  were high. I t  was 
found t h a t  f e r t i l i z a t i o n  was e f fec t i ve  o n l y  dur ing  t h i s  " n u t r i e n t  drought" p e r i o d  

of the year (Table 5.3-1). A t  low dens i t ies ,  f e r t i l i z a t i o n  had no s i g n i f i c a n t  
e f f e c t ,  bu t  a t  medium density,  y i e l d  was doubled and a t  h igh  density,  quadrupled. 

Dur ing  the course o f  the  y i e l d  studies, i t  was observed t h a t  some i n d i v i d u a l  

p l  ants consi s t e n t l y  produced s ign  if i c a n t l y  more biomass than the  average 

populat ion.  S i x  of these p l a n t s  were se lec ted  f o r  f u r the r  study. The i r  

p roduct ion  i s  compared i n  F igu re  5.3-6 t o  the  popu la t ion  average i n  the  low 

dens i t y  (h ighes t  i n d i v i d u a l  p l a n t  growth average) p l o t .  Spores from these p lan ts  

were c o l l e c t e d  f o r  f u t u r e  study w i t h  t h e  o b j e c t i v e  o f  at tempt ing t o  produce 

popu la t ions  o f  adu l ts  w i t h  s i m i l a r  h i g h - y i e l d  cha rac te r i s t i cs .  

An add i t i ona l  s t r i k i n g  r e l a t i o n s h i p  was observed dur ing the  course of t h e  

study i n  the apparent e f f e c t  o f  p l a n t i n g  dens i t y  on p l a n t  m o r t a l i t y .  The low and 

medium p l  ant ings had s i m i l  ar m o r t a l i t y  rates,  approximately 4.5 percent, over t he  

study. The h igh  dens i t y  group, however, averaged 16 percent morta l  i t y  w i t h  a  peak 

o f  26 percent  occu r r i ng  dur ing the  w in te r  ( lowest  l i g h t  l e v e l )  per iod.  The p l a n t  

m o r t a l i t y  data i s  summarized i n  F igu re  5.3-7. D e t a i l e d  growth ra te ,  y i e l d  and 

m o r t a l i t y  are l i s t e d  as fo l lows:  

F i r s t  Harvest Table 5.3-2 - (A-U) (Appendix A) 

Second Harvest  Table 5.3-3 - (A-N) (Appendix A )  
T h i r d  Harvest Table 5.3-4 - (A- I )  (Appendix A) 

Fou r th  Harvest  Table 5.3-5 - (A- I )  (Appendix A) 
F i f t h  Harvest Table 5.3-6 - (A- I )  (Appendix A) 
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Fiaure 5.3-5. Projected Yield for F o u r  Seasons and T h r e e  Planting Densities 



TABLE 5.3-1. THE INCREASE I N  WET WEIGHT PRODUCTION DUE TO F E R T I L I Z A T I O N  

T h e  in fo rmat ion  used here i s  the  i n d i v i d u a l  p l a n t  p roduc t ion  f o r  center p l a n t s  

only .  I t  i s  i n  grams per day. 

F i r s t  H a w e s t  (December 1981 -January 1982) 
Dens i ty  F e r t i l  i z a t i o n  Mean Std. Dev . n  t D 
Low U n f e r t i l i z e d  254.91 174.63 7 8 

F e r t i l  i zed 217.81 143.10 80 1.46 11.150 
Medium U n f e r t i l i z e d  192.25 136.84 6 3 

F e r t i l  i zed  134.98 120.86 6 2 2.48 0.014 
High U n f e r t i l  i z e d  115.49 104.25 67 

F e r t i l  i z e d  91.99 92.42 68 1.39 0.171 

Second H a w e s t  (March-Apri l  1982) 
Dens i ty  F e r t i l  i z a t i o n  Mean Std. Dev . n  t D 
Low U n f e r t i l i z e d  297.99 300.30 7 8 

F e r t i l  i zed  310.38 254.26 78 0.28 PO. 200 
Medium U n f e r t i l i z e d  168.40 200.66 61 

F e r t i l  i zed  162.60 185.93 63 0.17 >O .200 
Hiqh U n f e r t i l i z e d  84.28 113.18 66 

F e r t i l  i zed 96.05 116.50 6 7 0.59 > O  .ZOO 

T h i r d  Harvest  (June-July 19821 
Dens i ty  F e r t i l  i z a t i o n  Mean Std. Dev. n  t P 
LOW U n f e r t i l i z e d  658.80 436.79 84 

F e r t i l  i zed  640.25 417.30 83 0.28 >0 .200 
Medium U n f e r t i l  i zed 327.98 279.18 6 3 

F e r t i  1  i zed 375.96 338.24 65 11.87 ~ 3 . 2 0 0  
High U n f e r t i l i z e d  134.92 137.54 7 3 

F e r t i l  i zed 115.04 145.98 7 2 0.84 >O. 200 

Four th  Harvest  (September 19821 
Dens i ty  F e r t i l  i z a t i o n  Mean Std. Dev . n  
Low U n f e r t i l i z e d  249.54 278.71 86 

F e r t i  1  i zed 323.96 254.87 86 
Medium U n f e r t i l i z e d  87.03 115.57 65 

F e r t i l  i zed 179.48 175.55 6 5 
High U n f e r t i l i z e d  15.92 31.61 73 

F e r t i l  i zed 61.11 105.89 73 

F i f t h  Harvest  (December 1982) 
Dens i ty  F e r t i l  i z a t i o n  Mean Std. Dev. n 
Low U n f e r t i l i z e d  170.00 186.77 8 5 

F e r t i  1  i zed 121.04 159.61 86 
Medf um U n f e r t i l  i z e d  124.58 111.12 6 5 

F e r t i  1  i zed 153.00 152.43 65 
Hiqh U n f e r t i l i z e d  43.39 59.69 73 

F e r t i  1  i zed 37.08 66.96 73 
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Figure 5.3-6. Harvested Yield from Six Selected High Yielding Plants Compared 
to  the Average Yield of Low Density Plants fo r  Four Seasonal Harvests 



Figure 5.3-7. Death Rate a t  the End of Four Seasonal Harvests a t  
Three Planting Densities 



SUMMARY 

The nearshore p l a n t i n g  o f  twelve tons of Macrocyst is  re tu rned a harves tab le  

y i e l d  o f  f i f t y - f i v e  tons du r i ng  the  12 month observa t ion  pe r i od  and s ix ty -one tons 

from the  t ime o f  i n i t i a l  p l a n t i n g  i n  October 1981. 

Measurements o f  f rond-produc t ion  and biomass y i e l q  from i n d i v i d u a l  p l a n t s  show 

t h a t  p l a n t i n g  d e n s i t y  has an e f f e c t  on the  g i a n t  ke lp,  reducing i n d i v i d u a l  p l a n t  

f r o n d  p roduc t i on  and p l a n t  y i e l d  as d e n s i t y  increases. The data i n d i c a t e  t h a t  

farms w i t h  one p l a n t  per square meter w i l l  produce l a r g e  amounts o f  biomass per  

acre, b u t  may no t  sus ta in  t h i s  y i e l d ,  s ince  the  i n d i v i d u a l  p l a n t s  do no t  produce 

new fronds r a p i d l y  and become smal ler .  I n  con t ras t ,  both the  in te rmed ia te  and 

low-densi t y  p l a n t s  increased i n  s ize,  even when harvested qua r te r l y .  

If i t  i s  assumed t h a t  no f ronds  were l o s t ,  and a l l  f ronds t h a t  were produced 

were e v e n t u a l l y  harvested, a  p r o j e c t e d  f r o n d  produc t ion  r a t e  can be ca lcu la ted .  

The low-densi ty  p l a n t s  had an average o f  6.5 f ronds  harvested per month w i t h  a  ne t  

increase o f  1.7 f ronds  per  month. The i r  t o t a l  gross produc t ion  was 8.2 f ronds  per  

month. The medium-density p l a n t s  had an average o f  4.8 f ronds  harvested per month 

w i t h  a  n e t  increase o f  0.6 f r o n d  per  month. The i r  t o t a l  growth produc t ion  was 5.4 

fronds per month. The h igh-dens i ty  p l a n t s  had an average o f  2.0 f ronds  harvested 

per  month w i t h  a  ne t  decrease o f  1.1 fronds per  month. The i r  t o t a l  gross 

produc t ion  was 0.9 f rond  per month. These r a t e s  a l l  f a l l  w i t h i n  the  range 

repo r ted  by Gerard (1976) f o r  n a t u r a l  k e l p  beds i n  Centra l  C a l i f o r n i a .  The 

average wet weight p roduc t ion  per day o f  i n d i v i d u a l  p l a n t s  was found t o  be 0.63 

percent,  0.69 percent,  1.3 percent  and 0.73 percent  f o r  t he  f a l l ,  w inter ,  sp r i ng  

and summer harvest  respec t i ve l y .  The average whole-plant growth per day f o r  the  

e n t i r e  year  was c a l c u l a t e d  t o  be 0.71 percent.  

The t e s t  farm i s  a t  l e a s t  as s t a b l e  as n a t u r a l  k e l p  beds, showing s i m i l a r  

p a t t e r n s  o f  p l a n t  growth and loss.  The p l a n t s  on t h e  t e s t  farm appear t o  respond 

t o  f e r t i l i z a t i o n  dur ing  the  low-nut r ien t ,  h i gh - i r rad iance  months o f  l a t e  summer, 

w i t h  t h e  medium-density y i e l d  being doubled and t h e  h igh-dens i ty  y i e l d  being 

quadrupled. 

High m o r t a l i t y  i n  the  h igh -dens i t y  p l o t  i s  thought t o  be due t o  the  e f f e c t s  o f  

shading. Fu ture  research a r i s i n g  from t h i s  cons idera t ion  w i l l  have t h e  o b j e c t i v e  

of i nc reas ing  average l i g h t  t o  densely p lan ted  t i s s u e  through row p l a n t i n g  and 

h ighe r  frequency o f  harves t ing .  I f  a  p l a n t i n g  and/or harves t ing  s t ra tegy  could be 

developed t o  reduce shading i n  t he  crop, h igher  y i e l d s  and lower m o r t a l i t y  might  

be poss ib le  w i t h  dense p lan t i ngs .  
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Pre l im ina ry  f e r t i l i z a t i o n  e f f o r t s  i n d i c a t e  t h a t  p l a n t s  w i t h  a  developed 

sur face canopy can be s p r a y - f e r t i l i z e d  from the  sea surface, bu t  t h a t  w ide l y  

sca t te red  p l a n t s  a t  low-densi ty  are no t  as e f f e c t i v e l y  f e r t i l i z e d .  Th i s  i s  

probably due t o  t h e  f a c t  t h a t  t h e  heavier sur face canopy i n  the  denser p l o t s  

conf ines  water than can be enriched by f e r t i  1  i z a t i o n  and not  washed out  and 
d i l u t e d .  

Increased y i e l d  might  a lso be achieved by s e l e c t i n g  and propagating 

the  h i  ghes t -y ie ld ing  p l  ants. 

5.3.2 GENETICS AND PLANT CHARACTERIZATION 

5.3.2.1 Gametophytic and Sporophyt ic Seedstock 

Dur ing 1982, gametophytic and sporophyt ic seed-stock was maintained i n  t he  

l a b o r a t o r y  and i n  the  f i e l d ,  NMI mainta ined 468 k e l p  gametophyte cu l tu res  through 
1982 w i t h  no losses. O f  these, 115 are dup l ica tes  o f  monoclonal (s ingle-spore 

der ived)  c u l t u r e s  i n i t i a t e d  at t he  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Santa Barbara 

(UCSB) i n 1975. 

I n  c o l l  aborat ion w i t h  the UCSB marine botany group, b a c t e r i  a- f ree k e l p  

gametophytes were produced. These were obta ined from one o f  t h e  h i g h - y i e l d  k e l p  

p l a n t s  i d e n t i f i e d  i n  1982. 

5.3.2.2 Charac ter iza t ion  o f  Seedstock 

By m i  d-summer 1982, o n l y  f i v e  o f  the  genet ica l  l y -de f  ined p l a n t s  t h a t  were 

ou tp lan ted  i n  1980 and 1981 remained. These were s t i l l  on the  o r i g i n a l  f loa t -bags 

attached t o  chains on the bottom. The p l a n t s  were detached, taken t o  the  El lwood 

P i e r  greenhouse, analyzed i n  d e t a i l ,  and rep lan ted  on sea- f loor  gravel  bags. Of 

p a r t  i c u l  ar i n t e r e s t  was the observat ion t h a t  the  remaining Macrocyst i  s  p y r i f e r a  

p l  ant was much more robust  and showed less  sloughing than any o f  t h e  Macrocysti s  

a n q u s t i f o l i  a  p l a n t s  under study. I t  i s  c lea r  t h a t  ma in ta in ing  the  r a p i d l y  growing 
and changing sporophyt ic  phase o f  t h e  k e l p  l i f e  h i s t o r y  requ i res  much c u l t i v a t i o n  
and mon i to r i ng  work, p a r t i c u l a r l y  when the  p l a n t s  reach a  l a r g e  s i z e  (Table 5.3-7 

Appendix A). 

It i s  l i k e l y  t h a t  one w i l l  not  ob ta in  maximum y i e l d s  from a  farm by p l a n t i n g  

randomly-sel ected w i l d  p lan ts .  I t  should be poss ib le  t o  s e l e c t  f o r  l o n g e v i t y  

(which would be a  f u n c t i o n  o f  ho ld fas t  development and res is tance t o  decay) o r  

h igh  y i e l d .  The hand harves t ing  and s t i p e  counts made f o r  i n d i v i d u a l  p l a n t s  on 

the  t e s t  farm have shown t h a t  some p l a n t s  have c o n s i s t e n t l y  produced more f ronds 

and more ma te r ia l  than t h e  others. Se lec t ion  of h i g h - y i e l d  p l a n t s  i s  an obvious 



f i r s t  step in the domestication of giant kelp as a biomass producer. Tables 5.3-7 

and 5.3-8 (Appendix A) give detailed data for  the high yielding individual plants 
observed during the course of the study. 

5 . 3 . 3  ENVIRONMENTAL MONITORING 

The atmospheric and oceanographic cl imatol ogical condi t i  ons a t  the farm were 
monitored. In general, the year was a relat ively calm one, with a normal pattern 
of l igh t ,  temperature and nutrient avai labi l i ty .  In view of the interesting 
resul t s  of pl anti ng density and f e r t  i 1 i zer appl i cat i  on experiments, i t  became 
obvious that l igh t  ava i lab i l i ty  and shading, both self-shadi ng and between-pl ant 

shading, were l ikely to  be significant factors  influencing yield. Consequently, 

an effor t  was made to  document the l ight  climate in the kelp farm. By determining 
the photosynthetic efficiency of a kelp crop grown under a defined se t  of 
environmental cul t i  vati on conditions, and developing an understanding of the 
factors  which influence and limit  photosynthetic efficiency in crop systems, we 
attempted to analyze the yield variations and to  suggest possible improvements in 
kelp farming practices. 

The 1 i g h t  climate of the Goleta Test Farm was determined both by measurements 

of l i  g h t  at  the sea surf ace and underwater. Average solar radiation levels were 
determined from continuously recorded pyranometer readings a t  the University of 

Cal if orni a, Santa Barbara. These readings showed 1982 l ight  to  follow a seasonal 
pattern similar to  prior years (see Figure 5.3-8). Underwater l ight  profile 
transects on the farm were taken before and af te r  each harvest using a Li-Cor 
underwater quantum flux sensor. Surface irradiance was measured a t  the same time 
that  underwater measurements were being made. This was done with a Li-Cor 
LI-190SB quantum sensor (with a cosi ne col lec tor ) .  The Li -Cor meters measure 
photosynthetic photon flux density (PPFD) in the waveband used by plants fo r  
photosynthesis (400 t o  700 n m ) .  

Light within the kelp farm was measured along transects through the farm from 

outside the planting area, through the crop and out the other side, covering a 
distance of 72 meters. These transects ran through low, medium, and high density 
pl anti ngs. I rradi ance readings were taken a1 ong the transects 0.5m above the 
bottom a t  2 meter intervals and a t  the base of each plant. After every f i f t h  
reading, a reading of the surf ace i rradi ance was made by a tender on a boat 
outside of the farm. Diver and boat readings were coordinated by using a Helle 
underwater communicati ons system, allowing the boat operator and diver to  talk to  
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Figure  5.3-8. Sur face  I r r a d i a n c e  i n  Goleta  from 1968 t o  1977 (Above, P l o t t e d  

Superimposed) and i n  1982 (Below). The Sur face  I r r a d i a n c e  i n  1982 Followed 
a P a t t e r n  S i m i l a r  t o  t h a t  o f  P r i o r  Years (1968 t o  1977 P l o t  from Harger 1979).  



one another. Horizontal and vertical secchi disc readings were taken at the 

surface, 4 meters, and the bottom before and after each transect run. All the 

transect measurements were made between 10 a.m. and 2 p.m. to reduce the effects 

of early-morning and late afternoon low sun angles (which produce increased 

reflection) on subsurface irradiance levels. Light climate measurements along the 

transects were expressed as a percentage of surface light. 

The light "envelope" around individual plants was studied by making four short 

linear transects out from the holdfast center, along compass headings. North, 

South, East and West transects were run for each plant, and 1 ight was measured at 

5cm intervals across the holdfast and then at lOcm intervals along the bottom 

moving away from the plant. 

The light climate was significantly altered both by planting density and by 

harvesting. Little affect was seen within the low density plot. Pre-harvest 

irradiance levels at the bottom, outside of the farm, averaged 11.2 percent of 

surface reading. Irradiance within the low-density plot averaged 5.2 percent of 

the surface irradiance. Post-harvest irradiance levels outside of the farm 

averaged 7.6 percent. Post-harvest irradiance inside the low density plot 

averaged 4.6 percent. Dramatic reductions in i rrad i ance occurred in the medi um 

and high density plots. Before harvest irradiance levels averaged 7.1 percent 

outside the farm. Irradiance dropped to 1.02 percent in the medium-density plot 
and to 0.12 percent in the high density plot. After harvesting, irradiance 

outside the farm averaged 9.2 percent. Medium density plot irradiance increased 
to 4.1 percent and high-density plot irradiance increased to 0.8 percent. Figures 

5.3-9 and 5.3-10 show irradiance levels in the high and medium density plots, pre 

and post harvest. 

Irradiance reduction attributable to self-shading by individual plants is 

greatest at the holdfast, within the clump of fertile blades and frond initials. 

Average irradiance levels were 0.65 percent of surface irradiance outside the two 
plant holdfasts that were studied. Irradiance outside the holdfast rapidly 

increased to normal sea-floor levels. The zone of severe irradiance reduction 

appears to extend approximately 1.0 to 2.0 meters from the center of the holdfast 

in a17 directions. Thus, one would anticipate severe light reduction in a 
high-density planting where the plants were one meter apart, which is what is seen 

in the transacts run through the high-density plantings. 
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Figure 5.3-9. Irradiance Reduction by High and Medium Density Plantings, 

June 15, 1982 ("Pre-harvest") 
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Figure 5.3-10. Xrradiance Reduction by Medium and High Density Plantings, 
August 4, 1982 ("Post-harvest") 



L i g h t  c l i m a t e  appears t o  be an important  f a c t o r  i n  determin ing harvest  y i e l  

f o r  k e l p  crops, p a r t i c u l a r l y  i f  other  p o t e n t i a l l y  l i m i t i n g  f a c t o r s  such as 

n u t r i e n t s  can be supp l ied  du r i ng  c u l t i v a t i o n .  The k e l p  p l a n t  has a  number o f  

morphologica l  c h a r a c t e r i s t i c s  which increase i t s  a b i l i t y  t o  gather l i g h t .  For  

example, i t  has s p i r a l l i n g  blades on the  fronds near t he  base t h a t  have an e f f e  

l i k e  t h a t  produced by  l e a f  p h y l l o t a x y  i n  land  p lan ts ,  w h i l e  t he  same f ronds 

produce b i l  a t e r a l  l y  arranged blades, 1  ayered and spaced w i t h  a  sh ing l  i n g - e f f e c t  

nearer t h e  s u r f  ace. Th is  o f f s e t t i n g  o f  blades no doubt con t r i bu tes  t o  more 

e f f e c t i v e  l i g h t  harvest ing.  The sur face cor rugat ions  on the  blades may have an 
important  hydrodynamic func t ion ,  bu t  a1 so c o n t r i b u t e  t o  blade s t i f fness  which 

c o n t r o l s  t he  degree t o  which the  blades remain h o r i z o n t a l  i n  t he  water. These and 

o ther  f e a t u r e s  serve t o  op t im ize  b l  ade o r i e n t a t i o n  t o  i n c i d e n t  1  i ght. 

L i g h t  i s  always l i m i t i n g  dur ing  some p a r t  o f  the  day i n  dense crop stands. 

Biomass produc t ion  can be increased by i nc reas ing  crop 1  i ght i n t e r c e p t i o n  and by 

reduc ing  wastefu l  r e s p i r a t i o n .  The 1982 y i e l d  r e s u l t s  support t h i  s  reasoning. 

Y ie lds  and presumably areal photosynthe t ic  e f f i c i e n c y  per u n i t  area o f  sea sur face 

were bo th  h ighes t  f o r  the  dense p l a n t i n g  treatment.  Dense row p l a n t i n g  might  reduce the  

amount of so l  ar r a d i  a t i  on which i s  now 1  os t  t o  open spaces i n  t he  crop canopy. 

Opt imal l i g h t  u t i l i z a t i o n  by a  crop occurs when t h e  incoming l i g h t  i s  d i s t r i b u t e d  

as evenly  as p o s s i b l e  over t h e  l a r g e s t  poss ib le  l e a f  area. Th i s  reduces t h e  

f r a c t i o n  o f  leaves exposed t o  i r r a d i  ances be1 ow compensation o r  above s a t u r a t i o n  

1  eve1 s  and m i  n im i  zes resp i  r a t o r y  1  osses. Maximum y i e l d s  a1 so r e q u i r e  t h a t  t h e  

lea f  area index o f  t he  crop be opt imized. Harvest depth and frequency may we l l  

e f f e c t  t h e  s i z e  of t h e  photosynthe t ic  u n i t s  i n  t he  blades. I f  the  crop i s  c u t  

back too  deeply or t oo  of ten,  t he  l e a f  area index would be reduced below i t s  

optimum and so la r  energy would be "wasted". If, however, enough canopy can be 

removed t o  e l i m i n a t e  the  shading o f  new and subsurface f ronds  w i thout  areal 

1  owering photosynthe t ic  e f f i c i e n c y  s i g n i f i c a n t l y ,  then y i e l d  should be enhanced. 

Proper o r i e n t a t i o n  o f  the  farm rows may increase t h e  i n t e r c e p t i o n  o f  l i g h t  by t h e  

crop. 

Changes i n  l i g h t  qua1 i t y  w i t h i n  t he  k e l p  canopy are s t i l l  p o o r l y  understood. 

L i g h t  w i t h i n  t h e  canopy may be enr iched i n  t he  non-photosynthe t ica l l y  a c t i v e  

reg ions  due t o  d i f f e r e n t i a l  t ransmiss ion by the  blades. The t e s t  r e s u l t s  a l so  

i n d i c a t e  t h a t  dense k e l p  beds reduce l a t e r a l  t ransmiss ion w i t h i n  t he  farm p l o t  

which may i n  t u r n  reduce day l e n g t h  i n  t he  lower p a r t s  o f  stand. S t r i p  harves t ing  

o f  a l t e r n a t e  rows a t  d i f f e r e n t  t imes cou ld  improve l i g h t  c l ima te  w h i l e  avoid ing 

dramat ic  reduc t ions  i n  t he  s i z e  of t he  crop. Frequent harves t ing  may a lso reduce 



morta l i ty  by decreasing drag forces  and tangling which contr ibute  t o  plant  loss  
pa r t i  cul a r l y  during storm periods. 

In order t o  ca lcu la te  the areal photosynthetic e f f i c iency  of the  Goleta Test Far111 
t e s t  plants,one would have t o  convert the  weights of the material harvested t o  energy 

equivalents and compare this  harvested energy w i t h  the amount of whole spectrum 
sol ar energy incident  on the  farm (1 acre surf ace). Based on kelp energy content 

7 of 1.7 x 10 BTU per DAFT of kelp, an incoming solar  f lux of 2.3 x 10'' BTU 

per acre, and harvested biomass yie lds  ranging from 2.88 DAFT/A-Y i n  the  

1 ow-densi t y  p lo t s  to  11.21 DAFTIA-Y i n  the  hi gh-densi t y  p lo t s ,  areal 
photosynthetic ef f ic iency under the t e s t  conditions was estimated t o  be in the 
range of 0.2 t o  0.8 percent. 

Plant production both in natural kelp beds and in the cul t ivated bed, appears 
to  track var ia t ions  in sol ar i r radi  ance ra ther  than nutr ient  concentrations 
(Figure 5.3-11). 

5.3.3.1 Temperature and Nutrients i n  1982 

Lowered water temperatures and elevated n i t r a t e  concentrations were 
coincidental i n  1982, natural enrichment occurring i n  1 a t e  March and again i n  

May. Current speeds a t  the GTF r a r e ly  exceeded 8 cm/sec. Vertical v i s i b i l i t y  was 
generally lower during the  January t o  April period and higher i n  summer, following 
the usual seasonal pat tern  (Appendix A ) .  

5.3.4 FOREIGN TECHNOLOGY ASSESSMENT 

Professor X.G. Fei of the I n s t i t u t e  of Oceanology, Quingdao, China continued 

his  work on the  e f f ec t s  of 1 i ght on kelp growth and development a t  UCSB. 
Professor Fei also par t ic ipated in  the SUNY, Stony Brook marine farming workshop, 
and i n  addition, spent two months working d i r e c t l y  with the  New York program t o  
produce seedstock and t o  help w i t h  planting. Professor C.K. Tseng from the 

Peoples Republic of China v i s i t ed  the  Goleta f a c i l i t y  on August 21 and August 23. 

NMI maintained contacts  w i t h  the Japanese Marine Biomass Program through 
formal and informal meetings and discussions w i t h  a number of Japanese marine 
s c i e n t i s t s .  

In May, Dr. Neushul was invited t o  give a seminar i n  Ensenada, Mexico, by the  

Sea Grant/Mexico program. In August, a te levis ion crew from Japan v i s i t ed  and 
made a t r i p  from Santa Barbara t o  the Goleta Test Fac i l i ty .  They also v i s i t ed  the  
p ie r ,  greenhouse, and laboratory f a c i l i t i e s  where they added t o  t h e i r  vi deo-taped 
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Figure 5.3-11. Seasonal Variation o f  Solar Irradiance, Surface Nitrate 
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footage. A program dea l ing  w i t h  mari  ne biomass fa rming was subsequently given f o r  

Japanese t e l e v i s i o n .  I n  November and December, NMI  had v i s i t s  f rom Dr. Amos 

Richmond o f  t h e  U n i v e r s i t y  o f  t h e  Negev, I s r a e l ,  and Nagahisa Uki  o f  t h e  Tohoku 

Regional F i s h e r i e s  Research Labora tory  i n  Shiogama, Japan. A1 1 o f  these v i s i t o r s  

p rov ided NMI w i t h  va luab le  i n fo rma t ion  on mar i  ne biomass programs and uses i n  

o ther  p a r t s  o f  the world. 
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TABLE 5.2-3. ENVIRONMENTAL DATA SUMMARIES FROM CONTINUOUSLY MONITORING SENSORS I N  THE HEMIDOME. 
INSOLAT ION VALUES REPRESENT MAXIMUM AND MINIMUM FOR EACH DAY BETWEEN APPROXIMATELY 0900 AND 1 6 0 0  HOURS 

UNLESS S P E C I F I E D  OTHERWISE UNDER REMARKS. A02 VALUES REPRESENT D A I L Y  INTEGRATED DIFFERENCES BETWEEN 
AN OUTFLOWING WATER SENSOR (NOS. 2 AND 3 )  AND THE S I N G L E  INFLOWING WATER SENSOR. ALL  DATES 

REPRESENT 1982. 

I n f l o w  O u t f  1 o w  I n s o l a t i o n  

Temp. OC Temp. OC 4 0 2  g m  2 n E / c m  s e c  

D a t e  M i n .  Max .  M i n .  Max .  2- 1 3- 1 Max .  M i n .  R e m a r k s  

A p r  1 5  
16 
1 7  
18 
19 
2 0  
2 1 
2 2  

> 
r 

2 3  
I 

t-' 
24 
2 5  
2 6  
2 7 
2 8 
29 
3 0  

M a y  1 
2 
3 
4 
6 
7 
8 

10-11 
1 2  
1 3  
1 4  
1 5  

I n s o l a t i o n  r e c o r d  b e g a n  a t  1330 hr 

I n f l o w  t e m p e r a t u r e  t o  1 3 3 0  h r  

O u t f l o w  t e m p e r a t u r e  b e g a n  a t  1 7 2 8  hr 

B e g a n  a t  1 5 0 0  hr 
B e g a n  a t  1 5 0 0  h r  



TABLE 5.2-3. ENVIRONMENTAL DATA SUMMARIES FROM CONTINUOUSLY MONITORING SENSORS I N  THE HEMIDOME. 
INSOLATION VALUES REPRESENT MAXIMUM AND MINIMUM FOR EACH DAY BETWEEN APPROXIMATELY 0900 AND 1600 HOURS 
UNLESS SPECIFIED OTHERWISE UNDER REMARKS. A02 VALUES REPRESENT DAILY INTEGRATED DIFFERENCES BETWEEN 

AN OUTFLOWXNG WATER SENSOR (NOS. 2 AND 3) AND THE SINGLE INFLOWING WATER SENSOR. ALL DATES 
REPRESENT 1982. (Cont ) 

I n f l o w  Out f low I n s o l a t i o n  

Temp. OC Temp. OC 0 0 2  gm 2 nE/cm sec 

Date Min. Max. Min. Max. 2- 1 3- 1 Max. Min. Remarks 

May 17 15.5 19.2 17.0 17.8 18047.2 8621.6 518 351 
18 15.0 17.7 17.2 17.6 23441.5 11029.4 540 161 
19 13.8 17.9 17.3 18.0 19521.8 10043.3 590 356 
20 15.5 17.8 17.4 17.7 - - - - 181 79 
21 17.3 17.6 17.2 17.5 - - - - 131 46 
22 16.9 17.1 17.1 17.2 - - - - 183 6 4 
23 16.7 17.4 16.9 17.3 - - - - 537 291 
24 16.4 16.8 16.8 17.1 - - - - 107 54 
25 16.5 16.8 16.8 16.8 1595.9 2394.5 189 9 1 
26 16.3 16.7 16.6 16.8 2759.2 3968.0 215 50 I n s o l a t i o n  maximum a t  1526 = 235 h r  
27 16.1 16.5 16.4 16.6 3077.2 4276.2 235 5 5 

P 28 16.3 17.8 16.4 17.6 4068.1 4474.9 653 222 
I 
IU 29 16.2 17.4 17.1 17.4 3324.7 2527.6 315 6 7 

30 17.2 17.9 17.3 18.0 2885.3 1067.0 551 386 
31 17.6 18.0 17.8 18.1 1341 .O 316.1 577 139 

June 1 17.5 18.0 17.7 18.3 3943.7 4736.5 527 409 
2 17.4 17.8 17.7 17.9 31 59.8 2722.3 257 87 I n s o l a t i o n  maximum ' a t  1526 = 330 h r  
3 17.2 26.0 17.7 27.1 3833.9 -2830.2 528 380 
4 17.4 21.1 17.7 20.2 -3.6 -1.3 553 142 
5 17.2 18.2 17.9 18.1 469.3 161.0 581 9 49 
6 17.1 18.2 17.7 18.1 53.7 -1488.3 523 147- 
7 17.4 18.0 17.6 18.0 -243.4 -1640.6 -- - - Began a t  1552 h r  
8 17.0 18.8 17.5 17.8 -1354.0 -2113.6 652 185 
9 16.4 18.0 17.4 18.1 -2430.4 -2934.0 543 244 

10 17.0 17.9 17.6 18.0 -555. 1 -832.5 642 195 
11 17.3 27.1 17.6 25.8 - - - - 613 140 
12 17.1 17.7 17.6 17.9 -- - - 449 5 2 
13 17.0 17.7 17.4 17.8 - - - - 613 178 
14 17.2 17.7 17.3 17.6 - - - - 497 3 2 
15 17.0 17.4 17.4 17.6 2197.6 1063.9 305 87 Stopped a t  1858 h r  
16 15.8 17.0 16.3 17.1 2811.9 -1387.3 232 162 B e g a n a t 1 2 5 6 h r  
17 16.9 17.3 17.1 17.3 3909.9 716.5 413 69 
18 16.6 17.1 17.1 17.3 3966.7 1915.8 363 5 3 
19 16.4 17.0 16.9 17.1 4709.9 3807.2 150 4 7 
20 16.9 17.4 17.1 17.4 4468.0 3650.1 145 24 



TABLE 5.2-3. ENVIRONMENTAL DATA SUMMARIES FROM CONTINUOUSLY MONITORING SENSORS I N  THE HEMIDOME. 
INSOLATION VALUES REPRESENT MAXIMUM AND MINIMUM FOR EACH DAY BETWEEN APPROXIMATELY 0900 AND 1600 HOURS 
UNLESS SPECIFIED OTHERWISE UNDER REMARKS. A02 VALUES REPRESENT DAILY INTEGRATED DIFFERENCES BETWEEN 

AN OUTFLOWING WATER SENSOR (NOS. 2 AND 3) AND THE SINGLE INFLOWING WATER SENSOR. ALL DATES 
REPRESENT 1982. (Cont ) - 

I n f l o w  O u t f  1 ow I n s o l a t i o n  

Temp. OC 
2 Temp. OC nE/crn sec 

Date Min. Max. Min. Max. Max. Min. Remarks 

June 21 16.6 17.3 17.2 17.3 150 
22 14.9 17.0 16.7 17.1 281 
23 13.9 16.6 16.1 16.9 219 
24 14.9 16.8 16.2 16.7 663 
25 15.8 17.4 16.7 17.6 617 
26 16.0 17.6 17.0 17.8 523 
27 15.1 17.6 17.1 17.6 704 
28 16.2 17.1 16.8 17.6 617 
29 15.7 17.1 17.0 17.6 775 
30 16.9 17.8 17.1 18.3 704 

z J u l y  1 16.4 18.3 17.7 18.8 521 
w 2 15.8 18.3 17.2 18.6 555 

3 16.2 17.7 17.5 17.8 305 

93 
42 I n s o l a t i o n  maximum a t y p i c a l ,  284 average maximum 

177 
215 
149 
167 
62 

1 88 
169 
21 4 

6 Record ended a t  1 022 h r  
297 Record began a t  1052 h r  
110 
111 
121 
133 
234 
296 
21 0 
115 
151 
166 
117 

71 
1 80 
179 
237 
299 
279 
271 
224 
192 
2 76 



TABLE 5.2-3. ENVIRONMENTAL DATA SUMMARIES FROM CONTINUOUSLY MONITORING SENSORS I N  THE HEMIDOME. 
INSOLAT ION VALUES REPRESENT MAXIFWM AND MIN IMUM FOR EACH DAY BETWEEN APPROXIMATELY 0900 AND 9600 HOURS 

UNLESS S P E C I F I E D  OTHERWISE UNDER REMARKS. A02 VALUES REPRESENT D A I L Y  INTEGRATED DIFFERENCES BETWEEN 
AN OUTFLOWING WATER SENSOR (NOS. 2 AND 3) AND THE SINGLE INFLOWING WATER SENSOR. A L L  DATES 

REPRESENT 1982. (Cont ) 
I n f l o w  O u t f l o w  I n s o l a t i o n  

Temp. OC Temp. OC nE/c rn  2 s e c  

D a t e  M i n .  Max .  M i n .  Max.  M a x .  Min. R e m a r k s  

July 26 
2 7 
28 
2 9 
30 
31 

Aug 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2 0 
2 1 
2 2 
23 
2 4 
2 5 
26 
27 
28 
29 

2 33 
237 
243 
2 54 
252 
21 0 
85 
99 

226 
2 37 
194 G a p i n  
154 
259 
134 
234 G a p  i n  
251 R e c o r d  
143 I n t a k e  

86 
103 
1 53 
42 

108 
249 
1 06 
231 
234 

record f r o m  0700 t o  1300 hr 

record f r o m  0900 t o  1300 hr 
b e g a n  a t  0927 hr 
p ipes  extended t o  ca. 15 rn depth 

216 G a p  f r o m  0557 t o  0947 hr 
203 

98 
73 R e c o r d  s t o p p e d  a t  0847 hr 

187 R e c o r d  b e g a n  a t  0 8 0 5  hr 
161 
200 
80 

197 



TABLE 5.2-3. ENVIRONMENTAL DATA SUMMARIES FROM CONTINUOUSLY M O N I T O R I N G  SENSORS I N  THE HEMIDOME. 
INSOLATION VALUES REPRESENT MAXIMUM AND MINIMUM FOR EACH DAY BETWEEN APPROXIMATELY 0900 AND 1600 HOURS 
UNLESS SPECIFIED OTHERWISE UNDER REMARKS. A02 VALUES REPRESENT DAILY INTEGRATED DIFFERENCES BETWEEN 

AN OUTFLOWING WATER SENSOR (NOS. 2 AND 3 )  AND THE SINGLE INFLOWING WATER SENSOR. ALL DATES 
REPRESENT 1982. (Cont ) 

In f low Outflow I nso la t i on  

Temp. OC 
2 Temp. OC nE/cm sec 

Date Min. Max. Min. Max. Max. Min. Remarks 

Aug 31 20.3 21.2 18.4 20.3 533 
Sept 1 20.1 20.9 18.2 20.0 523 

2 19.0 21.0 18.6 21.1 470 
3 20.3 21.5 19.1 21.1 518 
4 20.8 22.1 19.1 20.7 471 
5 18.8 21.4 18.9 19.9 478 
6 19.2 21.2 18.7 20.1 475 
7 20.1 21.1 19.6 20.2 494 
8 19.9 21.2 18.6 19.8 122 
9 20.0 21.1 17.6 19.7 533 

10 19.1 20.8 17.7 19.8 274 
D + 11 17.8 20.3 17.8 18.9 491 
I 
Ul 

12 19.9 20.7 18.2 19.5 549 
13 20.2 20.5 18.9 20.6 458 
14 20.3 20.5 18.7 20.5 482 
15 17.7 20.4 18.1 18.9 633 
16 99.6 20.0 18.7 20.0 549 
17 19.3 20.0 18.6 19.8 517 
18 19.6 20.3 18.5 20.1 554 
19 19.7 20.1 18.7 20.0 519 
20 16.9 20.3 18.5 18.8 460 
21 16.9 20.1 17.9 20.4 455 
22 19.3 20.3 19.5 20.4 460 
23 19.8 20.2 18.9 19.5 541 
24 18.6 20.2 18.6 20.7 508 
25 18.4 20.0 18.4 20.2 246 
26 18.5 20.2 18.4 20.2 580 
27 19.9 20.2 19.9 20.3 491 
28 19.3 19.8 19.0 19.6 380 

29 19.6 19.4 19.3 19.8 559 
30 19.6 19.8 19.4 20.4 422 

O c t  1 19.1 19.9 19.6 20.4 420 
2 19.0 20.0 19.6 20.4 433 

Record stopped 081 2, began 101 2 hr 

Gap i n  record from 0541 t o  0847 hr 

Gap i n  record a f t e r  2017 hr 
Gap i n  record from midnight  t o  0859 hr 

Temperatures erroneous from 1059 t o  1359 (read up t o  35') 

Gap i n  record from 0814 t o  1426 hr 

Gap i n  record from 0826 t o  1020 hr 

Gap i n  record from 0620 t o  0844 hr 
Gap i n  record a f t e r  1894 hr 
Gap i n  record from midnight  t o  1204 h r  
Gap i n  record from 1104 t o  1327 hr 

Gap i n  record a f t e r  1815 and from 0727 t o  1015 hr  
Gap i n  record from midnight  t o  0825 and a f t e r  0955 except 
f o r  1024 and 1801 h r  
Gap i n  record from midnight  t o  0924 and 1224 t o  1350 hr  
Gap i n  record from 1155 t o  1518 and from 0750 t o  1155hr 
Gap i n  record from 0518 t o  0751 hr  



TABLE 5.2-3. ENVIRONMENTAL DATA SUMMARIES FROM CONTINUOUSLY MONITORING SENSORS I N  THE HEMIDOME. 
INSOLATION VALUES REPRESENT MAXIMUM AND MINIMUM FOR EACH DAY BETWEEN APPROXIMATELY 0900 AND 1 6 0 0  HOURS 

UNLESS S P E C I F I E D  OTHERWISE UNDER REMARKS. A02 VALUES REPRESENT D A I L Y  INTEGRATED DIFFERENCES BETWEEN' 
AN OUTFLOWIMG WATER SENSOR (NOS. 2 AND 3) AND THE S INGLE  INFLOWING WAXER SENSOR. A L L  DATES 

REPRESENT 1 9 8 2 .  ( C o n t  ) 

l n f  low Outflow I nso la t i on  

Temp. OC 
2 Temp. OC nE/cm sec 

Date n .  Max. M i .  Max. Max. Min. Rema r k s 

Oct 3 19.3 19.8 
5 18.0 18.8 

14 19.5 20.1 
15 19.5 19.8 
16 19.4 19.8 
17 19.1 19.8 
18 19.3 19.8 
19 119.6 119.8 

504 41 Gap  i n  record a f t e r  1821 
414 272 Record began 0806, ended 1137 
347 41 Record began a t  1329 
433 39 
379 43 Record ended a t  1529 
400 32 Record began 0937, ended 2137 
390 33 Record began a t  0807 
397 34 Record ended a t  2037 



TABLE 5.2-4. D A I L Y  INTEGRATED INSOLAT ION I N  MILLIEINSTEINS/C~* RECORDED AT 
THE INSTRUMENT SHED ON THE HEMIDOME I N  BIG FISHERMAN COVE, CATALINA ISLAND, FROM 

MAY TO DECEMBER, 1982 

Day Month 

May June July August September October November December 



TABLE 5.2-5. CONCENTRATIONS OF MACRONUTRIENTS MEASURED FOR WATER SAMPLES FOR 
THE HEMIDOME AND SURROUNDINGS DURING 1982 

Hemi dome Hemidome I n t a k e  In take  Pt .  
Date 
(depth, m) AM NO3 ,LJM PO4 AM NH4 ,JJM NO3 pM PO4 IIM NH4 pM NO3 AM PO4 JJM NH4 

Feb 12 (0 )  
( 3 )  
(9 )  

Mar 9 (0 )  
( 3 )  
( 9  

Mar 11 (0 )  

( 3 )  
(9 )  

Mar 19 (0)  
( 3 )  
( 9 )  

Mar 25 ( 0 )  
( 3 )  
( 9  

Mar 31 (0 )  

(3 )  
(9 )  

A p r i l  5 ( 0 )  

( 3 )  
(9 )  

A p r i l  19 (0 )  
(3 )  
( 9 )  

A p r i l  21 (0 )  
(3 )  
( 9  

Ap r i  1 23 (0 )  
(3 )  
(9 )  

Ap r i  1 26 (0 )  
( 3 )  
(9 )  

A p r i l  29 (0 )  

May 3 i b i  
( 3 )  
( 9  



TABLE 5.2-5. CONCENTRATIONS OF MACRONUTRIENTS MEASURED FOR WATER SAMPLES FOR 
THE HEM1 DOME AND SURROUNDINGS DURING 1982 ( ~ o n t  ) 

Hemi dome Hemi dome I n t a  ke In take  P t .  
Date 
(depth, m) ,uM NO3 JIM PO4 ,uM NH4 JJM NO3 JIM PO4 JIM NH4 pM NO3 pM PO4 AM NH4 

May 6 ( 0 )  
(3 )  
( 9  

May 13 ( 0 )  
( 3 )  
(9  

17- ( 0 )  May 18 ( 3 )  

( 9 )  
May 21 ( 0 )  

( 3 )  
i 9 )  

May 24 ( 0 )  
(3 )  
( 9 )  

May 28 ( 0 )  
( 3 )  
( 9 )  

June 1 ( 0 )  
i 3 j  
( 9 )  

June 3 ( 0 )  
( 3 )  
( 9 )  

June 7 (0 )  
(3 )  
(9 )  

June 9 (0 )  
(3)  
( 9 )  

June 17 (0 )  
(3 )  
( 9 )  

June 21 ( o j  
(3 )  
(9 )  

June 23 ( 0 )  
(3)  

J u l y  13 19' 0 )  
( 3 )  
(1 2) 

J u l y  15 (0 )  
(3 )  
(12)  

J u l y  19 (0)  
(3)  
(12) 



TABLE 5.2-5. CONCENTRATIONS OF MACRONUTRIENTS MEASURED FOR WATER SAMPLES FOR 
THE HEMIDOME AND SURROUNDINGS DURING 1 9 8 2  ( C o n t  ) 

Hem i  dome Hemi dome In take I n t a k e  Pt. 
Date  

J u l y  2 0  ( 0 )  1.4 0 . 3 5  
( 3 )  
(12)  

J u l y  22 (0 )  4.8 0.78 

Aug 10 

Aug 12 

Aug 16 

Aug 1 8  

Aug 20 

Aug 22 

Aug 25 

Aug 27 

Aug 29 

S e p t  1 

Sept 3 



TABLE 5.2-5. CONCENTRATIONS OF MACRONUTRIENTS MEASURED FOR WATER SAMPLES FOR 
THE HEMIDOME AND SURROUNDINGS DURING 1982 (Cont  ) 

Herni dome 
Da te  
( d e p t h ,  m) p M  NO3 JJM POq AM NH4 

S e p t  5 (3)  
( 1 2 )  

S e p t  9 ( 3 )  
( 7 2 )  

S e p t  11 (3)  
( 1 2 )  

S e p t  1 2  ( 3 )  
( 12 )  

Hemi dome I n t a k e  I n t a k e  P t .  

JIM NO3 AM PO4 JJM NH4 PM NO3 JJM PO4 AM NH4 

0.2 0.32 
0.3 0.34 
0.3 0.33 
0.3 0.33 
0.3 0.34 
0.4 0.36 
0.5 0.24 
0.6 0.23 



TABLE 5 . 3 - 2 .  FIRST HARVEST YIELD DATA TABLES 

(September/October through December/January 1981) 

Shown i n  these tab les  are: Mean (Sample Number) Standard D e v i a t i o n  

Low 
Densi ty 

~ e d i  urn 
Densi ty 

Hiqh 
Dens i t y  

- - 
A, EXPER I M E N f  PARAMETERS, ASSWPTIONS, CALCULATIONS & CONSTANTS 

I n d f v l d u a l  P l a n t s  / SO. M 0.0625 0.25013 1.0000 
Square Meters / Ind. P l a n t  16 4 1 
Distance Retween Centers ( M I  4 2 1 
P l a n t s  / Acre (4,046.9 sq M) 252.9 1,011.7 4,046.1) 

Assumptfon: D r y  W t  / Wet W t  = 12.36% ( l f  t e r a t u r e  mean) 
A s s m ~ t f o n :  Dfy Ash-Free W t  / Dry W t  = 62.39% ( l i t e r a t u r e  mean) 
Cal c u l  a t i o n :  Dry Ash-Free W t  / Wet W t  = 7.71% 
Constant: K q / Short Ton = 907.18 

Conversion from qrn p roduc t i on  / day / p l a n t  t o  D r y  Ash-Free V t  / Acre / Year  
A s s m l  ng g mwth  i s  t h e  same I n  each q u a r t e r  o f  t he  y e a r  

Low Dens i ty  = ' 0.11078 
Medium Dens i ty  = 0.0314 
Hiqh Dens i ty  = 0.1255 

Conversion fm qm p m d u c t i o n  / day / p l a n t  t o  Dry Ash-Frve W t  / Acre / Year 
Assuming growth i s  p r o p o r t i o n a l  t o  s o l a r  f  r rad lance 

( W i n t e r  185.20, Spr ing  = 288.80, S u m e r  = 266.83, F a l l  = 160.70 W / sq. M I  
Low Densf ty  = 0.0109 
Medi urn Densi ty = 0.0440 

- H i g h  Dens i ty  = 0.1760 

B. FRONDS PER PLANT ( @  1M from tbe  bottom) 

Ctnter -Unfe  r t f l  d zed 
Edqe - U n f e r t i l i  zed 

- Sampl e-Unfe rt i  1 i zed 
T o t a l  - U n f e r t i l i z e d  

Cente r-Fe r t i  1 d zed 
Edge - F e r t i l i z e d  
Sampl e-Fe rti 1 i zed 
T o t a l  - F e r t i l i z e d  

To ta l  Center  
To ta l  Edge 
To ta l  Sample 
Tot  a1 



TABLE 5.3-2. F I R S T  HARVEST Y IELD DATA TABLES (Cont) 

Shown I n  t hew t a b l e s  arc: Mcan ISarnplc Number) S t a n d a r d  Deviation 

Low 
D e n s i t y  

Medl urn 
Densi  ty  

C. FROND DENSITY ( 0  1M f rom t h e  bo t tom)  
F ronds  / Sq M 

T o t a l  - U n f e r t i l  i zed 1.64 
T o t a l  - F e r t i l  i zed 1.66 
T o t a l  1.65 

0. BEGINNING HOLDFAST WET WEIGHT ( k g )  

C e n t e r - U n f e r t i l  i z e d  2.44( 79) 1.70 2.45( 64) 1.90 
Edge - U n f e r t f  1 i zed 2.59( 40) 1.35 2.55( 36) 1.44 
Sampl e-Unfe rti 1  i zed 1.44( 12) 0.78 1.46( 12) 0.65 
T o t a l  - U n f e r t f l  i zed 2.39(131) 1.56 2.371112) 1.69 

C e n t e r - F e r t i l  f  zed 2.64(  90) 1.46 2 . 6 ~  63) 1.34 
Edge - F e r t i l i z e d  2.591 40) 1.05 2.42( 37) 1.22 
Sarnpl e7Fe r t l l  i zed 1.38( 12) 1.21 1.49( 12) 1.05 
T o t a l  - F e r t i l i z e d  2.511132) 1.36 2.42(112) 1.30 

T o t a l  C e n t e r  2.54(159) 1.58 2.52(127) 1.64 
T o t a l  Edge 2.59( SO) 1.20 2.48( 73) 1.32 
T o t a l  Sanpl e  1.41( 24) 1.41 1.48( 24) 0.86 
T o t a l  2.45(263) 1.47 2.40(224) 1.50 

E. BEGINNING SUBSURFACE FRONDS WET WEIGHT (kg) 

C e n t e r - U n f e r t i l  i z e d  t5.58( 80) 6.84 14.9fl( 64) 5.94 
Edge - U n f e r t i l i z e d  13.58( 40) 5.80 15.83( 36) 5.58 
Sampl e - U n f e r t i l  i z e d  13,04( 12 1 4.84 12.92( 12) 6.37 
T o t a l  - U n f e r t i l i z e d  14,75(132) 6.43 14.99(112) 5.88 

C e n t e r - F e r t i l  i zed 13.52( 80) 7.03 14.RO( 63) 6.59 
Edge - F e r t i l i z e d  16.R8( 40) 7.38 14.31( 37) 4.83 
Sampl e-Fe rti 1 i zed 14.751 12) 6.04 16.21( 12) 5.21 
T o t a l  - F e t t i l i  zed 14.65(132) 7.17 14.79(112) 5.90 

T o t a l  C e n t e r  14.55(160) 7.00 14.85(127) 6.25 
T o t a l  Edge 15.23( 80) 6.80 15.06( 73) 5.24 
T o t a l  Sample 13.90( 24) 5.42 14.56( 24) 5.94 
T o t  a1 14.70(264) 6.50 14.89(224) 5.85 

Hiqh 
Densi  ty 



TABLE 5.3-2. FIRST HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these tab les  a r e :  Mean (Sample Number) Standard D e v i a t i o n  

Low 
Dens i ty  

Medi urn 
Densi t y  

High 
Dens i ty  

F. BEGINNING WET WEIGHT OF HOLDFAST AND SUBSURFACE FRONDS (kg) 

C e n t e r - U n f e r t i l i z e d  18.02( 80) 7.98 17.34( 64) 7.11 15.88( 671 6.56 
Edge - U n f e r t f l i z e d  16.17( 40) 6.73 18.35( 36) 6.56 15.47( 35) 6.90 
Sample-Unfer t i l i zed  14.48( 1215.43 14.38( 12) 6.61 14.50( 12) 5.75 
To ta l  - U n f e r t i l  I zed 17.14 (132) 7.47 17.36(112) 6.92 15.61 f 117 ) 6.56 

C e n t e r - F e r t i l  f  zed 16.16( 80) 7.96 17.40( 63) 7.50 15.47( 69) 8.26 
Edge - F e r t i l i z e d  19.47( 40) 7.93 16.73( 37) 4.87 17,31( 36) 6.82 
Sampl e-Fe rti 1  i zed 16.13( 12) 6.69 17.70( 12) 5.94 12.18( 12) 3.00 
T o t a l  - F e r t i l  1  zed 17.16(132) 7.94 17.21 (112) 6.54 15.70(117) 7.55 

To ta l  Center  17.09(160) 8.00 17.37(127) 7.28 15.67(136) 7.45 
To ta l  Edge 17.82( 00) 7.49 17.55( 73) 5.79 16.36( 74) 6.5R 
To ta l  Sample 15.30( 24) 6.01 16.04( 24) 6.38 13.34( 24) 4.64 
To ta l  17.15(264) 7.69 17.29(224) 6.72 15.65(234) 7.06 

G. BEGINNING BIOMASS DENSITY (Wet kg / Sq M) 

To ta l  - U n f e r t i l  i z e d  1.07 
T o t a l  - F e r t i l i z e d  1.07' 
To ta l  1.07 

H. WET WEIGHT OF HARVESTED MATERIAL PER PLANT (kg) 

Cen te r -Un fe r t i l  {zed 28.17( 78120.11 21.01( 63114.51 
Edge - U n f e r t i l i z e d  19.92( 39)13.90 16.92( 36111.26 
Sample-Unfer t i l  i z e d  16.65( 1 2 )  7.09 8.32( 12) 7.34 
T o t a l  - U n f e r t i l  f zed 24.60(129)18.04 18.31 (111)13.42 

Cente r-Fe tti 1 i zed 24.37( 50)16.93 15.74( 62)14.25 
Edge - F e e t 1  i zed 19.691 40)17.37 19.47( 37115.50 
Sampl e-Fe rti 1  i zed 14.37( 12)11.83 8.90( 12) 7.81 
T o t a l  - F e r t i l i z e d  22.04(132)16.88 16.24(111)14.38 

To ta l  Center  26.25(158)15.61 18.40(125)14.57 
To ta l  Edge 19.80( 79)15.65 18.21 ( 73 )13.54 
To ta l  Sample 15.51( 24) 9.61 8.61( 24) 7.42 
Tot  a1 23.31 (261 )17.48 17.28(222)13.92 



TABLE 5.3-2. FIRST HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these tab les  are: Mean (Sample Number) Standard D e v i a t i o n  

Low 
Densi t y  

Medi urn 
Densi ty 

High 
Densi ty 

I.  TIME BETWEEN HARVESTS (days)  

Cen te r -Un fe r t i l  i z e d  111.66( 79113.45 110.55( 62) 7.79 121.91 ( 67)  8.53 
Edge - U n f e r t i l i z e d  116.21( 39)13.78 110.29( 35) 8.21 115.58( 38) 7.90 
Sample-Unfertilized 90.25( 1 2 )  6.97 R8.08( 1 2 )  9.37 89.67( 12)lO. 73 
T o t a l  - U n f e r t i l i z e d  111.05(130)14.76 107.?9(109)10.67 l l 6 . 5 5 ( l l 7  )l2.8O 

C e n t e r - F e r t i l  i zed 111.65(80)12.06 116.14f 6 3 ) 7 . 2 1  121.62(68)10.74 
Edge - F e r t i l i z e d  116.35( 40118.57 122.08( 37)10.91 116.49( 35111.54 
Sampl o-Fe r t i  1  i zed 95.08( 12)  6.13 88.00( 12111.22 90.58( 1 2 )  8.18 
T o t a l  - F e r t f l  i zed 111.57 (132)15.02 115.09(112)13.28 116.82(115114.15 

To ta l  Center  111.65(159)12.73 113.37(125) 7.98 121.76(135) 9.67 
To ta l  Edge 116.28( 79116.28 116.35( 72111.31 116.01( 73) 9.76 
To ta l  Sampl e  92.67( 24) 6.88 88.04( 24)10.11 90.131 24) 9.35 
To ta l  111.31(262)14.86 111.59(221 112.55 116.68(232)13.46 

J. PROPORTION OF PLANTS THAT DIED AND PROPORTION OF PLANTS THAT D I D  
PRODUCE HARYESTABLE CANOPY (Reginni  ng Number / X Dead / 
% Producing Ha r ves tab le  Canopy 

C e n t e r - U n f e r t i l i z e d  78 / 2.6 / 94.9 63 / 5.0 / 93.7 67 / 11.9 / -  85.1 
Edge - U n f e r t f l l z e d  39 / 2.5 / 97.4 36 / 11.1 / 88.9 38 / 10.5 / 84.2 
Samp le -Un fe r t i l i zed  1 2 / 0 . 0 / 1 0 0 . 0  1 2 /  0 . 0 1 8 3 . 3  12 / 0 . O /  75.0 
T o t a l  - U n f e r t i l i z e d  129 / 2.3 / 96.1 111 / 6.3 / 90.2 117 / 10.3 / 83.8 

C e n t e r - F e r t f l i z e d  80 / 2.5 / 93.8 62 / 4.8 / 88.7 68 / 19.1 / 75.0 
Edqe - F e r t i l i z e d  4 0 1 5 . 0 1  90.0 3 7 1  2 . 7 1 8 6 . 5  3 5 /  5 . 7 1  82.9 
Samp le -Fe r t i l i zed  12 / 0.0 / 100.0 12 / 0.0 / 91.7 12 / 0.0 / 100.0 
T o t a l  - F e r t i l i z e d  132 / 3.0 / 93.2 111 / 3.6 / 88.3 115 / 13.0 / 80.0 

T o t a l  Center  158 / 2.5 / 94.3 125 / 4.8 / 91.2 135 / 15.6 / 80.0 
To ta l  Edge 7 9 / 3 . 8 /  93.7 7 3 1  6 . 8 / 8 7 . 7  7 3 / . 8 . 2 /  83.6 
To ta l  Sample 2 4 / 0 . 0 / 1 0 0 . 0  2 4 1  0 . 0 1 8 7 . 5  2 4 1  0 57.5 
To ta l  261 / 2.7 / 94.6 222 / 5.0 / 89.6 232 / 11.6 / 81.9 



TABLE 5.3-2. FIRST HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these t a b l e s  are:  Mean (Sample Number) Standard D e v i a t i o n  

Low 
Dens i t y  

Medi urn 
Densi ty 

Hiqh 
Dens! ty  

K -  AVERAGE WET WEIGHT PRODUCTION PER PLANT (gm / Day) 
I n c l u d i n q  All P l a n t s  

C e n t e r - U n f e r t i l i z e d  254.91 ( 78)174.63 192.25( 631136.84 115.49( 67)104.25 
Edge - U n f e r t i l i z e d  175.96( 391121.73 155.72( 361105.37 132.56( 381133.65 
Sampl e - U n f e r t i l i  zed 184.11 ( 12)  74.34 97.56( 1 2 )  85.51 P8.49( 121 83.64 
To ta l  - U n f e r t i l  i z e d  224.46(129)157.02 17O. l6 ( l l l ) l 2S .46  119.28(1171112.50 

C e n t e r - F e r t i l  !zed 217.81 ( 801143.10 134.98( 62 1120.86 91.99( 68)  92.42 
Edge - F e r t i l i z e d  l 76 . l6 (  401156.24 158.23( 371124.44 155.5?( 351122.35 
Sampl e - F e r t i l i z e d  151.03( 12 1122.U 102.47( 12 )  91.16 108.79( 12 )  58.79 
To ta l  - F e r t i l  i z e d  199.12(132)146.49 l 3 9 . 2 l ( l l l  1119.49 l l 3 . l O ( l l 5 ~ l C U . l 5  

T o t a l  Cen te r  236.13(1581160.02 163.84(125)131.82 103.65(135) 98.80 
T o t a l  Edqe 176.06( 791139.38 156.99( 73 1114.64 143.60( 73 1127.09 
To ta l  Sample 167.57( 241100.40 100.01f 24)  86.48 103.59( 24)  70.90 
T o t a l  211.64(261 )152.02 154.69(222)123.22 116.22(232)107.77 

L. BIOMASS YIELD (Wet grn / Sq M / Day) 

T o t a l  - U n f e r t i l i z e d  14.03 
T o t a l  - F e r t i l i z e d  12.45 
T o t a l  13.23 

M. BIOMASS YIELD (Wet k g  / Sq M / Year) 
Assuming g m w t h  i s  t h e  same I n  each q u a r t e r  o f  t h e  y e a r  

T o t a l  - U n f e r t i l i z e d  5.12 
T o t a l  - F e r t i i  i r e d  4.54 
T o t a l  4.83 

N. BIOMASS Y I E L D  (Wet kg / Sq M / Year) 
Assuminq g mwth i s  p rspn  r t f o n a l  t o  so l  a r  i r rad iance  

( W i n t e r  = 185.20, S p r i n g  = 288.80, Summer = 266.83, F a l l  = 160.70 W / sq. M) 

T o t a l  -Unfe r t i l  i zed 7.18 21.77 
T o t a l  - F e r t i l i z e d  6.37 17.81 
T o t a l  6.77 I 19.79 



TABLE 5.3-2. FIRST HARVEST YIELD DATA TABLES (Cont) 

Shown in these tables are: Mean (Sample Number) Standard Deviation 

Low Medi um 
Density Density 

High 
Density 

0. Average Wet Weight Procuction Per Plant (gm / Day) 
Including Only Those Plants that Produced Harvestable Canopy 

Center-Unferti 1 i zed 269.69 ( 74)168.57 2O5.28( 5 9 ) U l .  51 135.73( 5 7 ) l O d . ~ ~  
Edge -Unfertilized 180.59( 38)119.83 175.18( 32) 94.95 157.41( 32)131.45 
Sample-Unfertilized 184.11( 12)  74.34 117.07( 1U) 79.99 131.20( 9 )  63.12 
Total -Unfertilized 233.51(124)153.38 187.01(101)118.88 142.41(98)108.66 

Center-Fertilized 232.33( 75)135.80 152.16( 55)117.64 122.65( 51) 87.23 
Edge -Ferti 1 ized 195.74( 36)152.52 182.95( 32)115.39 187.78( 29)109.17 
Sample-Ferti 1 ized 151.03( 12)122.28 111.79( 11) 89.42 108.79( 12)  58.79 
Total -Fertilized 213.69(132)141.08 157.68( 98)115.11 141.37( 92) 96.37 

Total Center 250.39(149)153.52 179.65(114)127.29 1~Y.57(108) 94.W 
Total Edge 187.96( 74)135.98 179.07( 64)104.89 171.85( 61)121.34 
Total Sample 167.57( 24)100.40 i14.30( 21) 82.97 118.39( 21)  b2.78 
Tot a1 223.64(247)147.42 172.57(199)117.67 141.91(232)102.62 

P. MAXIMUM WET WEIGHT GROWTH D Y  ANY PLANT I N  THE TREATMENT 
(m / Day) 

Cente  r - U n f e r t i l  i zed 
Edqe -Unfe  rti 1 i zed 
Sampl e-UnfePt111 zed 
T o t a l  -Unfe  r t i 1  i z e d  

Cente  r - F e r t i 1  i zed 
Edge -Fe r t i  1 1 zed 
Sampl e-Fe rtll i zed 
T o t a l  -Fe rt i  1 I zed 

T o t a l  C e n t e r  
T o t a l  Edge 
T o t a l  Sample 
T o t a l  



TABLE 5.3-2. FIRST HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these t a b l e s  are: Mean (Sample Number) Standard D e v i a t i o n  

Low 
Densi t y  

Med I urn 
Densi t y  

Hiqh 
Densi t y  

Q. PROJECTED YIELD ( D r y  Ash-Fme Tons / Acre / Year) 
Based on the  Ahove Assumptions and t h a t  qmwth  i s  t he  
same each q u a r t e r  o f  the  y e a r  365 x p e r  Day Produc t ion  Rate 

Data f o r  A l l  P lan ts  

To ta l  - U n f e r t i l i  zed 1.75 
Tota l  - F e r t i l  fzed 1.55 
T o t a l  1.65 

Data f o r  Those P l a n t s  t h a t  Produced Harvestable Canopy 

T o t a l  - U n f e r t i l i z e d  
To ta l  -Fe r t l l  i zed 
T o t a l  

Data f o r  T'%e P l a n t  i n  t h e  Treatment w i t h  Maximum Growth 

T o t a l  - U n f e r t i l 1  zed 6.07 
To ta l  - F e r t i l i z e d  6.20 
T o t a l  6.20 

R. PROJECTED YIELD (Dry Ash-Free Tons / Acre / Year) 
Based on the  Above Assumptions and t ha t  qrowth Is 
p r o p o r t i o n a l  t o  s o l a r  i rrar l iance (17.83% i n  Fa1 1)  

Data f o r  A l l  P l a n t s  

T o t a l  - U n f e r t i l  I zed 2-45 
T o t a l  - F e r t i l i z e d  2.17 
T o t a l  2.31 

Data f o r  Those P l a n t s  t h a t  Produced Harves tab le  Canopy 

T o t a l  -Un fe r t l 11  zed 2.55 
T o t a l  - F e r t i  1  i zed 2.33 
T o t a l  2.44 

Data f o r  The P l a n t  f n  t he  Treatment w i t h  Maxfmm Growth 

T o t a l  - U n f e r t i l i z e d  8.49 
To ta l  -Fe r t i  1  i zed 8.66 
To ta l  8,66 



TABLE 5.3-2. FIRST HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these tab1 es are:  Mean ( S a m ~ l  e  Number) Standard D e v i a t i o n  

Low 
Dens i t y  

Medi urn 
D e n s i t y  

S. AVERAGE GROWTH RATE BASED ON BEGINNING TOTAL PLANT WEIG 
HARVEST WEIGHT (Exponent ia l ,  % / pay1 

C e n t e r - U n f e r t i l i  zed 0.816( 80)0.441 0.679( 6410.380 0.452 
Edge - U n f e r t i 1  i z e d  0.665( 40)Q. 392 0. 596( 3610.362 0.537 
Sampl e - U n f e r t i l  i zed 0.852( 12 )0.296 0.558 ( 12 10.431 0.487 
Tota l  - U n f e r t f l f z e d  0.773(132)0.414 O.639f 112)0.379 0.483 

Hiqh 
Dens i t y  

T AND 

67 )O. 302 
38 )O. 394 
12 )O. 347 

11710.338 

C e n t e r - F e r t i l i  zed 0.809 1 8010.396 0.522( 6310.392 0.415 ( 69 10.377 
Edge -Fe rt i 1 i zed 0.591 ( 4010. 430 0.568( 3710. 337 0.559( 36)0.380 
Sampl e-Fe rtil i zed 0.654 ( 12 )O. 360 0.459( 12)0.260 0.6391 1210.272 
Tota l  - F e r t i l  i z e d  O.729(132 10.413 0.5301112)0.361 0.482 (1171n.375 

To ta l  Center  0.812(160)0.418 0.601 (127 10.392 0.433 (136 10.342 
To ta l  Edge 0.628( 80)0.410 0. 5W ( 73 10.347 0.54R( 7410.385 
To ta l  Sample 0.753( 2410.338 0.505 ( 24 10.351 0.563 ( 24 10.315 
To ta l  0.751 (264)0.416 0.585(22410.373 0.483 (234)n. 357 

T. AVERAGE GROWTH RATE BASED ON BEGINNING SURSURFACE FRONDS WEIGHT 
AND HARVEST WEIGHT' (Exponent ia l  , % / Day) 

C e n t e r - U n f e r t i l  i zed 0.888[ 8010.477 0.743( 6410.410 0.504 ( 67 10.326 
Edge - U n f e r t i l i z e d  0.747( 4010.430 0.656( 3610.391 0 . 5 ~  3830.419 
Sampl e - U n f e r t i l  1  zed 0.916( 12 )1).320 0.612 ( 12 10.452 0,520 ( 12 )0. 369 
To ta l  -Unfe r t i l  i z e d  0.84Rf13210.453 0.701(112)0.409 0.532(11710.362 

C e n t e r - F e r t i l i  zed 0.908( 80)0.432 0.580 1 63 )O. 422 0.462 ( 69)O. 408 
Edge -Fe r t i  1 i zed 0.656( 40)0.473 0.642( 37)0.379 fl.6201 36)0.405 
Sampl e - F e r t i l  1  zed 0.694 ( 1210.383 0.489( 12 10.272 0.708( 1210.293 
T o t a l  - F e r t i l  i zed 0.912(132)0.454 0.591 (112 10.394 0.536(117)0,405 

To ta l  Center  0.89R(160)0.454 0.662 (127 10.422 0.483 (136 10,369 
To ta l  Edqe 0.701( 80)0.451 0.649( 73)0.382 0.601( 74)0.410 
To ta l  Sample 0.805 ( 24 10.363 0.550( 2410.376 0.614 ( 24 10,339 
T o t a l  0.830(264 )O. 453 0.646 (224 10.405 0.534(234 10,383 



TABLE 5.3-2. FIRST HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these tab les  a m :  Mean (Sample Numberl Standard Dev ia t i on  

Low 
Densi t v  

Medi urn 
Densi ty  

High 
Densi ty  

U. MAXIMW GROWTH RATE BY ANY PLANT I N  THE TREATMENT 
Growth Rate Based on Beqinning Subsurface Fronds Weight 
and Harvest Weight (Exponential ,  % / Day) 

Cente r-Unfe rti 1 i zed 1.932 
Edqe - U n f e r t i l i z e d  1.820 
Sampl e-Unfe r t f  1 i zed 1.622 
To ta l  - U n f e r t i l  i zed 1.932 

Cente r-Fe rti 1 i zed 
Edge - F e r t i l i z e d  
Sampl e-Fe r t i l  i zed 
To ta l  - F e r t f l i z e d  

Tota l  Center 
Tota l  Edge 
Tota l  Sample 
Tota l  



TABLE 5.3-3. SECOND HARVEST Y I E L D  DATA TABLES 

Shown i n  these tab les  are: Mean fSample Number) Standard Dev ia t i on  

Low 
Densi t y  

Medi um 
Dens i ty  

H i  qh 
Densi t y  

A. EXPERIMENT PARAMETERS, ASSUMPTIONS, CALCULATIONS R CONSTANTS 

I n d i v i d u a l  P lan ts  / sq. M n.0525 
Square Meters / Ind.  P l a n t  16 
Distance Between Centers fM) 4 
Plan ts  / Acre (4,046.9 sq M) 252.9 

Assumption: Dry W t  / Wst W t  = 12.36% ( l i t e r a t u r e  mean) 
Assumption: Dry Ash-Free W t  / Dry W t  = 62.39% ( l i t e r a t u r e  mean) 
Ca lcu la t i on :  Dry Ash-Free W t  / Wet. W t  = 7.719, 
Constant: K g  / Shor t  Ton = 907.19 

Conversion from m nroduc t ion  / day / p l a n t  t o  Dr.y Ash-Free W t  / Acre / Ysar 
Assuming qrowth i s  t he  same i n  each qua r te r  o f  t he  yea r  

Low Dens i ty  = 0. no78 
Medium Dens i ty  = 0.0314 
Hiqh Densi t.y = r1.1255 

Conversion from elm p roduc t ion  / day / p l a n t  t o  Dry Ash-Frw W t  / Acre / y e a r  
Assuming qrowth i s  p r o n o r t i  onal t o  so l  a r  i r r a d i  ance 

(W in te r  = 185.20, Spr ina  = 288.80, St~rrner = 266.83, Fa1 1  = 160.70 W / sq. M) 
Winter  Snr i  nq Summer Fa1 1  

Low Dens i ty  = 0. 0095 0. 0061 0.0066 0.0109 
Medium Dens i ty  = 0.0382 n. 0745 0.0265 n. n440 
High Dens i t y  = 0.1527 0.0979 0.1060 0.176n 

B -  TIME BETWEEN HARVESTS (days) 

Cen te r -Un fe r t i l  i z e d  112.51( 76)ll.W 114.381 60111.48 105.12( 57) 9.53 
Edqe - U n f e r t i l  i z o d  113.14( 37 110.98 110.89( 35113.25 106.24( 38) 9.58 
Samnle-Unfer t i l i zed  98.5nl 12) 5.81 ~ 6 . w  12114.70 105.58( 12113.85 
T o t a l  - U n f e r t i l i z e d  lll.35(125 111.37 lll.l3(lO7 113.54 105.53(117) 9.44 

Cen te r -Fe r t i  1  i zed 106.08f 7 7 )  7.9s 104.14( 571 9.31 95.93( 57) 9.57 
Edge - F e r t i l i z e d  106.39( 36) 8.39 102.09( 35110.43 103.29( 21) 9.45 
Sampl e - F e r t i  1  i zed 101.58I 12) 5.63 99.25(12)7.37 111.58(12)2.23 
T o t a l  - F e r t i l i z e d  105.74(125) 7.91 102.88(104) 9.05 101.63( 90) 9.85 



TABLE 5.3-3. SECOND HARVEST YIELD DATA TABLES (Cont)  

Shown i n  these t a b l e s  are:  Mean (Samnle Number) Standard D e v i a t i o n  

Low 
Dens i t y  

Medi urn 
D e n s i t y  

Hiqh 
ner ls i  t y  

C. WET WEIGHT OF HARVESTED MATERIAL PER PLANT (kg )  

C e n t e r - U n f e r t i l  i z e d  32.90( 80133.84 18.701 62122.62 9.n8( 66112.36 
Edge -Un fe r+ , i l i zed  1 6 . 8 2 ( 4 n ) 1 9 . 5 6  14.14 ( 35 116.92 10.74(  38112.77 
S m p l e - U n f e r t i l i z e d  12.35(  1 2 1 7 . 0 7  3.721 1 2 )  5.24 3.R4( 1 2 )  7.47 
T o t a l  - U n f e r t i l i z e d  26.16 (132 129.69 15.84(110)20.07 9.09(11611?.16 

C e n t e r - F e r t i  1  i zed 33.15( 79126.90 16.Q7( 63\19.69 9.44( 67\11.60 
Edae - F e r t i l i z e d  22.49( 40122.69 21.52( 37)21.97 13 .26(  34)20.63 
Sampl e - F e r t i  1 i zed 22.82( 12)25.31 10.16( 12124.27 5.7?( 1 2 )  4.90 
T o t a l  - F e r t i l i z e d  28.95(131)28.95 17.75(112)20.11 10.20(113)14.75 

T o t a l  Center  33.03(159)30.40 17.46(125)21.12 9.261133)11.Q4 
T o t a l  Edge 19.66(  R0121.24 17.88(  7 3 ) l q . M  11.93( 72116.86 
T o t a l  Sample 17.5Q( 2 4 ) l g . M  6.94( 24111.n2 4.541 2 4 )  9.08 
T o t a l  27.55(263)27.84 16.67 (222 120.07 9.64(229)13.44 

D- F90NDS PER PLANT ( n  1 M  from t h e  h o t t m  a t  t h e  end o f  t h e  
exner imenta l  arowth p e r i o d )  

C e n t e r - U n f e r t i l  i zed 31.56( 90)26.78 22.91( 64120.40 12.45( 67)12.15 
Edqe - U n f e r t i l  i z e d  20.90( 40)14.RQ 21 .56f  3611Q.02 14.74( 38)13.70 
S a m p l e - l f n f e r t i l i  zed 27.75( 12)16.06 21.17( 22110.03 10.58( 1 2 ) 1 3 . 9 ~  
T n t a l  - U n f e r t i l  f zsd 27.28(132123.31 21.21(112)19.31 1 3 . n 0 ( 1 1 7 ) 1 2 . ~ 1  

C e n t e r - F e r t i  1 i zed 30.80( 80)21.4Q 20.60( 63121.40 11.38( 69110.40 
Edqe - F e r t i  1  i zed 26.651 40123.87 24.49f 37116.18 15.20( 3511q.57 
Sampl e - F e r t i l  i zed 33.04( 12)17.85 18.00(  12117.32 12.0q( 12)12.81 
T o t a l  - F e r t i  1  i zed 2Q.75(132)21.58 21.61 (112!19.37 12.62(116)13.59 

T o t a l  Cen te r  31.19(160)24.20 2 1 . 7 ~ 2 7  120.85 ll.QO(136111.27 
T o t a l  Edqe 23.78( 40)1Q.39 2 3 . ~  7 3 ~ 6 0  15.0Ol 73116.10 
T o t a l  Sample 30.42( 24116.P2 1 4 . 5 8 t '  24114.28 11.29(  24113.14 
TO t a  1  28.87(264)22.43 ?1.41(224)1.9.3n 12.811233)13.18 

E -  FROND DENSITY ( 0  1 M  from t h e  bot tom a t  t h e  end o f  t h e  
Fronds / Sq M exoer imenta l  orowth p e r i  04) 
( September Frond Densi t i e s  shown i 0 parentheses)  

T o t a l  - U n f e r t i  1  i zed 1.71 (1 .64)  5.3n (6 .33)  13.nn ( 2 4 . n ~ )  
Tota! - F e r t i l  i zed 1.96 (1.66) 5.40 (6 .41)  12.62 (24.641 
Total  tm l i l f i v  5,35 1 6 , 3 7 )  12,al ( 2 4 , 3 3 1  



TABLE 5.3-3. SECOND HARVEST YIELD DATA TABLES (Cont)  

Shown i n  these t a b l e s  a re :  Mean (Sam01 e  Nrrnberl Standard D w i a t i o n  

Low 
Densi t y  

Medi urn 
9ens i  t y  

H igh  
n s n s i  t y  

--- - - -  - - - 

F. FRONDS HARVESTED PER PL4NT ( f r o n d s )  

C e n t e r - U n f e r t i  1  i zed 
Edge - U n f e r t i l i z e d  
Sampl e - U n f e r t i  1  i zed 
T o t a l  - U n f e r t i l i z e d  

C e n t e r - F e r t i  1 i z e d  
Edqe - F e r t i l  i zed 
Saripl e - F e r t i  1  i zed 
T o t a l  - F e r t i l i z e d  

T o t a l  Center  
T o t a l  Edqe 
T o t a l  S m n l e  
T o t a l  

G. WET WEIGHT HARVESTED PER FROND (Cq) 

C e n t e r - U n f e r t i  1  i zed l.R7( 80) 1.18 1.32( 621 0.96 
Edqe - U n f e r t i l  i zed 1.66( 40) 1.09 1.34( 36) 0.94 
Sampl e - U n f e r t i  1 i zed l.10( 12) 0.42 n.52( 12) 0.49 
T o t a l  - U o f e r t i l  i z e d  1.74(132) 1.12 1.24(110) 0.94 

C e n t e r - F e r t i  1  i zed 
Edge - F e r t i l  i zed 
Sampl e - F e r t i  1  i zed 
T o t a l  - F e r t i l i z e d  

T o t a l  Center  
T o t a l  Edge 
Tota! Sample 
T o t a l  



T A n L t  5.3-3. SECOND HARVEST Y I E L D  DATA TABLES (Cont) 

Shown i n  these t a h l  es are: !??an (Sample Nmher\ Standard D w i a t i o n  

Low 
Densi ty  

M ~ d i  urn Hi  qh 
Densi t y  Osnsi t.y 

H. PROPORTION OF PLANTS THAT DIED AND PROPORTION OF PLANTS THAT DID 
PRODUCE HARVESTABLE CANOPY (Beqinninq Nt~mher / % Dead / 
% Producinq Harvestable Can0o.y 

C ~ n t e r - U n f e r t i l i z e d  R O  / 11.3 / 85.0 
Edqe - U n f e r t i l i z e d  40 / 7.5 / 87.5 
S a r n ~ l e - U n f e r t i l i z e d  12 / 8.3 / 100.0 
To ta l  - U n f e r t i l i z e d  132 / 9.8 / 91.7 

C e n t e r - F e r t i l  i zed  79 / 11.4 / R5.4 
Edqe - F e r t i l i z e d  40 / 20.0 / 80.0 
Sample-Fer t i l i zed  1 2 /  0 . 0 / 1 0 0 . 0  
T o t a l  - F e r t i l i z e d  131 / 13.0 / S7.0 

Tota l  Center 1 / 11.3 / 96.8 
To ta l  Edoe 80 / 13.9 / 83.8 
To ta l  Samole 24 / 4.2 / 95.5 
Tota l  263 / 11.4 / 86.7 

I .  AVERAGE WET WEIGHT PRODUCTION PER PLANT (gm / Day) 
I n c l  udinq A1 1  P lan ts  

C e n t e r - U n f e r t i l i z e d  297.99( 78)3n0.30 168.40( 61 )2O0.66 44.?8( 6t)113.818 
Edqe - U n f e r t i l  i z e d  l 5 7 . l 0 (  38)190.34 11q.R31 35)145.70 102.14( 39)120.2A 
Sample-Unfer t i l i zed  126.47( 12)  80.09 41.49( 12 )  57.33 36.31( 1 2 )  66.7? 
Tota l  - U n f e r t i l i z e d  240.08(1281266.69 138.56(108)177.03 85.17(116)112.54 

C e n t e r - F e r t i l  i z e d  310.38( 78)254.26 162.60( 63 )l8!i.Q3 96.05( 67)116.W 
Edqe - F e r t i l i z e d  210.37( 391206.21 205.19( 371199.05 116.54( 33 ) lR l .W 
Sampl e - F e r t i l  i z e d  224.63( 12)250.00 105.50( 12)150.51 52.45( 12)  81.02 
Tota l  - F e r t i l i z e d  272.1.7(129)243.?1 170.55(112)197.87 q7.42(112\136.36 

To ta l  Center 304.18(156)277.40 165.47(124)192.55 90.21(133)114.58 
Tota l  Edqe 184.OR( 77)189.n4 163.69( 72)179.17 108.P41 711151.12 
To ta l  Sample 1 7 5 . ~  241188.34 73.49( 241116.n8 44.40( 24) 73.05 
To t a  1  256.19(257)255.15 154.R5(220)182.92 41.19[228)124.69 

J. BIOMASS YIELD (Wet qm / Sq M / Day) 
(December Numbers i n  Parentheses) 

To ta l  - U n f e r t i l i z e d  15.01 (14.03) 34.64 (42.54) 85.17 ( l l ? . ?R)  
Tota l  - F e r t i l i z e d  27.01 (12.45) 42.64 ( 3 4 . ~  97.42 (113.1'7) 
Total  16.01 (13.23) 38.71 (38.67) 91.19 (116.22) 



TABLE 5.3-3. SECOND HARVEST YIELD DATA TABLES (Cont)  

Shown i n  t h e s e  t a h l e s  a r e :  Mean (Sample N m h e r )  S t a n d a r d  Devia t ion  

Low 
Qens i  t v  

Medi urn 
Dsnsi t y  

H i  gh 
Dens i ty  

K. BIOMASS YIELD (Wet kg / Sq M / Year) 
Assuminq qrowth is  the same i n  each a u a r t e r  of t h e  y e a r  

(December Numbers i n  P a r e n t h e s e s )  

To ta l  - U n f e r t i  1 i zed 5.68 15.12) 1.2.64 (15 .53)  31.09 (43 .54)  
T o t a l  - F e r t i l i z e d  6.21 (4 .54)  15.56 (12.70)  35.56 (41 .28)  
Total  5.84 (4 .P3)  14.13 (14 .11)  33.78 (43.43)  

L.  BIOMASS YIELD (Wet kg / Sa M / Year) 
Assuminq qrowth i s  ~ r o p o r t i o n a l  t o  so l  ar i r r a d i a n c e  

( W i n t e r  = 185.20,  S p r i n q  = 288.80, Summer = 266.83, F a l l  = 160.70 W / sq .  M I  
(December Numbers i n  P a r e n t h e s e s )  

T o t a l  - U n f e r t i l  i zed 6.67 (7 .18)  15.38 (21.77)  37.84 ( 6 1 . r ~  
Tota l  - F e r t i l  i z e d  7.56 (6 .37)  18.94 (17.81)  43.28 (57.88)  
To ta l  7.11 (6 .77)  17.20 (19.79)  40.59 (59.48)  

M. AVERAGE WET WEIGHT PRODUCTION PER PLANT (an / Day) 
I n c l  urlinq On1 y Those Pl a n t s  t h a t  Produced Harves tah l  e Canopy 

C e n t e r - U n f e r t i l i z e d  352.17( 66 l295.72 2fl9.64( 49)203.73 123.61 ( 4 5 ) l l R . l l  
Edqe - U n f e r t i l  i z e d  180.91 ( 33)193.52 139.80( 30)148.32 143.76( 271119.91 
Sample-Unfer t i l  i z e d  137.95( 1 1 )  72.89 71.12( 71 59.73 62.25( 7 )  79.23 
Total - U n f e r t i l  i z e d  279.37(11n)267.95 174.00( 56)182.24 125.n6( 7a)116.71 

C e n t e r - F e r t i l i z e d  350.87( 691242.47 200.56( 51 1187.15 143.01 1 451116.14 
Edue - F e r t i l  i z e d  264.66( 31 W 7 . 5 2  223.29( 3 V l W  .63 ?13.66( 18)2nn.91 
Sample -Fer t i l  i z e d  224.63( 12 )25O.O0 126.60( 10)157.22 62.98( 101 85.38 
Tota l  - F e r t i l i z e d  313.48(112)234.83 201 .n7(  95)1R9.36 149.47( 731144.15 

Tota l  Cen te r  351.50(135)268.81 205.17(10fl)194.51 133.31( 90)116.88 
Tota l  Edqe 722.47( 541198.44 184.151 64)17Q.86 171.72( 45)159.n3 
T o t a l  Sample 183.17(  23)188.74 103.75( 171126.63 62.65(  1 7 )  80.34 
T o t a l  296.58(222)251.79 lR8.?1(lR11185.46 136.7f3(152)130.75 



TABLE 5.3-3. SECOND HARVEST YIELD DATA TABLES (Cont)  

Shown i n  these tab les  are: Mean (Sarnole Number) Standard Dev ia t i on  

Low 
Densi ty  

Medi urn 
Dens: t y  

Hiqh 
Dens i ty  

N. M A X I M U 4  WET WEIGHT GROWTH BY ANY PLANT I N  THE TREATMENT 
(m / Day) 

Cen te r -Un fe r t i l  i zed 1,526.77 1,042.04 
Edqe - U n f e r t i  1  i zed 841.55 515.00 
Sampl e - U n f e r t i l  i zed 245.65 174.32 
To ta l  -Un fe r t i  1  i zed 1,526.77 1,042.94 

C e n t e r - F e r t i l  i zed 1,033.54 
Edqe - F e r t i l  i z o d  761. Cl6 
Sampl e - F e r t i l  i zed 935.29 
To ta l  - F e r t i  1  i zed 1,033.54 

To ta l  C ~ n t e r  
To ta l  Edse 
To ta l  Sample 
Tnta l  

0. PROJECTED YIELD (Dry Ash-Free Tons / Acre / Year) 
Rased on the Above Assumptions and t h a t  ornwth i s  the  
same each oua r te r  o f  the  yea r  365 x  per  Day Product ion Rate 
(Oecember Nrrrnbers i n  Parentheses) 

Data f o r  A l l  P lan ts  

To ta l  - U n f e r t i l  i zed 1.87 (1.75) 4.35 (5.34) ln .69 (14.97) 
T o t a l  - F e r t i l i z e d  2.12 (1.55) 5.36 (4.37) 12.23 (14.191 
Tota l  ?.On (1.65) 4.86 frl.R.5) 11.44 (14.59) 

Data f o r  Those P lan ts  t h a t  Produced H a r v ~ s t a b l e  Canony 

Tota l  - U n f e r t i  1  i zed 2.18 (1.82) 5.46 (5.87) 15.70 (17.87) 
T o t a l  - F e r t i l i z e d  2.45 (1.67) 6.31 ( 4 . 9 5 )  18.76 (17.74) 
To ta l  2.31 (1.74) 5.91 ( 5 . 4 2 )  17.17 (17.51 1 

Data f o r  The P lan t  i n  t he  Treatment w i t h  Maximllm Growth 

To ta l  - U n f e r t i l  i z ~ d  11.91 (6.n71 32.72 (18.45) 61.75 (63.62) 
To ta l  - F e r t i l  i zed 8.06 (6.20) 28.39 (16.66) 106.72 (53.55) 
~ o t a l  11.91 (6.20) 22.72 (18.45) m . 7 2  (63.62) 



TABLE 5.3-3. SECOND HARVEST Y I E L D  DATA TABLES (Cont)  

Shown i n  t h e s e  t a b l e s  a r e :  Mean ( S a n l ~ l e  Number) S t a n d a r d  D e v i a t i o n  

Low 
W n s i  t y  

Medi urn 
Dsnsi  ty 

P. PROJECTED YIELD (Dry Ash-Free Tons / Acre / Year)  
Rased on t h e  Ahove Assumptians and t h a t  a rowth i s  
p r o p o r t i o n a l  t o  s o l a r  i r r a d i a n c e  (20.54% i n  Winter, 
32.03% i n  S p r i n g ,  29.6n% i n  S u m e r  and 17.83% i n  F a l l )  
(December Numbers i n  P a r e n t h e s e s )  

D a t a  f o r  All P l a n t s  

T o t a l  - U n f e r t i l i z e d  2.28 (2.45) 5.29 (7.49) 13.01 (20.99) 
Tota l  - F s r t i  1 i zed 2.59 (2.17) 6.52 (6.133 14.88 119.91) 
T o t  a1 2.43 (2.31) 5.92 (6.131) 13.9? (20.45) 

Data f o r  Those P l a n t s  t h a t  Produced H a r v e s t a b l e  Canopy 

T o t a l  - U n f e r t i l i z e d  2.65 (2.55) 6.65 (8.23) 19.10 (25.061 
T o t a l  - F e r t i  l i zed 3.98 12.33) 7.68 16.94) 22.82 (24.W) 
T o t a l  2.82 (2.443 7.19 (7.591 2n.89 WVW) 

Data f o r  The P l a n t  i n  the  T r e a t m ~ n t  w i t h  Maxiqum Growth 

T o t a l  - U n f e r t i l i z e d  14.50 (8.49) 39.81. (25.85) 75.13 18Q.22) 
T o t a l  - F e r t i  1 i zed 9.82 (8.66) 34.43 (23.341, l2Q.M (75.ln) 
T o t a l  14.50 (8.66) 39.81 (25.85) 129.85 (89.22) 



TABLE 5.3-4. THIRD HARVEST Y I E L D  DATA TABLES 
( M a r c h / A ~ r i  1 through June/Jul y 1982) 

Shown i n  these tab les  are: Mean (Sample Number) Staodard Dev ia t ion  

Low Medi urn High 
Dens i ty  Dens i ty  Densi ty  

A *  EXPERIMENT PARAMETERS, ASSUMPTIONS, CALCULATIONS X CONSTANTS 

I n d i v i d u a l  P lan ts  / sq. M 0.0625 
Square Meters / Ind. P l a n t  16 
Dis tance Retween Centers (M) 4 
P lan ts  / Acre (4,046.9 sq M) 252.9 

Assumpti on: Dry W t  / Wet W t  = 12.36% ( 1  i t e r a t u r e  mean) 
Assumption: Dry Ash-Free W t  / Dry W t  = 62.39% ( 1  i t e r a t u r e  mean) 
Ca lcu la t i on :  Dry Ash-Free W t  / Wet W t  = 7.71% 
Constant: K!J / Short  Ton = 907.18 

Conversion from gm produc t ion  / day / p l a n t  t o  Dry Ash-Free W t  / Acre / Year 
Assurninq qrowth i s  the same i n  each qua r te r  o f  the  year  

Low Dens i ty  = 0.0079 
Medi urn Dens i ty  = 0.0314 
High Dens i ty  = 0.1255 

Conversion from qm produc t ion  / day / p l a n t  t o  Dry Ash-Free W t  / Acre / Year 
Assuming qrowth i s  p rooo r t i ona l  t o  so l  a r  i r r a d i a n c e  

(W in te r  = 185.20, Spr ing  = 288.80, Summer = 266.83, Fa1 1 = 160.70 W / sq. M) 
Winter Spr i  ng Summer Fa1 1 

Low Densi ty  = 0.0095 0.0061 0.0066 0.0109 
Medium Densi ty  = 0.0382 0.0245 0.0265 0.0440 
High Dens i ty  = 0.1527 0.0979 0.1060 0.1760 

B. TIME RETMEEN HARVESTS (days) 

Cen te r -Un fe r t i l  i zed 
Edge - U n f e r t i l  i zed 
Tota l  - U n f e r t i  1 i zed 

Cen te r -Fe r t i l  i zed 
Edge - F e r t i l i z e d  
T o t a l  - F e r t i l  i zed 

Tota l  Center 
To ta l  Edge 
Tota l  



TABLE 5.3-4. THIRD HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these tab1 es are: Mean (Sample Number) Standard Dev ia t i on  

Low Medi um 
Dens i ty  Dens i ty  

High 
Dens i ty  

C. WET WEIGHT OF HARVESTED MATERIAL PER PLANT (kg) 

Center -Unfer t i  1 i zed 54.41 ( 85 )36.13 26.51( 65)23.38 11.48( 73112.23 
Edge - U n f e r t i l i z e d  31.98( 41122.93 33.68( 39)30.78 14.29( 40114.46 
To ta l  - U n f e r t i l  i z e d  47.11 (126134.02 28.97(104)26.46 12.26(113)13.06 

Cen te r -Fe r t i l  i zed 49.91( 80130.95 25.69( 65123.17 7.81( 72) 9.52 
Edge - F e r t i  1  i zed 41.20( 43)31.65 30.98( 40)22.28 20.23( 40116.34 
T o t a l  - F e r t i l  i zed 46.48(123131.50 27.54(105122.83 12.24(112 113.69 

Tota l  Center 52.23(165)33.69 26.10(130)23.19 9.66(145)11.08 
Tota l  Edge 36.70( 84)27,96 32.31( 79126.67 17.27( 80115.62 
To ta l  46.80 (249 132.73 28,25(209)24.65 12.25(225)13.34 

D. FRONDS PER PLANT (8 1M from the  bottom a t  the  end o f  t h e  
experimental  growth pe r i od )  

C e n t e r - U n f e r t i l i z e d  44.66( 86126.29 30.72( 65)23.59 15.47( 73)12.10 
Edge - U n f e r t i l  i z e d  32.02( 41120.31 31.92( 39122.56 20.80( 40116.31 
T o t a l  - U n f e r t i l i z e d  40,58(127)25.14 30.97 (104)23.08 17.15(113113.87 

Center -Fer t i  1  i zed 41.91( 81123.93 28.55( 65)22.45 13.68( 72110.40 
Edge - F e r t i l  i zed 39.93( 43)25.07 34.60( 40)21.30 24.30( 40)17.48 
To ta l  - F e r t i  1  i zed 40.90(124124.43 30.82(105122.01 17.47(112114.24 

To ta l  Center 43.33(167125.13 29.64(130)22.96 14.58(145)11.29 
Tota l  Edqe 36.07( 84136.07 33.28( 79121.83 22.55( 80116.88 
To ta l  40.74(251)24.74 30.90(211)22.50 17.31 (227114.02 

E. FROND DENSITY (8 1M from the  bottom a t  t h e  end of t he  
Fronds / Sq M experimental  growth pe r i od )  
(September / March / June) 

T o t a l  - U n f e r t i l i z e d  1.64/ 1.711 2.54 6.331 5.30/ 7.74 24.02/ 13.001 17.15 
T o t a l  - F e r t i l i z e d  1.66/ 1.86/ 2.56 6.411 5.40/ 7.71 24.641 12.621 17.47 
To ta l  1.65/ 1.80/ 2.55 6.37/ 5.35/ 7.73 24.33/ 12.81/ 17.31 



TABLE 5.3- 4. THIRD HARVEST 

- -  

YIELD DATA TABLES (Cont) 

Shown i n  these tab les  are: Mean (Sample Number) Standard ~ e v i a t i o n  

Low Medi urn High 
Densi ty Dens i ty  Densi ty  

F. FRONDS HARVESTED PER PLANT ( f ronds)  

Cen te r -Un fe r t i l  i zed  22.90( 86)15. 59 14.91 ( 65)12.42 
Edge - U n f e r t i l i z e d  14.46( 41)10.03 16.74( 39113.61 
Tota l  - U n f e r t i l  i z e d  20.17(127)14.55 15.49(104)12.83 

Cen te r -Fe r t i l  i zed 24.15( 81 116.67 16.45( 65)14.45 
Edge - F e r t i l i z e d  21.91( 43)15.94 18.08( 40113.40 
To ta l  - F e r t i l i z e d  23.18(124)16.46 16.96(105)13.99 

Tota l  Center 23.50(167)16.09 15.68(130)13.44 
Tota l  Edge 18.27( 84)13.82 17.42( 79)13.43 
To ta l  21.67(251 )15.57 16.23(209)13.41 

G. WET WEIGHT HARVESTED PER FROND (kg )  
Only f o r  those p l a n t s  producing harvestabl  e canopy 

Cen te r -Un fe r t i l  i zed 2.41( 84) 0.66 1.88( 60) 1.33 1.54( 59) 0.78 
Edge - U n f e r t i  1  i zed 2.2R( 39) 0.80 1.98( 36) 0.95 1.56( 29) 0.56 
T o t a l  - U n f e r t i l  i zed 2.37(123) 0.71 1.91( 96) 1.19 1.53( 88) 0.72 

C e n t e r - F e r t i l  i z e d  2.13( 76) 0.60 1.73( 63) 1.06 1.17( 55) 0.60 
Edge - F e r t i l  i zed 1.95( 41) 0.80 1.74( 38) 0.54 1.53( 35) 0.52 
Tota l  - F e r t i  1  i zed 2.07(117) 0.68 1.73(101) 0.89 1.31( 90) 0.60 

Tota l  Center 2.28(160) 0.65 1.80(123) 1.19 1.36(114) 0.72 
Tota l  Edge 2.11( 80) 0.81 1.85( 74)  0.77 1.55( 64) 0.54 
To t  a1 2.22(240) 0.71 1.82(197) 1.05 1.42(178) 0.67 



TABLE 5.3-4. THIRD HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these t a b l e s  a re :  Mean (Sample Number) Standard D e v i a t i o n  

Low 
Dens i t y  

Medi um High 
Dens i t y  Dens i t y  

H. AVERAGE WET WEIGHT PRODUCTION PER PLANT (gm / Day) 
I n c l u d i n g  A1 1 P l a n t s  

C e n t e r - U n f e r t i l i z e d  668.81( 841441.07 334.68( 631282.39 149.96( 731157.69 
Edge - U n f e r t i l  i z e d  397.66( 4O)282 .86 390.32( 38)339.29 186.87( 40)185.48 
T o t a l  - U n f e r t i l i z e d  581.34(124)415.75 352.54(101)304.65 160.21(113)168.03 

C e n t e r - F e r t i l  i z e d  679.41 ( 791414.75 365.18( 651320.58 120.40( 72 ) l48.02 
Edge - F e r t i l i z e d  558.32( 431429.62 414.35( 40)287.07 308.33( 381246.17 
T o t a l  - F e r t i l  i z e d  631.56(122 1424.45 381.21 (lO5)307.56 185.32(l lO)207.12 

T o t a l  Center  673.95(163)427.23 350.17 (128)301.59 135.28(145)153.15 
T o t a l  Edge 480.89( 831372.98 402.65( 781311.77 246.04( 78)224.23 
T o t a l  606.35(2461420.00 367.15(206)305.74 172.49(225)188.16 

1- PROJECTED YIELD (Dry Ash-Free Tons 1 Acre / Year) 
Based on t h e  Above Assumptions and t h a t  growth i s  t h e  
same each q u a r t e r  of t he  y e a r  365 x p e r  Day Produc t ion  Rate 
(December / March / June) 

Data f o r  A l l  P l a n t s  

T o t a l  - U n f e r t i l i z e d  1.751 1.871 4.53 5.341 4.35111.07 14.971 10.69/20.11 
T o t a l  - F e r t i l i z e d  1.55/ 2.121 4.93 4.371 5.361 9.66 14.191 12.23123.26 
T o t a l  1.651 2.001 4.73 4.851 4.86111.53 14.591 11.44123.61 



TABLE 5.3-5. FOURTH HARVEST Y IELD DATA TABLES 

I l l nne /J~ r l  y throuoh September 1082) 

Shown i n  these tab les  are: Mean (Samnle N l lmb~r )  Standard Dev ia t i on  

Low 
Densi t.y ' 

Medi um 
Dens i ty  

A. EXPERIMENT PARAYETERS, ASSUMPTIONS, CALCULATIONS & CONSTANTS 

I n d i v i d u a l  P lan ts  / s q .  Y 0.0625 0. 2500 1. nn00 
Square Meters / Ind. P l a n t  16 4 1 
Distance Between Centers (M) 4 2 1 
Plan ts  / Acre (4,n46.9 sq M) 752.9 l,nll.7 4,046.9 

Assumotion: r)ry 'Jt. / Wet W t .  = 12.36% ( 1  i t x r a  t u r e  mean) 
Assmot ion :  Dry Ash-Free W t  / n r y  W t  = 62.39% ( l i t e r a t u r e  mean) 
C a l c u l a t i o n :  Dry 4sh-Fres W t  / Wet Wt = 7.71% 
Constant: K (I / Short  Ton = P07.18 

Conversion from qm produc t ion  / day / p l a n t  t o  n r y  Ash-Free W t  1 4cre / Year 
Assmino qrowth i s  the  same i n  each q u a r t e r  of  t he  year  

Low Pens1t.v = fl .on78 
Medium Dens i ty  = .- 0.0314 
Hiqh n e n s i t y  = 0.1355 

Conversion from cn produc t ion  / day / p l a n t  t o  Dry Ash-Free W t  / Acre / Year 
Assumins growth i s  n ropo r t i ona l  t o  s o l a r  i r r a d i a n c e  

(W in te r  = 185.20, Spr ina = 288.80, Sumer  = 266.83, F a l l  = 160.70 W / sq. M)  
Winter  Sprf ng Summer Fa1 1 

LOW Dens i ty  = n. on95 0.0061 (3.0066 0.0109 
Medium Dens i ty  = 0. 0382 0.0245 fl.0265 0, 0440 
High Dens i ty  = 0.1577 0. 0 9 7 ~  0.1060 . n. 1760 

B. T IME RETWEEN HARVESTS (days) 

Cen te r -Un fs r t i l  i zed 
Edge - U n f e r t i l i z e d  
Samol e - U n f e r t i l  i z e d  
To ta l  - U n f e r t i l i z e d  

C e n t e r - F e r t i l  i z o d  
Edqe - F e r t i l i z e d  
Sarnol e-Fert,i 1 i zed 
T o t a l  -Fertfliz~d 

Tota l  Center 
Tota l  Edge 
Tota l  S a m ~ l e  
T o t a l  

77.61 (177) 5.77 
77 .36 (  R l )  4.96 
~ 3 . ~ 1  R) 0.76 
7 7 . 7 1 ( 2 6 1 )  5 ,16  , 



TABLE 5.3-5. FOURTH HARVEST YIELD DATA TABLES (Cont)  

Show0 i n  these t a b l e s  a re :  W a n  (Samnle Number) Standard D e v i a t i o n  

Low 
W n s i  t y  

Medi urn 
D e n s i t y  

H iqh  
W n s i  ty 

C. WET WEIGHT OF HARVESTEn MATE914L PER PLANT ( k g )  

C ~ n t ~ r - U n f e r t i l  i z e d  18.85( 96 12n.86 6.69( 6 6 )  9.84 
Edge - U n f e r t i l i z e d  12.67( 42113.55 11.05( 42112.38 
Samnle- lJnfer t i1  i z e d  1 1 . 6 .  ( 4 )  7 . 3 2  0.93( 41 1.31 
T o t a l  - U n f e r t i l i z e d  16.66(13211P.71 8.12(112)10.43 

C e n t ~ r - F e r t i  1  i zed 26.28( 9612Q.78 1 4 . ~ 3 (  65)14.17 
Edqe - F e r t i l  i zed 20.48( 4211Q.31 20.00( 42114.62 
?amp1 e - F e r t i  1  i zed 8.09( 4 )  3.71 1.94( 41 0.68 
T o t a l  - F e r t i l  i zed 23.89(132)20.30 16.13(112)14.5? 

T o t a l  Center  22.57(17?)?1.n9 10.61 (137112.4n 7.65(146) 5.15 
T o t a l  Edae 16.57( 84)17.fl4 15.52f 94114.19 6.04( 80) 9.51 
T o t a l  S a m ~ l e  Q.RS( R) 5.69 1.44( 8 )  1.11 0.46( R) 0.84 
To ta l  20.27(264)1Q.82 12.12(224)13.?4 4.04(234) 7.19 

D. FRONDS PER PLANT (fl 1M f rom t h e  bo t tom a t  the end of  t h e  
exper imenta l  qrowth o e r i  od) 

C e n t e r - U n f e r t i l  i zed 
Edae -1Jnfert i  1  $zed 
S a m ~ l  e - U n f ~ r t i l  i zed 
To ta l  - U n f e r t i l l  zed 

C e n t e r - F e r t i l  i zed 
Edqe - F e r t i l i z e d  
Sampl e - F e r t i  1  i zed 
T o t a l  - F ~ r t i l  i z e d  

T o t a l  Center  
T o t a l  E d w  
T o t a l  Sample 
To %a 1  

E *  FROND VENSITY (fl 1M from t h e  bo t tom a t  t h e  end of the 
Fronds / Sq Y e x ~ e r f  mental orowth o e r i  on! 
(September / March / June / Seotember) 

T o t a l  - U n f e r t i l i z e d  1 . 6 / 1 . 7 / 5 / .  6.3/5.3/7,7/7.5 ?4.0/13.n/17,3/13.3 
T o t a l  - F e r t i l f z c d  . 1.7/1.9/2.6/3.O 6.4/5.4/7.7/Q.R 24.6/1?.6/17,6/17.4 
T o t a l  1.711 .A/7.5/2.8 6.4/5.4/7.7/8.7 74.1/12.8/17.4/15.6 



TABLE 5.3-5. FOURTH HARVEST YIELD DATA TABLES (Cont)  

Shown i n  t h e s e  t a b l e s  a re :  W a n  (Sample Numhw) S t a n d a r d  D e v i a t i o n  

Low 
n e n s i  ty  

Medi urn 
Dens i  ty  

H i q h  
D e n s i t y  

F. FRONDS HARVESTED PER PL4NT ( f r o n d s )  

C e n t e r - U n f e r t i  
Edqe -1Jn fe r t i  
Sampl e - U n f e r t i  
T o t a l  - U n f e r t i  

l i zed 
1  i zed 
1  i zed 
l i zed 

C e n t e r - F e r t i l  i z e d  
Edge - F e r t i l  i zed 
S a r n ~ l  e - F e r t i  1 i zed 
T o t a l  - F e r t i l  i zed 

T o t a l  C e n t e r  
T o t a l  Edqe 
T o t a l  S a m ~ l  e 
T o t a l  

G. WET WEIGHT HARVESTED PER FROND ( k g )  
0nl.y f o r  t h o s e  ~l a n t s  ~ r o d u c i n q  h a r v e s t a b l  e canopy 

C e n t e r - U n f e r t i l  i zed 0:93( 73) 0.38 0.60( 46) 0.26 0.92( 29) 1.28 
Edqe - U n f e r t i l  i z e d  1.031 34) 0.42 0.89( 34) 0.46 0.69'( 2 4 )  0.36 
S a m p l e - U n f e r t i l  i zed 0.66( 4 )  0.17 0.45( 3) 0.75 0.00( 0) 0.00 
T o t a l  - U n f e r t i l  i z e d  0.95(111) 0.39 0,71( 83) 0.38 0.82( 5 3 )  0.98 

C e n t e r - F e r t i l i z e d  1.40( 78) 1.91 0.89( 63) 0.40 0.79( 40) 0.40 
P -FP~- t . i  l i Z P ~  n.m( 4n) 0.47 1.03( 41) 0.42 n.R8( 31) 0.39 
Sarnpl e - F e r t i  1 i zed 0.63( 4) 0.22 0.30( 4) 0.12 1.71( 3) 2.25 
T o t a l  - F e r t i  l i z ~ d  1 . ? l  (122)  1.57 0.9?(1081 0.42 0.86( 76) 0.56 

T o t a l  Cen te r  1.17(151) 1.41 0.77(109) 0.37 0.85( 69) 0.88 
T o t a l  Edge 0.96( 74) 0.45 0 . w  75) 0.44 O.Rn( 57) 0.39 
T o t a l  Sample 0.65( 8 )  0.18 0.37( 7) 0.19 1.711 3) 2.25 
T o t a l  l.OQ(233) 1.17 O,R3(191 1 0.42 0.85(129) 0.76 



TABLE 5.3-5. FOURTH HARVEST Y I E L D  DATA TABLES (Cont) 

S b o w ~  i n  these  t a b l e s  a re :  Mean (Sample Number) S tandard  n e v i a t i o n  

Low 
n e n s i  ty  

Medi urn 
D e n s i t y  

H. AVERAGE WET WEIGHT PROOUCTION PER PLANT (p / Day) 
I n c l u d i n q  A l l  P l a n t s  

C e n t e r - U n f e r t i l  i zed 
Edqe - U n f e r t i l  i z e d  
Sampl e - U n f e r t i l  i zed 
T o t a l  - \ I n f e r t i  1 i zed 

C e n t e r - F e r t i l  i zed 
Edqe - F e r t i l i z e d  
Sampl e - F e r t i l  i zed 
T o t a l  - F e r t i  1 i zed 

T o t a l  Cen te r  286.75(1721268.87 133.25(130)155.14 38.52(146) R1.10 
To ts1  Edqe 208.50( 81)?10.46 1Q7.93( 80)174.51 91.71( 801122.64 
T o t a l  S a r n ~ l e  118.21( 8 )  68.86 17.68( 8 )  12.95 5.52( 8 )  19.14 
T o t a l  ?57.30(261)751.4? 152.75(21R)164.48 55.57(234) 99.56 

1. PROJECTED YIELD (Dry  Ash-Free Tons / Acre / Year)  
Rased on the Above Ass~rmpt ions an4 t h a t  a rowth  i s  the 
same each q u a r t e r  o f  the y e a r  365 x per Day P r o d ~ r c t i o n  Ra te  
(qecernher / March / June  / September) 

Data  f o r  Cen te r  P l a n t s  ( E x c l u d i n a  Edqe and Sample P l a n t s )  
( I n c l u d i n q  nead P l a n t s  and P l a n t s  t h a t  d i d  n o t  
produce h a r v e s t a b l  e canopy) 

T o t a l  - U n f e r t i l i z e d  2.1/?.3/5.1/1.7 6.5/5.3/10.3/3.3 17.0/10.6/16.9/ 3.3 
T o t a l  - F e r t i l i z e d  1.8/2.4/5.0/2.3 4.5/5.1/11.5/6.3 15.4/12.1/14.4/10.6 
T o t a l  2.0/2.4/5.1/2.0 . 6 / 5 . / 1 1 . 1 / .  16.3/11.3/15.7/ 7.0 



TABLE 5.3-6. FIFTH HARVEST YIELD DATA TABLES 

( nc tober  throuq h December 1982 ) 

Shown i n  these tab les  are: Yean (Sample ~ u m h e r )  Standard Dev ia t ion  

Low 
D ~ n s i  t y  

Medi urn High 
Den s i  t.y Densi ty  

A. EXPERIMENT PARAMETERS, ASSUYPTI0NS, CALCULATIONS R C0NSTAMTS 

I n d i v i d u a l  P lan ts  / sq. bl 0.0635 
Square Meters / Ind. P l a n t  16 
Distance Retween Centers (MI 4 
Plan ts  / Acre (4,046.9 sq M) 252.9 

Assumption: n r y  V t  / Wet Y t  = 12.36% ( l i t e r a t u r e  mean) 
Assumption: Dry Ash-Free W t  / Dry W t  = 62.39% ( l i t e r a t u r e  mean) 
Ca lcu la t i on :  n r y  Ash-Free W t  / Wet W t  7.71% 
Constant: Kq / Short Ton = 907.18 

Conversion from qm product ion / day / p l a n t  t o  Dry Ash-Free W t  / Acre / Year 
Assuminq growth i s  the  same i n  each qua r te r  of t he  year  

Low n e n s i t y  = 0 ,0075 
Medium Densi ty  = 0.0314 
High Densi ty  = 0.1255 

Conversion from gm product ion  / day / p l a n t  t o  Dry Ash-Free W t  / Acre / Year 
Assuminq growth i s  ~ r o p o r t i o n a l  t o  s o l a r  i r r a d i a n c e  

(Win te r  = 185.20, Spr ing = 288.80, Summer = 266.83, F a l l  = 160.70 W / sq. MI 
Y i  n t e r  Spr i  nq Summer Fa1 1 

Low Densi ty  = 0.0095 0.0061 0.0066 0.0109 
Medium Densi ty  = 0.0382 n .0245 0.0265 0.0440 
Hiqh Densi ty  = 0.1527 0.0979 0.1060 0.1760 

B. TIYE REREEN HARVESTS (days) 

Center -Unfer t i l  i zed  72.34( 86) 4.49 70.88( 66) 2.79 69.55( 731 4.25 
Edge - U n f e r t i l i z e d  72.43( 42)  4.89 71.29( 42) 2.49 69.55( 40) 4.32 
Sampl e- lJnfer t i1  i zed  77.25( 4) 1.50 . 67.25( 4118.86 36.001 4 )  0.00 
To ta l  - U n f e r t i l  i r e d  72.52(132) 4.62 70.90(112) 4.12 68.401117 7.41 

Cente r -Fe r t i l  i zed  79.05( 86) 4.50 79.56( 66) 2.21 78.56( 731 6.36 
Edge - F e r t i l  i z e d  79.571 42) 4.19 79.62( 42) 2.34 80.90( 40) 2.95 
Sampl e -Fer t i  1  i zed  76.50( 4) 1.00 75.50( 4) 0.58 76.00( 4) 0.00 
To ta l  - F e r t i l i z e d  79.14(132) 4.55 79.44(112) 2.34 79.27(117) 5.45 

To ta l  Center 75,6g(172 
Tota l  Edge 76.00( 84 
Tota l  Sample 76.88( 43 
To t  a1 75.83 (264 



TABLE 5.3-6 .  FIFTH HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these t a b l e s  are: Mean (Sample Vumber) Standard Dev ia t i on  

Low 
Densi t y  

Medi um 
nensi  t y  

High 
Densi ty  

C. WET WEIGHT OF HARVESTED M4TERIAL PER PLANT (kq) 

Cenf,er-Unfert i l ized 13.45( 55113.60 8.76( 651 7.81 2.911 73) 4.04 
Edge -Unfert  il i zed 7.05( 42) 8.76 10.68( 42110.60 6.31( 40) 6.05 
Sampl e-Unfer t i  1  i zed 4.69( 41 4.18 0.68( 41 1.23 1.47( 41 1.53 
To ta l  - U n f e r t i l i z e d  10.4R(131 112.30 9.20(111) 9.00 4.02 (117) 5.03 

Center-Fer t i  1  i zed 9.67( !36)1?.87 12.12( 65)12.03 2.72( 73) 4.75 
Edqe - F e r t i l i z e d  5.55( 42 110.25 14.57( 42114.98 7.48( 401 7.62 
Sampl e -Fer t i  1  i zed 4.46( 4) 3.94 4.66( 41 3.82 0.13( 41 0.15 
To ta l  - F e r t i l  i zed 8.30(132 )12.01 12.78(111)13.12 4.26(117 ) 6.26 

Tota l  Center 11.051171 113.27 10.441130)10.24 ?.82(146) 4.39 
Tota l  Edge 6.45( 84) 9.49 12.63( 84113.05 6.89( 80) 6.86 
Tota l  Sample 4.58( 51 3.76 2.67( 8) 1.38 0.80( 8) 1.23 
Tota l  9.38(263)12.19 10.99(222)11.37 4.14(234) 5.67 

D. FR0klDS PE9 PLANT ( 8  1Y from the  bottom a t  the  end o f  t h e  
experimental qrowth oer iod)  

Cen te r -Un fe r t i l i zed  32.86( 86131.78 27.85( 66121.29 lO.66( 73)11.93 
Edge -1Jnferti 1  i zed 23.57 ( 42 124.91 30.71( 42125.Q2 20.111 40)15.62 
Sample-Unferti l  i zed 37.50( 4119.42 15.25( 4111.64 12.50( 4) 5.00 
Tota l  - U n f e r t i l  i z e d  30.05(132)29.64 28.47 (112122.93 13.96l117113.82 

Cente r -Fe r t i l  i zed 
Edge - F e r t i  1  i zed 
Sampl e - F e r t i l  i zed 
Tota l  - F e r t i  1  i zed 

Tota l  Center 
Tota l  Edqe 
Tota l  Sample 
To ta l  

E. FROND DENSITY ( 0  1M from the  bottom a t  the  end of the  
Fronds I Sq M experimental qrowth oer iod)  
(September / March / June / September / December) 

Tota l -Unfer t .  1.6/1.7/2.5/2.6/1.9 6.3/5.3/7.7/7.5/7.1 24.0/13.0/17.3/13.3/14.0 
Tota l -Fer t .  1.7/1.9/2.6/3.0/1.4 6.4/5.4/7.7/9.8/7.6 24.6/12.6/17.6/17.4/10.3 
Tota l  1.7/1.8/2.5/3.8/1.6 6.4/5.4/7.7/8.7/7.4 24.3/12.8/17.4/15.6/1?. 1 



TABLE 5.3-6. FIFTH HARVEST YIELD DATA TABLES (Cont) 

Shown i n  these t a b l e s  a re :  Mean (Sample Number) Standard D e v i a t i o n  

Low 
Densi t y  

Medium . H i  gll 
Densi t y  Densi t y  

F. FRONDS HARVESTED PER PLANT ( f r onds )  

Cen te r -Un fe r t i l  i z e d  18.58( 86119.18 15.12( 66112.24 
Edqe - U n f e r t i l i z e d  11.24( 41112.53 17.14( 42115.19 
Sample-Unfer t i l  i z e d  17.00( 4)11.58 4.25( 4) 6.65 
T o t a l  - U n f e r t i l i z e d  16.24(131 )17.42 15.49(112 113.41 

Cen te r -Fe r t i  1  i zed 12.84( 86)16.02 16.15( 66114.25 
Edge - F e r t i l i z e d  9.00( 42115.25 18.95( 42)15.13 
Sampl e - F e r t i  1  i zed 11.50( 4 )  7.51 13.50( 4110.73 
T o t a l  - F e r t i l  i zed 11.59(132)15.61 17.11(112115.67 

T o t a l  Center  15.71 (172117.85 15.64(132)13.24 
To ta l  Edge 10.11 ( 83)13.93 18.05( 84116.65 
T o t a l  Sample 14.25( 81 9.50 8.88( S1 9.63 
T o t a l  13.90(263)16.67 16.30(224)14.58 

G *  WET WEIGHT HARVESTED PER FROMI ( k g )  
Only f o r  those p l  an ts  oroduc inq barves tab l  e  canooy 

Cen te r -Un fe r t i l  i zed 0.66( 58) 0.22 0.58( 55) 0.20 0.59( 47) 0.26 
Edqe 4 n f e r t i  1  i zed 0.59( 261 0.20 0 . w  32) 0.27 0.83( 31) 2.20 
Sampl e - U n f e r t i l  i z e d  0.26[ 4 )  0.09 3.52f 2 )  4.73 0.65( 4) 0.71 
T o t a l  - U n f e r t i l  i z e d  0.6?( S81 0.23 0.66( 89) 0.70 0.68( 92) 0.78 

C e n t e r - F e r t i l  i zed 0.73( 48) 0.22 0.71( 57) 0.22 0.64( 37) 0.32 
Edqe - F e r t i  1 i zed 1.1?( 18) 1.45 0.77( 281 0.30 0.73( 331 0.31 
Sampl e -Fer t  il i zed 0.35( 4) 0.11 0.33( 4 )  0.09 3.57( 2) 4.61 
T o t a l  - F e r t i  1  i z e d  0.80( 70) 0.77 0.72( 891 0.26 O.76( 72) 0.79 

T o t a l  Center 0.69(106) 0.22 0.65(112) 0.22 0.61( 94) 0.39 
T o t a l  Edqe 0.81( 44) 0.96 0.69( 60) 0.29 0.75( 57) 0.39 
T o t a l  Sample 0.30( 8) 0.11 1.40( 6) 2.69 1.62( 6) 2.62 
T o t a l  0.70(158) 0.55 0.69(178) 0.53 0.72(1541 0.78 



TABLE 5.3-6. FIFTH HARVEST Y I E L D  DATA TABLES (Cont) 

Shown i n  t hew t a h l c s  are:  Yean (?ample Number) 7t.anrIar-d D ~ v i a Y i o n  

Low 
Densi t y  

Medi um 
Densi t y  

Hiqh 
Densi t y  

H. 4VERAGE YET WEIGHT PROOUCTION PER PLANT ( q m  / Day) 
I n c l  udinq A1 1  Pl ants 

Cen te r -Un fe r t i l i zed  170.00( 851186.77 124.58( 651111.12 43.39( 731 59.58 
Edqe -1Jn fer t i l i zed  95.74( 421116.82 150.10( 421149.53 90.81( 401 86.09 
Sample-Unfer t i l ized 61.16( 4) 55.25 16.86( 41 31.93 40.74( 4) 42.38 
Tota l  - I Jn fe r t i l  i zed  142.87(1311168.28 130.35(1111127.21 59.51(117) 72.55 

Cen te r -Fe r t i l  i zed 121.04( 861159.61 153.00( 651152.43 37.05( 731 66.96 
Edqe - F e r t i l  i zed  72.85( 421175.77 183.99( 421191.46 92.11( 4n1 93.82 
Samol e - F e r t i l  i zed 58.56( 41 51.98 61.67( 41 50.18 1.69( 4) 2.04 
Tota l  - F e r t i l i z e d  103.81 (1321148.69 161.44(lll)t66.88 54.69(1171 80.73 

Tota l  Center 145.37 (171 1174.86 138.79(130)133.63 40.24 (146) 63.29 
To ta l  Edqe 84.29( 841121.29 167.05( 841171.59 91.46( 801 89.47 
Tota l  Sample 59.86( 8 )  49.68 39.26( 81 45.71 21.22( 8 )  34.74 
Tota l  123.26(7631159.65 145.89(222\148.86 57.10(234) 76.62 

I .  PROJECTED YIELD (Dr.y Ash-Free Tons / Acre / Year) 
Rased on the  Above Asst~mptions and t h a t  qrowth i s  the  
same each qua r te r  of t he  year  365 x per  Day Product ion Rate 
(3ecember / March / June / September / December) 

Data fo r  Center P l a n t s  (Excluding Edge and Sample P lan ts )  
( I n c l u d i n q  Dead P lan ts  and P lan ts  t h a t  d i d  n o t  
produce ha r ves tab l  e  canopy) 

Total-Unfert.2.1/2.3/5.1/1.7/1.3 6.5/5.3/10.3/3.3/3.9 17.0/ln.6/16.9/ 3.3/5.4 
Tota l -Fer t .  1.5/2.4/5.0/2.3/0.9 4.8/5.1/11.5/6.3/4.5 15.4/12.1/14.4/10.6/4.7 
To ta l  2.0/2.4/5.1/2.0/1.1 5.6/5.2/11.1/4.8/4.4 16.3/11.3/15.7/ 7.0/5.1 



TABLE 5.3-7. HIGHEST Y I E L D I N G  PLANTS IN THE FIRST THROUGH THE FIFTH HARVESTS 
S e c t i o n  A Sec t i on  B Sec t i on  D Sec t i on  C Sec t i on  E 
Low Dens i t y  Medium Oensl t y  H igh  Dens i t y  Medium Dens i t y  Low Dens i t y  
P l  t Prod P l  t Prod P l  t Prod Pl t Prod P l  t Prod 

Rank # ( kg )  # (kq)  r (kq1 4 (kq)  # (kq)  

S e c t i o n  A Sec t i on  R Sec t ion  C Sect-ion O S e c t i o n  E 
Low Dens i t y  Medium Dens i t y  H iqh Dens i t y  Medium Dens i t y  Low Dens i t y  
P l  t Prod P l  t Prod P l  t Prod P l  t Prod P l t  Prod 

Rank # (kg)  # ( k q l  # ( k g )  r ( kg )  a (49) 

13  588 106.3 559 8 2 . 0  ROO 76.5 138 97.4 585 161.4 



TABLE 5.3-8. HIGHEST Y I E L D I N G  PLANTS I N  THE FIRST HARVEST 

Sec t ion  A Sect fon 8 Sec t lon  C Sec t lon  D S c c t i o n  E 
Low Densi t v  Medlum Dens i t y  Hiqh Dens i t y  Yedfum Dens i t y  Low Oensf 9' 
P l  t Prod Pl  t Prod P l  t Prod P l  t Prod P l  t Prod 

Rank I (kg)  # (kg)  a (kq)  # (kg, 0 ( kg )  

Sec t lon  A Sec t ion  R Sect fon C set3 To- ---- -3 ec t f  on E 
Low Oensi t y  Hedfum Dens1 t y  Hiqh Dens i t y  Medium D e n s i t y  Low Oensi t j  
P l  t Prod P l  t Prod Pl  t Prod P l  t Prod P l  t Prod 

Rank t ( kq )  r (kq)  I (kq)  4 ( kg )  4 (kqr 



TABLE 5.3-8. HIGHEST Y I E L D I N G  PLANTS I N  THE F I R S T  HARVEST (Cont )  

sect lon A Section 0 Section C Section D Sec t i o n  E 
LOW Densl t y  Medium Density High Densl t y  Medium Dens! t y  Low Densl t y  
P l  t Prod Pl t Prod P l  t Prod P l  t Prod P I  t Prod 

Rank # (kg\ r (kg) r (kq\ w lkql r (kg) 

Sectlon A Section R Sectfon C Sectfon O Section E 
LOW Density Medium Dcnsi t y  Hlqh Density Medium Density Low Dcnsi t y  
P l  t Prod P l  t Prod Pl t Prod Pl t Prod P l  t Prod 

Rank # fkq) 4 (kg1 I (kql 4 (kq) J Ikql 

62A 52.0 

647 51.0 

552 47.5 

A72 45.5 

43 37.5 

665 34.5 

169 32.5 

335 29.5 

348 29.5 

664 29.5 

ROO 29.5 

487 29.5 

548 28.5 

RR1 26.5 

334 24.5  

459 RR. 5 a, 
0 



TABLE 5.3-8. HIGHEST Y IELDING PLANTS I N  THE FIRST HARVEST (Cont )  

S e c t i o n  A Sec t ion  R S e c t l o n  C S e c t i o n  0 S e c t i o n  E 
Low Densi t y  Medium Dens i t y  H iqh  Dcnsi t y  Yedium D e n s i t y  LOW D e n s i t y  
P l  t Prod P l  t Prod P l  t Prod P l  t Prod P l  t Prod 

Rank t ( k g )  4 ( kq )  4 (kq) Y ( kq )  r (kq)  

S e c t i o n  A S e c t i o n  B S e c t i o n  C S e c t i o n  0 S e c t i o n  E 
Low Oensl t y  Medium Dens i t y  H igh  Oensl t y  Medium Densi t y  Low Densl t y  
P l  t Prod P l  t Prod P l  t Prod P l  t Prod P l  t Prod 

Rank C (kg)  r (kg)  # ( kg )  # ( k q )  t ( kg )  



TABLE 5.3-8. HIGHEST Y IELDING PLANTS I N  THE F I R S T  HARVEST (Cont) 

Section A Section R Section C Sectfon D sect fon E 
LowDensfty YediumOensf tyHiqhDensi ty  MediumOensi tyLowDensi ty 
Pl  t Prod Pl  t Prod Pl  t 'Prod Pl t Prod P l  t Prod 

Rank W (kg) I (kg) 4 (kq) 4 (kq) 4 ( kq l  

Sect ion A Section R Section C Section D Section E 
Low Density Medium Oensi t y  Hfgh Density Yedium Density Low Oensi t y  
Pl  t Prod P l  t Prod Pl t Prod Pl  t Prod P l  t Prod 

Rank U (kg) a (kq) (kq) 4 (kq) w k g )  



TABLE 5.3-8. HIGHEST Y IELDING PLANTS I N  THE F I R S T  HARVEST (Cont) 

Sect ion  A Sec t ion  R Sec t ion  C Sec t ion  D Sec t ion  E 
Low Dens i t y  Medium Dens i t y  High Dens i t y  Medium D e n s i t y  LOW Dens i t y  
Pl  t Prod P l  t Prod Pl  t P-rod Pl  t Prod Pl  t Prod 

Rank I (kg)  # (kq)  r ( kq )  r (kq)  r ( k q l  

Sec t ion  A Sec t ion  R Sec t ion  C Sect ion  ll Yect ion E 
Low Dens i t y  Yedium Densi ty  Hiqh Dens i t y  Yedium Dens i t y  Low ncns i  tt 
P l  t Prod P l  t Prod P l  t Prod P l  t Prod P l  t Prod 

Rank IY f kq )  r ( k q l  t ( k q l  W f k q l  4 (44)  





APPENDIX A-2 

GOLETA ENVIRONMENTAL DATA 





This section contains plots of environmental monitoring measurements col lected 
from January t o  December 1982. Information was collected on a daily and weekly 
basis a t  Ellwood Pier in the close proximity to  the planted area. Daily 
measurements were made of: atmospheric pressure, wind speed, a i r  temperature, 
water temperature, s a l in i ty ,  current speed and vertical v i s ib i l i t y .  Daily current 
speeds were measured at  about 1 m depth. Weekly measurements were made of: water 
temperature, s a l in i ty ,  n i t r a t e  concentration, n i t r i t e  concentration, amnonium 
concentrati on, phosphate concentration, current speed, horizontal v i s i b i l i t y  and 
sedimentation rate.  Many of the measurements made were taken on the surface, in  
the middle of the water column a t  (about 4 m deep) and on the bottom ( 8  m deep). 
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APPENDIX A-3 

HEMIDOME ENGINEERING SUPPORT 

The Catalina Test Farm was installed a t  Big Fisherman's Cove, Santa Catalina 
Is1 and off the coast of Southern California during the December 1981-January 1982 
time period. A sketch of the general arrangement and layout of the f a c i l i t y  a f te r  

i n i t i a l  ins ta l la t ion  i s  presented in  Figure 5.2-1. Instal la t ion had been 
completed and f aci 1 i t y  checkout, ca1 i bration and operation in i t ia ted  by mid 

January 1982. Kelp growth experiments were planned to s t a r t  af ter  an i n i t i a l  six 

week period to  complete operational checkouts and the required leaching of the new 

bag materi a l .  

Engi neeri ng support e f for t s  during 1982 were directed primarily a t  developing 
re1 i able operating and mai ntenance procedures, accomplishing f aci 1 i ty  calibrations 
and checkouts, and incorporating design and procedural modif ications as required 
to improve the operati onal performance, re1 i abi 1 i ty,  or experimental vi abi 1 i t y  of 

the f aci 1 i ty. 

This Appendix describes the 1982 work and accomplishments in these effor ts .  

Faci 1 i t y  Checkout, Performance and Diagnostic Analyses 

Pump Operati on and Performance - The hydraulic system was designed for a 
maximum seawater flow ra te  of 2400 gpm. Three in l e t  pumps supply seawater to  the 

hemidome bag. Nutrients are added to the incoming seawater before inputting to  
the bag. A gravity drain system carr ies  water from the bag to  the sump tank, and 

three discharge pumps transport the nutrient rich seawater from the sump tank to  
the end of the 1200 foot outfal l .  The hydraulic system i s  diagrammatically 

represented in Figure 5.2-2. The main s tainless  steel flow pumps, Grundfos Model 
SP120-1, are single stage centrifugals direct ly  coupled to a 3600 rpm submersible 

motor and are capable of 800 gpm a t  a head of 40 f ee t .  

During the i n i t i  a1 system checkout in January 1982, the total  flow ra t e  
capabili ty of the in1 e t  pumps was greater than 2500 gpm. The flow ra te  of the 
discharge pumps cannot be direct ly  measured since there is no flow instrumentation 

in t h i s  subsystem. The overall maximum system flow ra te  a t  equilibrium, i.e., 

i n l e t  flow equal to discharge flow was 2150 gprn rather than the design maximum 

flow ra te  of 2400 gpm, due to restr ic t ions i n  the gravity feed subsystem. 
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Figure 5.2-1. Catalina Test Farm - General Layout and Mooring Arrangement 
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Figure 5.2-2. CTF Hydraulic System Schematic Diagram 



On February 9, 1982, discharge pump number 2 tripped the motor starter 
overload. Diagnostic testing showed an insulation-resistance failure in the wires 
within the 42 inch diameter ring. Attempts to pull the wires and a 1/2 inch nylon 
lead rope out of a plastic conduit were unsuccessful, indicating that the wires 

had fused together within the conduit which is buried within the foamed 42 inch 
diameter main flotation ring. A subsequent analysis of the failure showed that 
the Ohmic heating in the wire was low, but with the wire buried in 42 inch of foam 

sufficient heat was built up to cause failure of the electrical insulation on the 
power cables. New metal conduit was installed above the 42 inch flotation ring, 
and new wires for the three discharge pumps were routed through. The pumps were 
restarted on February 20th with no problems. The maximum system flow rate was 
2125 gpm at equilibrium. Again, the reduced maximum flow rate was due to the 
restrictions in the gravity drain system. 

A flow test of the inlet pumps on June 23rd showed that their performance had 
degraded about 20 percent. Biofouling on the internal screen wrapped around the 

pump inlet (inside the 10 in diameter casing) was suspected. Number 3 discharge 
pump was pulled on July 27th revealing that 70-75 percent of the internal screen 
was covered with biofoul ing organisms. After removing the screen, cleaning the 
pump casing, and reinstalling the pump, an increase in performance was noted. The 
system flow rate increased from 1525 gpm to 1775 gpm, and the pressure drop 
through the discharge pipe increased to 19.5 psig from 17.5 psig also indicating a 
higher flow. As a result, the remaining five pumps were removed and cleaned 
during the week of August 3rd. All pumps had significant biofouling; about 75 

percent of the internal screen area was covered with growth. In addition, 
significant fouling was found inside the intake end of the 10 inch casings for the 
inlet pumps, resulting in further flow path restriction on these pumps. 

On August 4th, discharge pump number 1 failed. The measured motor current was 

12 amps versus 19 amps normal, indicating that the motor had lost the major 
portion of its load. The failed pump had 4780 hours operating time prior to its 
failure. The spare pump was installed in its place. A failure analysis of the 
pump at the vendor plant showed the following: 

a. The pump shaft was broken where it was undercut for the pump/motor 
coupling. The shaft was made from 316 Stainless Steel, 1 1/4 inch 
diameter, and the diameter at the undercut was reduced to 3/4 inch. 

b. The upper bearing was completely destroyed, and welds on the bearing 
holder were broken. 



c. The high-speed impel 1 e r  had s l i pped  downward and e x h i b i t e d  excessive wear 
caused by rubb ing  against  t he  s t a t i o n a r y  suc t i on  housing due t o  l oss  of 
impel l e r l h o u s i  ng clearance. 

d. The motor shaf t  was f rozen.  

Dur ing d iscussions w i t h  the manufacturer, t he  p o i n t  was brought out  t h a t  t he  

Net P o s i t i v e  Suct ion  Head requirement, as s p e c i f i e d  by the  manufacturer, had been 

increased, and the maximum recommended f l o w  r a t e  now was reduced t o  750 gpm. T h i s  

l i m i t a t i o n  was imposed t o  prevent  c a v i t a t i o n  a t  the  r o t o r  t i p s  which would 

s i g n i f i c a n t l y  reduce the pump l i f e .  The manufacturer d i d  no t  see any i n d i c a t i o n  

t h a t  t h i s  pump f a i l u r e  was caused by cav i ta t i on .  

On August 15th, the  motor s t a r t e r  overload t r i p p e d  f o r  number 2 discharge 

pump. The pump would on ly  run  f o r  a sho r t  t ime a f te r  r e s e t t i n g / r e s t a r t i n g  

i n d i c a t i n g  a h igh  cu r ren t  draw. Th i s  pump had been the  o r i g i n a l  spare and had 

3815 opera t ing  hours p r i o r  t o  f a i l u r e .  I n l e t  number 1 developed a ground f a u l t  

du r i ng  the same period. 

A f a i l u r e  ana lys is  was conducted a t  the  manufacturer 's  p l a n t  on number 2 

discharge pump and number 1 i n l e t  pump. I n  add i t ion ,  number 3 discharge pump 

which was s t i l l  opera t ing  was taken back f o r  evaluat ion.  The r o t o r ,  on a l l  th ree  

pumps, had s l i pped  downward on t h e  s h a f t  and was i n t e r f e r i n g  w i t h  the  s t a t i o n a r y  

suc t ion  housing. The bottom edge o f  the  r o t o r  elements showed severe wear. The 

top sur faces o f  t he  suc t i on  housings had wear grooves caused by the  r o t o r  

in ter ference.  Discharge pump number 3 which was s t i l l  operat ional  when removed, 

had a 1/4 i nch  groove worn i n t o  the  top  of t he  suc t ion  housing caused by the  r o t o r .  

O r i g i n a l l y ,  t he  r o t o r  was he ld  t o  the  s h a f t  o n l y  by a s p l i t  cone w i t h  a nu t  

jamming the  r o t o r  i n t o  the  s p l i t  cone. The nominal clearance from the  r o t o r  t o  

the  suc t i on  housing i s  3/8 inch. F i g u r e  5.2-3 i l l u s t r a t e s  t h i s  arrangement. The 

r o t o r ,  s p l i t  cone and s h a f t  are a l l  s t a i n l e s s  s tee l ,  which creates a severe 

problem i n  ob ta in ing  an acceptable f r i c t i o n  f i t  w i t h  the  jam-nut. The movement o f  

t he  r o t o r  on the  shaf t ,  due t o  the  inadequacy o f  t he  o r i g i n a l  jam-nut design, and 

i t s  subsequent i n te r fe rence  w i t h  the suc t ion  housing created s ide  loads which 

destroyed t h e  bearings, as w e l l  as the  r o t o r  and the  housing. 

A design f i x  was developed by GE engineers working i n  cooperat ion w i t h  

Grundfos and was implemented by t h e  manufacturer. The s o l u t i o n  was t o  p i n  t h e  

nut, s p l i t  cone and s h a f t  w i t h  a 1/4 i n c h  diameter s t a i n l e s s  s tee l  rod. The ho le  
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f o r  t he  p i n  was d r i l l e d  a f t e r  t h e  r o t o r  was assembled t o  the shaft ,  and the  p i n  

was then i n s t a l l e d .  Th is  arrangement i s  shown i n  F igure  5.2-3. A l l  the  pumps 

were r e b u i l t  and mod i f i ed  t o  i nco rpo ra te  the  design f i x .  The seven pumps which 

had accumulated ex tens ive  opera t ing  t ime were rep laced w i t h  new pumps and motors. 

The th ree  pumps w i t h  minimal ope ra t i ng  t ime had worn p a r t s  replaced and the  f i x  

incorporated. 

The ground f a u l t  on i n l e t  pump number 1  was due t o  the  w i r e  i n s u l a t i o n  being 

c u t  when t h e  pump was r e i n s t a l l e d  a f t e r  c lean ing  and was no t  due t o  any design 

f a u l t .  

I n  order  t o  ma in ta in  f l o w  i n  t he  hemidome, o n l y  th ree  pumps a t  a  t ime were 

re fu rb ished.  GE agreed t o  l i m i t  the  pump f l o w  r a t e  t o  750 gprn by main ta in ing  a  

back pressure o f  a t  l e a s t  20 ps ig .  Th is  l i m i t e d  the  maximum system f l o w  t o  2250 

gpm as compared w i t h  the  i n i t i a l  design value o f  2400 gpm. The experimenter 

agreed t h a t  the  150 gpm reduc t i on  i n  system f l o w  r a t e  was acceptable. 

The new i n l e t  pumps were i n s t a l  l e d  on September 13 th  and the  discharge pumps 

on October 7th.  A f te r  i n s t a l l a t i o n  o f  the  i n l e t  pumps, severa l  ground f a u l t s  were 

again noted. These were t raced t o  manufacturer q u a l i t y  c o n t r o l  problems where the  

underwater cable connector on the  motor was no t  adequately t ightened.  The pumps 

were p u l l e d  o u t  o f  t h e i r  casings, t he  connectors opened, d r i e d  out, and then 

p rope r l y  mated and t ightened.  Thereaf te r ,  be fore  i n s t a l l i n g  a  new pump, t he  

connector was r o u t i n e l y  checked o n - s i t e  t o  assure proper connector assembly. 

Flow System B i o f o u l i n g  - The o r i g i n a l  design s p e c i f i c a t i o n  o f  seven turnovers 

o f  seawater per  day i n  t he  bag r e s u l t e d  i n  the  hyd rau l i c  system being designed f o r  

a  f l o w  r a t e  o f  2400 gprn. La ter ,  as a  r e s u l t  o f  t he  pump manufacturer reducing the  

pump f l o w  r a t e  s p e c i f i c a t i o n ,  t h e  system maximum f l o w  r a t e  was reduced t o  2250 gprn 

g i v i n g  6.6 turnovers/day which was acceptable t o  the  experimenter. 

When t h e  system was i n i t i a l l y  a c t i v a t e d  i n  January, the  combined i n l e t  pump 

flow r a t e  was grea ter  than 2500 gpm. The f l o w  r a t e  o f  t he  discharge pumps as 

p r e v i o u s l y  mentioned, cou ld  n o t  be measured d i r e c t l y  due t o  t he  lack  of f low 

ins t rumenta t ion  i n  t h i s  subsystem. The maximum system f l o w  r a t e  determined by 

e q u a l i z i n g  i n l e t  w i t h  o u t l e t  flow, was 2150 gprn r a t h e r  than the  design f low r a t e  

of 2400 gpm. E q u i l i b r i u m  was reached when the  h e i g h t  o f  t he  bag above sea l e v e l  

remained constant  f o r  severa l  hours, and was c o n t r o l  l e d  by maximum f l o w  achievable 

from the  discharge system, i .e., g r a v i t y  d ra in ,  discharge pumps and 1200 f t  

discharge p i p e  w i t h  o u t l e t  d i f f u s e r .  



If the flow rate into the bag is greater than the outflow, the water level 

differential between the inside of the bag and the outside sea level, i.e., the 
head, will increase, resulting in increased loads applied to the bungees causing 
them to stretch until the top edge of the bag is at sea level. When the inlet 
flow is less than the out flow, the water head will decrease resulting in 
decreased loads on the bungees causing them to contract, raising the bag until the 
exit ports are out of the water. When a portion of the exit ports are exposed, 
the bag outflow will decrease as the flow area is reduced, until an equilibrium 

flow situation is achieved. 

During the early phases of operation, it was found that the discharge pump 
intake screens were fouling frequently, degrading the system flow. This was due 

to debris accumulations in the sump tank and in the bag. New improved screens 
were installed as described in Section 5.2.1.2. The rate of fouling decreased, 

but the system still did not achieve the predicted 2400 gpm. Data indicated that 
the restriction was located in the gravity flow subsystem between the bag and the 
sump tank since the water level difference between the bag and the tank was 2.3 
feet instead of the 1.2 feet calculated differential. When comparing the 

assumptions of the calculations with the actual "as built" condition, it was found 

that the 6 inch diameter hoses which hydraulically connect the bag to the 12 inch 
diameter drain manifold had been assumed to have smooth interior surfaces while 
the installed hoses actually had convoluted interior surfaces. The convoluted 

interior could increase the pressure drop by up to 112 foot. As a result, new 
hoses with a "hydraulically smooth" interior and heavier wall were ordered. Just 

before installation of these new hoses, the maximum system equilibrium flow was 
again measured and had decreased to 1525 gpm. After installing the new hoses and 

removing considerable marine growth from the fittings, the system flow capabi 1 ity 

increased to 1950 gpm. The hoses that were removed had small cracks indicating 

onset of fatigue failures. 

Additional troubleshooting indicated that the gravity subsystem was still 
limiting and that the primary restriction was caused by marine growth in the 12 
inch diameter manifold which not only reduced the flow area but also resulted in a 

rough internal pipe surface further increasing the pressure drop and reducing 
flow. A modification to instal 1 additional gravity drain capacity directly into 
the sump tank and bypassing the 12 inch manifold was initiated. It was recognized 

that the system had to be cleaned, but the additional capacity would extend the 

period between cleanings and add margin to the system capability. 



S h o r t l y  a f t e r  t h i s  m o d i f i c a t i o n  was implemented (see Sect ion 5.2.1.2), the  

major pump problem as p rev ious l y  described became evident.  Just  p r i o r  t o  

i n s t a l l i n g  the  r e b u i l t  pumps, the  e n t i r e  g r a v i t y  system i n c l u d i n g  the  12 i n c h  

d ra in  p ipe  was completely cleaned. The 12 i nch  p ipe  was cleaned w i t h  a  "p ign  

p u l l e d  through i n  both d i rec t i ons .  The "p ig"  cons is ted  o f  two s tee l  hoops welded 

together  a t  r i g h t  angles w i t h  a  cable attached t o  each end o f  one hoop w h i l e  t h e  

o ther  hoop i s  f r e e  t o  clean the  pipe. A sketch o f  t h i s  t o o l  i s  shown i n  F igu re  

5.2-4. The "p ig "  was p u l l e d  by a  112 i n c h  s tee l  cable through pu l l eys  attached t o  

each end of the d r a i n  p ipe  and add i t i ona l  p u l l e y s  attached t o  the  stanchion on 

which the  capstan was mounted. The capstan was h y d r a u l i c a l l y  powered and 

conta ined a  t h r o t t l i n g  valve a t  the  i n p u t  t o  the  hyd rau l i c  motor t o  c o n t r o l  the  

speed of t he  capstan and, therefore,  the  c lean ing  ra te .  The "p ig"  was f i r s t  

p u l l e d  through w i t h  i t s  i n s i d e  diameter open, i.e., as an open hoop. Thereafter,  

t h e  top  and bottom quar te rs  were c losed w i t h  s t e e l  p l a t e  and the  p i g  was p u l l e d  

through several times. The debr is  o f  marine growth removed by the  "p ig "  was 

pushed out the  end of the  d ra in  p ipe  and the  hose f i t t i n g s  ahead o f  t he  p ig.  The 

"p ig "  was then closed o f f  about 90 percent w i t h  s tee l  p l a t e  and again p u l l e d  

through several  times. The f i r s t  t ime through i n  t h i s  conf igura t ion ,  l a r g e  

q u a n t i t i e s  of debr is  were pushed out t o  the  p o i n t  t h a t  the  d i ve r  repor ted  almost 
zero v i s i b i l i t y .  Dur ing the  f i n a l  pass, l ess  than a  handful  o f  debr is  was removed. 

A f te r  the system was cleaned and the  r e b u i l t  pumps were i n s t a l l e d ,  t h e  system 

met i t s  rev i sed  maximum f low r a t e  requirement o f  2250 gpm w i t h  ease. 

Flow Meter Performance - During the  October 1982 system checkout, a f t e r  the  

new discharge pumps had been i n s t a l l e d ,  i t  was found t h a t  the  o r i f i c e  p l a t e  used 

f o r  i n l e t  f l o w  measurements had fou led  r e s u l t i n g  i n  erroneous f l o w  data. The 

f o u l i n g  was due t o  some b i o l o g i c a l  growth around the  o r i f i c e  p l a t e  area but  was 

p r i m a r i l y  caused by debr is  from the i n l e t  system c lean ing  being trapped i n  f r o n t  

o f  t he  p la te .  The pump f l o w  r a t e s  were checked by an a l t e r n a t i v e  d iagnost ic  

technique us ing  vo lumet r ic  r a t e s  as measured i n  the  sump tank and the  hemidome 

bag. The f l o w  r a t e s  measured i n  t h i s  manner were c lose  t o  the  vendor curves 

v e r i f y i n g  t h a t  the  system f l o w  was 2250 gpm a t  a  back pressure o f  20 psig. The 

o r i f i c e  f 1  ow meter was removed f o r  rep1 acement w i t h  another f l o w  sensor type as 

described i n  Sect ion 5.2.1.2. 
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Figure 5.2-4. Pig Design for Biofoul Cleaning Operation 



Bag I n t e g r i t y  - On October 25th,  a  20 i n c h  t e a r  ex tend ing  i n  a  s e m i c i r c l e  

around the  bot tom c leanout  f l a n g e  was found and repa i red .  The r e p a i r  subsequent ly  

f a i l e d  d u r i n g  heavy seas and w i t h  t h e  f l o w  o u t  o f  t he  tear ,  t he  water head i n s i d e  

the  bag was l o s t .  Wi thout  t he  we igh t  o f  t h e  head i n  the  bag, t he  buoyancy of t h e  

h o l d f a s t  buoys and t h e  t e s t  p l a n t s  caused t h e  bottom o f  t he  bag t o  r i s e  u n t i l  

i n t e r f e r e n c e  w i t h  the  n u t r i e n t  d i s t r i b u t i o n  nozzles,  caused an a d d i t i o n a l  s i x  f oo t  

t e a r  and damage t o  ad jacen t  areas. (See F i g u r e  5.2-5)  

Examinat ion of the  i n i t i a l  20 i n c h  t e a r  area showed t h a t  the  m a t e r i a l  

su r round ing  t h e  c leanout  p o r t  had f a t i gued .  M a t e r i a l  away f rom t h i s  f lange  

assembly d i d  n o t  show evidence o f  f a t i g u e  b u t  was s t i f f e r  than when o r i g i n a l l y  

deployed. A sample o f  t h i s  m a t e r i a l  was t e s t e d  by t he  vendor and showed no change 

i n  t e n s i l e  s t reng th ,  and o n l y  a  10 pe rcen t  r e d u c t i o n  i n  t e a r  s t r eng th .  

The f a t i g u e  i n  t h e  v i c i n i t y  o f  t h e  c leanout  p o r t  was p robab ly  caused by t he  

heavy, s t i f f  f l a n g e - r i n g  assembly (see F i g u r e  5.2-5). Due t o  the dynamics o f  the  

bag, c i r c u m f e r e n t i a l  waves are sometimes generated i n  t h e  m a t e r i a l  i n  an upper 

s e c t i o n  o f  the  bag and propagated downward toward t he  bot tom o f  t he  bag. Since 

t h e  f l a n g e - r i n g  assembly a t  t h e  c l eanou t  p o r t  i s  cons ide rab l y  s t i f f e r  than t he  bag 

m a t e r i a l  i t s e l f ,  t he  assembly w i l l  n o t  r e a c t  t o  t he  d e f l e c t i o n ,  and t he  energy i s  

r e f l e c t e d  and absorbed by t he  sur round ing  m a t e r i a l .  Also, d i v e r s  have observed 

t h a t  under c e r t a i n  cond i t i ons ,  t h e  f l a n g e  assembly swings due t o  sea su r f ace  wave 

ac t ion ,  and t h e  m a t e r i a l  su r round ing  t h e  assembly must suppor t  t he  added loads 

assoc ia ted w i t h  t h i s  mot ion. 

Due t o  the  e x t e n t  and na tu re  o f  t h e  t ea r ,  i t  was decided t h a t  t he  bag should 

be removed and t r a n s p o r t e d  t o  a  vendor ashore f o r  r e p a i r s .  It was a l so  planned t o  

mod i fy  the  c leanout  p o r t  des ign t o  a l l e v i a t e  t h e  m a t e r i a l  f a t i g u e  problem. 

F o l l o w i n g  a re  t h e  s teps which were used t o  remove the  bag: 

P r i o r  t o  removing t h e  bag, a l l  the  p l an t s ,  t h e  h o l d f a s t  buoys and t he  
n u t r i e n t  d i s t r i b u t i o n  downcomer p i p e  assembly were removed. 

A  s e c t i o n  o f  t he  bag was d isconnected f rom the  suppor t  r i n g  so t h a t  i t  
c o u l d  be dragged under t he  s tub  o f  t h e  downcomer. 

The bag was " ree fed"  pushing ou t  as much water as poss ib le .  

The remainder o f  t h e  bag was d isconnected and towed t o  t h e  p i e r ,  bottom 
f i r s t .  

U t i l i z i n g  t he  crane on t h e  p i e r ,  t h e  bag was l i f t e d  up sec t i on -by -sec t i on  
and f o l d e d  on t h e  deck o f  t h e  workboat f o r  t r a n s p o r t  back t o  t he  mainland. 
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The damaged bottom o f  the  bag, a 16 f o o t  diameter sect ion, was removed. The 

redesign o f  the c leanout  f l ange  u t i l i z e d  a f l a p  o f  bag ma te r ia l  he ld  i n  p o s i t i o n  

by Velcro and "D" r ings .  See F igure  5.2-6. This  assembly i s  o n l y  s l i g h t l y  

s t i f f e r  than the  surrounding area. Therefore, the  prev ious f a t i g u e  problems are 

not  an t ic ipa ted .  

A new 16 f o o t  diameter replacement bottom sect ion, i nco rpo ra t i ng  the  

redesigned c leanout  f lange, was fab r i ca ted .  A 12 i nch  over lap w i t h  the e x i s t i n g  

c u t  lower edge of the o r i g i n a l  bag was employed f o r  bonding the new bottom t o  the 

o l d  upper bag. The new bottom was bonded t o  the e x i s t i n g  bag us ing She l te r -R i te 's  

adhesive PM107 w i t h  a PM92 c a t a l y s t ,  a f t e r  the mating surfaces had been cleaned 

and wiped down w i t h  Methyl E thy l  Ketone. 

P r i o r  t o  implementi ng the ac tua l  repa i r ,  bonded samples were made u t i  1  i z i n g  

p ieces o f  o l d  and new m a t e r i a l  us ing  the above adhesive and Stabond U148. These 

samples were tes ted  a t  the f a c t o r y  and were subjected t o  s t r i p - t e n s i l e ,  

adhesive-peel, and accelerated aging tes ts .  The samples tes ted  were 1 inch  wide 

and had a 6 i nch  bonded over lap versus the  12 i nch  over lap planned f o r  the 

r e p a i r .  For both adhesives, t he  t e s t  f a i l u r e  occurred i n  the base ma te r ia l  ra the r  

than i n  the bonded j o i n t ,  i n  both the  s t r i p  t e n s i l e  and adhesive peel t es t s .  

During accelerated aging tes ts ,  t he  samples were soaked f o r  12 days i n  1600F 

water and then subjected t o  s t r i p - t e n s i  l e  and adhesion-peel. The PM107lPM92 

adhesive system proved t o  be super io r  a f t e r  both adhesive samples had been 

subjected t o  accelerated aging. She l te r -R i te  adds a moisture re ta rdan t  t o  t h e i r  

adhesive f o r  improved underwater performance. 

A f t e r  t h e  bag was repai red,  i t  was fo lded  w i t h  the r i m  on top and an e i g h t  

s t r i n g  b r i d l e  attached t o  the grommets. I n  add i t ion ,  f o u r  grommets 900 apar t  

were color-coded and t h e i r  hanger l o c a t i o n s  noted. On the  CTF, the downcomer was 

lashed up t o  the top  10 i nch  pipe, and the  bag was deployed us ing  a technique 

s i m i l a r  t o  t h a t  employed f o r  t he  o r i g i n a l  deployment. The b r i d l e  was used t o  p u l l  

the bag o f f  the  work boat, across the r i n g  and i n t o  the middle o f  the CTF. Ropes 

were then at tached t o  the  color-coded grommets and slung over t he  8 inch  support 

r i n g  above t h e i r  respect ive  hangers. These ropes were used t o  p o s i t i o n  the bag 

and "unreef"  it. The p o s i t i o n  o f  t he  bag was v e r i f i e d  by the r e l a t i o n s h i p  between 

the 8 inch diameter d ra ins  and the  sump tank. The bag was then manually ra ised,  

sect ion-by-sect ion,  and the  62 bungees t i e d  t o  the  bag. The downcomer was no t  

i n s t a l l e d  u n t i l  the bag had been i n f l a t e d  t o  assure clearance between the  bag and 
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downcomer. A f te r  t he  i n s t a l l a t i o n  was completed, several f l o w  r a t e  t e s t s  on t h e  

hyd rau l i c  system v e r i f i e d  t h a t  no degradat ion had occurred, and the  system met i t s  

rev ised design f l o w  ra te .  

Inshore Anchor Movement - Dur ing a weekly check o f  the  mooring system i n  

January 1982, i t  was found t h a t  t h e  inshore anchor had been overturned and dragged 

t o  seaward. The anchor was l y i n g  on the  mooring cha in  where the  chain o r i g i n a l l y  

had been attached t o  the  top o f  t he  anchor. The inshore anchor i s  a concrete 

b lock 7 f e e t  x 7 f e e t  x 3 f e e t  weighing 15,000 pounds i n  water. The o r i g i n a l  

d is tance between anchors was checked a f t e r  i n s t a l l a t i o n  and found t o  be 237 feet .  

The separat ion d is tance as def ined i n  the  design s p e c i f i c a t i o n  i s  238 2 3 f e e t .  

The measured d is tance between anchors a f t e r  t h e  movement was 221 f e e t .  The depth 

o f  both anchors a t  t h e i r  o r i g i n a l  l o c a t i o n s  was checked, and i t  was found t h a t  the  

o r i g i n a l  inshore anchor l o c a t i o n  was 5 f e e t  deeper than i n d i c a t e d  on the  o r i g i n a l  

survey. Dur ing  the  per iod  j u s t  p r i o r  t o  the  anchor movement, t i d e s  were 

s i g n i f i c a n t l y  h igher  than normal and rough seas were reported. An analys is  

i nd i ca ted  t h a t  these sea condi t ions,  combined w i t h  the  f i v e  f o o t  anchor depth 

discrepancy probably caused the  observed anchor movement. 

Add i t i ona l  analyses were conducted t o  assess p o t e n t i a l  problems associated 

w i t h  the  inshore anchor remaining a t  i t s  new 1 o c a t i  on. The resu l  t s  i n d i c a t e d  t h a t  

t he  mooring geometry i n  the  new con f i gu ra t i on  was acceptable since, al though the  

anchor spacing was reduced, t he  inshore anchor depth had increased and t h e  f r e e  

l e n g t h  o f  chain had decreased (approximate ly  4 f e e t  o f  cha in  was permanently 

trapped under t h e  anchor) so t h a t  an t i c i pa ted  mot ion and loads were s i m i l a r  t o  

those p red i c ted  f o r  the  or  i g i  nal  geometry. 

A ca re fu l  d i v e r  examination o f  t h e  inshore  e l e c t r i c a l  cable ( f l o a t e d  o f f  t h e  

inshore anchor chain)  a f t e r  anchor movement a lso i nd i ca ted  no damage t o  the  cable 

and no a d d i t i o n a l  p o t e n t i a l  f o r  f o u l i n g  o r  damage w i t h  the  new anchor pos i t i on .  

The dec is ion  was made t o  leave the  system i n  i t s  new c o n f i g u r a t i o n  w i t h  no 

f u r t h e r  adjustments t o  anchor l o c a t i o n s  or  chain lengths, etc.  The inshore anchor 

b lock remained i n  i t s  new p o s i t i o n  through the  end o f  1982. 

Hardware and Fac i  1 i ty  Modi f i ca t ions  

As opera t ing  experience was gained, i t  was found necessary t o  modi fy  po r t i ons  

o f  t h e  CTF. These m o d i f i  c a t i  ons, i n  most cases, requ i red  Engi neer i  ng sketches, 

p a r t s  f a b r i c a t i o n  by a vendor and i n s t a l l a t i o n  by the  CTF opera t ing  crew or  a 



subcontractor  w i t h  o n - s i t e  engineer ing support. Fo l l ow ing  i s  a  d e s c r i p t i o n  of t h e  
major  m o d i f i c a t i o n s  w i t h  a  b r i e f  exp lanat ion  o f  t h e  reasons f o r  mod i f i ca t ion ,  t h e  

design tradeoff  s, and the f i n a l  con f i gu ra t i on .  

Bag O u t l e t  Screens and Bumpers - I n  order t o  p r o t e c t  t he  g r a v i t y  d r a i n  system 

f rom the accumulated debr is  i n  the bag, a  ny lon ne t  screen was placed i n  f r o n t  o f  

each o u t l e t  p o r t .  These screens, 17 f e e t  x 13 f e e t  i n  size, were attached t o  

f l aps  on the  bag. Due t o  the  f l e x i b i l i t y  o f  t he  bag and the  screens, t h e y  cou ld  

no t  be s t re tched t a u t  across t h e  bag quadrant. As a  r e s u l t ,  when the  screen i n  

t he  area of the o u t l e t  p o r t  became s l i g h t l y  fouled, t h e  water f l o w  pushed t h e  

screen i n t o  t h e  p o r t  p a r t i a l l y  b lock ing  it, causing a  h igher  pressure drop i n  t h e  

g r a v i t y  d r a i n  system. A s h o r t  p ipe  n i p p l e  and a  6  i n c h  tee  were i n s t a l l e d  i n  each 

o f  t he  o r i g i n a l  o u t l e t  p o r t s  t o  r e s t r a i n  t h e  net. The two openings a t  t he  ends of 

t h e  tees served as unobstructed e x i t  por ts .  

A f u r t h e r  s i m p l i f i c a t i o n  and improvement i n  t h e  e n t i r e  bag o u t l e t  f low screen 

system was implemented l a t e  i n  1982 as p a r t  o f  t he  bag r e p a i r / m o d i f i c a t i o n  

a c t i v i t y  discussed i n  Sec t ion  5.2.1.1. The l a r g e  o r i g i n a l  screens were discarded 

i n favor of several  smal l e r ,  f rame-supported screen assembl i e s  which were hung 

f rom the  upper l i p  o f  t h e  bag, each cover ing o n l y  a  s i n g l e  o u t l e t  p o r t .  Th i s  

design s i g n i f i c a n t l y  reduced the  d i f f i c u l t y  i n  removing growth and debr is  from t h e  

screen sur f  aces and out1 e t  p o r t  hardware so t h a t  more f requent  and e f fec t i ve  

c lean ing  was possib le.  The new design o f  the  screens a lso e l im ina ted  the  need f o r  

t he  net-bumper tees on t h e  6  i n c h  o u t l e t s  so t h a t  maintenance of these p o r t s  was 

f u r t h e r  simp1 i f i e d .  

Discharge Pump I n t a k e  Screens - Even though the  screens i n  t h e  bag contained 

most of t h e  debris,  enough small p ieces o f  k e l p  were passed t o  r a p i d l y  c l o g  t h e  

d ischarge pump i n t a k e  screens i n  t he  sump tank. Therefore, i t  became necessary t o  

c lean the  pump screens several  t imes each week. Th is  requ i red  t h a t  a  d i v e r  

descend i n t o  the  sump tank and manual ly c lean out  the accumulated debris.  The 

o r i g i n a l  screen con f i gu ra t i on  covered t h e  end o f  t he  10 i nch  p ipe  cas ing as shown 

i n  F igu re  5.2-7, which r e s t r i c t e d  i n l e t  area t o  t h a t  o f  t h e  p ipe  cross sect ion. 

The new screens were constructed f rom a  16 i n c h  diameter cy l i nde r  12 i n c h  long, 

which extended f rom the  bottom o f  the  sump tank t o  the  bottom o f  t he  10 i n c h  

casing. The screen area was thereby increased by grea ter  than a  f a c t o r  of four. 



The new screens can r e a d i l y  be removed f o r  c lean ing  outs ide  o f  t h e  sump tank. I t  

was a1 so found t h a t  the  new screens o n l y  requ i red  c lean ing  once a  week - a  great  

improvement over t he  o l d  method. 

I n l e t  Pump I n t a k e  Screens - The i n l e t  pump i n t a k e  screens were damaged 

s h o r t l y  a f te r  t h e  CTF was put  i n t o  the  water a t  B i g  Fisherman's Cove when a  l a r g e  

school of small squid was a t t r a c t e d  by the  l i g h t  on the  ins t rumenta t ion  shed and 

was fo rced  against  t he  screens by the  i ntake water v e l o c i t y  and pressure drop. 

New screens were designed t o  be more r i g i d  w i t h  increased area and were capable o f  

being r e a d i l y  removed f o r  c lean ing  topside. The area was increased by almost a  

f a c t o r  of three, and the screens could be removed by the  d i v e r  pul  l i n g  two pins. 

The screen was attached t o  the  10 i nch  casing by f o u r  r e t a i n i n g  p i n s  and designed 

as an i nve r ted  "vee" w i t h  the top  and sides blocked w i t h  sheet metal. See F igure  

5.2-8 f o r  t he  o l d  and modi f ied  conf igura t ions .  I t  should be noted t h a t  these 

screens were f u r t h e r  mod i f ied  and improved as p a r t  o f  the  i n l e t  depth redesign 

discussed i n  a  l a t e r  paragraph. 

Add i t i ona l  G r a v i t y  D r a i n  Hoses - A se r ies  o f  t e s t s  (see Sect ion  5.2.1 . l )  were 

conducted t o  determi ne why the  maximum system f l o w  r a t e  d i d  no t  meet t he  o r i g i n a l  

design p red i c t i ons .  Resu l ts  i nd i ca ted  t h a t  f l o w  r e s t r i c t i o n s  i n  t he  g r a v i t y  d r a i n  

system were h i  gher than ant ic ipa ted .  I t  was recommended t h a t  addi t i  onal capac i ty  

be added t o  the  g r a v i t y  d r a i n  system both  t o  improve e x i s t i n g  performance and t o  

p r o v i  de add i t i ona l  margin t o  compensate f o r  p o t e n t i  a1 b i o f o u l i n g  w i t h i n  t h e  p ip ing .  

Several candidate concepts were t raded-o f f  t o  increase the  f l o w  p o t e n t i a l  o f  

the g r a v i  ty system. The f 01 1  owi ng concepts were eval  uated: 

a. Add two add i t i ona l  8 i n c h  p o r t s  

b. Add two add i t i ona l  6 i nch  p o r t s  

c. I ncorporate an E j ec tor/Syphon 

d. Add a  Pump - Bag t o  Sump 

Of these candidates, the  add i t i on  o f  two 6 i n c h  p o r t s  was the  l e a s t  cos t ly ,  

bu t  on l y  prov ided a  f low r a t e  increase o f  730 gpm, w h i l e  f o r  o n l y  a  small 

add i t i ona l  cost, two 8 i n c h  p o r t s  would prov ide  a  1300 gpm f l o w  increase w i t h  a  

one f o o t  water l e v e l  d i f f e r e n t i a l  between the  bag and sump tank. The l a t t e r  

s o l u t i  on was selected s ince the add i t i ona l  capac i t y  prov ided a  reasonable margin 

( t h e o r e t i c a l l y  50 percent)  f o r  degradat ion due t o  b i o f o u l i n g  o f  the g r a v i t y  d r a i n  

subsystem and would permi t  s i  g n i f  i cant  reduc t i on  i n  c lean ing  requ i  rements o f  t he  

system. So lu t ions  c  and d  were f e l t  t o  be too complex and/or expensive. 
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The additional drains go directly from the bag to the sump tank bypassing the 
12 inch drain manifold which is more sensitive to bfofouling because of low flow 

velocity and is difficult to clean on a frequent basis. Previous experience had 
shown that the surface and sub-surface inlet nozzles could be adjusted to provide 

great flexibility in bag flow patterns. Therefore, the effect on the flow in the 
bag due to addition of two 1 arge, new exit ports close together could be 
compensated by adjustment of the inlet flow patterns. 

Two 8 inch diameter holes were cut in the upper 30 inches of the bag, and a 25 
inch diameter doubler was bonded to both sides of the bag to reinforce the cutout 

area as shown in Figure 5.2-9. Two flanges were bolted together through the bag. 
Each flange face had a phonographic finish, and as a result a good friction 

interference with the bag was achieved thereby helping to carry the load uniformly 
around the cutout area. Two 8 inch holes were cut underwater into the bottom of 

the sump tank. They were reinforced with steel plate doublers. A deflector was 
required in the sump tank as the flow coming through these openings interfered 

with the floats which actuated the sea valves. With this modification instal led, 
the system met the design flow rate of 2400 gpm. The flow-limiting subsystem 
became the discharge pumps and bottom pipe rather than the gravity system. 

Extended Inlets - A water temperature of 200C or higher has a negative 
impact on the kelp growth and health. During the summer, the water temperature at 
the inlet pump intakes (12 feet below the surface) reached 200C and higher. The 

intakes were therefore extended to 50 feet depth (see Figure 5.2-10) which at most 
times was below the thermocline with the water temperature at 170C or cooler. 

Polyethylene pipe 10 inches in diameter was used to extend the in 
pressure drop at 800 gpm was calculated to be less than 1 inch of 
would have no effect on the pump performance. The intake screens 
redesigned since the existing units weighed 90 pounds each, which 

resulted in excessive cantilever loads if installed on the bottom 

et casing. The 
water and thus 
were again 
would have 
of the 

extension. The new screen assembl ies were fabricated from polyethylene with steel 
screen which resulted in sufficient negative buoyancy to balance the positive 
buoyancy of the polyethylene pipe. The bottom ends of the original casings were 

also modified to mate with the new extensions. A stress analysis of the entire 

modified inlet casing design was conducted to verify that all structural elements 

had sufficient design margin to support the extended inlets. 
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Figure 5.2-9. Additional Gravity Drain Hose Installation 



INTAKE SCREEN - 
10" POLYETMY LENE 
PI PE 

STEEL FLANGE 
ASM 

-10" POLYETHYLENE PIPE 
31 FT. LONG 

- CY LlNDRlCAL SCREEN 

+-- CLAMP 

Figure 5.2-10. Extended Inlet and Final Intake Screen Configuration 
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Originally, the extensions were to  be ut i l ized during the summer only (calm 
seas) ,  and theref ore PVC f l  ange interfaces which were easy to instal  1, were 
employed to attach the steel casings to the polyethylene pipes. After 

i nstal l  a t i  on and successful operati on, the experimenter requested that  the i n l e t  
extensi ons remain on throughout the experiment. This required changing to  steel 
flanges since the PVC units had insuff icient  strength to  rel iably survive the 
loads generated by storms anticipated during the l a t e  f a l l ,  winter, and early 

spring. The steel f l  anges were instal led at  the beginning of October 1982. 

Flow Instrumentation - As discussed elsewhere in th i s  Section, 5.2.1.1, the 
or i f ice  plate employed for  flow measurement in the in l e t  system was found to have 
fouled resulting in erroneous flow data. The severe fouling was due primarily to  
growth and accumulation of debris in the flow stagnation areas immediately 
upstream and downstream of the or i f ice  plate. Frequent cleaning t o  prevent t h i s  
condition was impractical because of the p l a t e ' s  location clamped between two 10" 
pipe flanges in the main in l e t  water l ine.  Therefore, alternative methods of 
measuri ng the f 1 ow were eval uated: 

a. Annubar - A device which measures and averages the dynamic head a t  four 
points in the pipe. 

b. P i lo t  Tube - Measures the dynamic head a t  one point in the pipe. The 
operator must traverse the pipe and calculate the average. 

c. Flow Totalizer - This would require extensive rework of the 10 inch feed 
pipe. 

d. Ultrasonic Flow Meter - Used by the Navy for  seawater flow measurements i n  
submarines b u t  costs in the range of $8,000. 

e. Volumetric Tests - Require operator to  conduct volumetric t e s t s  t o  
determine pump flow rates approximately once a week. 

f. Knot Meter with Paddlewheel Transducer - This device would measure the 
flow only at one point in the pipe and would not be capable of 
transversing i t .  The error for t h i s  device i s  in the range of + 10 
percent. 

From these candidates, the Annubar was selected as the best solution for  the 
f 01 1 owing reasons: 

a. I t  would provide the data required by the experimenter. 
b .  I t  can be easily instal led i n i t i a l l y  and then be easily removed fo r  

cl eaning and mai ntenance without stoppi ng the f 1 ow. 

c. I t s  output can readily be made compatible w i t h  the data logger. 
d.  I t s  cost of approximately $2,000 was reasonable. 



The Annubar, F igure  5.2-11 i s  i n s t a l l e d  through a 1-1/4 i nch  - 1 /2  inch  p ipe  

coup l ing  which i s  welded i n t o  the  10 i nch  feed pipe, seven p ipe  diameters 

downstream from the 45' elbow on the i n l e t  p lat form. The l o c a t i o n  i s  near the  

l o c a t i o n  of t h e  o r i g i n a l  o r i f i c e  p l a t e  and, i n  both cases, was selected t o  assure 
t h a t  the  f l o w  disturbance caused by the  elbow has a n e g l i g i b l e  e f f e c t  on the  

i nstrument reading. 

Operat inq & Maintenance Procedures 

I n  an e f f o r t  t o  standardize the operat ion and maintenance o f  the  Cata l ina  Test  

Farm, opera t ing  and maintenance procedures and check l i s t s  were developed. These 

procedures and c h e c k l i s t s  were then fo l lowed and updated as requ i red  dur ing  the 

course of t h e  year. The system opera t ing  procedures d e t a i l e d  t h e  steps t o  

h y d r a u l i c a l l y  balance the system w i t h  the caut ions t o  be observed i n  order t o  

p r o t e c t  t he  equipment. Th is  procedure was updated when the  pump manufacturer 

l i m i t e d  the f l o w  r a t e  and increased the  Net P o s i t i v e  Suct ion Head requirement. 

A procedure was developed t o  r e a c t i v a t e  the  CTF a f te r  a shore power shutdown. 

The procedure was requ i red  t o  prevent l a r g e  power surges when r e a c t i v a t i n g  the 

system. 

A d a i l y  c h e c k l i s t  was developed t o  assure t h a t  the  operator monitored a1 1 

c r i t i c a l  parameters. Th is  data a lso  served as a l o g  o f  t h e  CTF operat ion. A copy 
o f  the l a t e s t  d a i l y  check l i s t  i s  shown i n  F igure  5.2-12. The weekly c h e c k l i s t  

was a lso  developed t o  moni tor  t he  phys ica l  cond i t i on  o f  t h e  hardware. A sample of 

t h i s  i s  shown i n  F igu re  5.2-13. 

An Operat ing & Maintenance Procedure Manual was generated and s t ruc tured t o  

p r o v i  de d e t a i l e d  i n f  ormati on on t h e  ope ra t i  on, mai ntenance and t e s t  procedures of 

the system and i t s  major components. The contents of the  Manual are ou t l i ned  i n  

Table 5.2-1. The CTF Operat ing & Maintenance Procedure Manual was issued as 

Reference GE-BIO-1851. 

1982 Year End CTF Status Summary 

By mid-December 1982, a l l  major problems i d e n t i f i e d  w i t h  operat ion o f  the  

f a c i l i t y  dur ing  the  year had been corrected: 

a. Pumps modif i ed f o r  re1  i able performance a t  operat ional  condi t ions.  

b. Flow system modi f ied  t o  improve system rnargi ns and rev ised max 
f low r a t e  o f  2250 gpm demonstrated. 

c. Cleaning and maintenance procedures developed and demonstrated 
e f f e c t i v e .  
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d. Major bag repair successfully completed and enclosure back to operational 
status, 

e. All major subsystems/components at operational status so that the new 
biological experiments could be initiated in early 1983. 

Several minor non-critical tasks remained to be implemented, but plans were 
developed and work was planned for completion in early 1983 during the period 
required for leaching of the new bag material and installation of new test plants. 
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Figure 5.2-11. Annubar Flow Sensor Installation 
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Figure 5.2-12. CTF Daily Checklist 
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Figure 5.2-13. CTF Weekly Checklist 
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5.4 NEARSHORE SYSTEM ANALYSIS 

The overall system study task for 1982 was part of a continuing effort to 

evaluate the commercialization feasibility of various kelp-to-methane system 

approaches. This year the task was directed toward development of smaller, 

nearshore farm concepts with potential for commercial development over a shorter 

time period and with lower risk than did the offshore concepts addressed in 

earlier system studies. The present study incorporated information and guidelines 

developed from past experience of the commercial kelp harvesting industry and new 

data on farm and gas yield as they become available from 1982 kelp yield 

experiments and digester development research, respectively. This new study also 
considered the economic potential associated with chemical by-products and 

co-products which had not been considered in previous studies. The preliminary 

results in the by-products area obtained during initial studies indicated 

sufficient advantages to warrant expansion into a more detailed study which is 

described in Section 5.5. 

The 1982 GE system study task was part of a broader study which included a 
detailed system costing and economics evaluation accomplished by The Ralph M. 
Parsons Company employing technical inputs from the GE study results. The primary 

output of this GE task was a System Functional Requirements and Specification 
document (Reference 5.4-1) which was issued in July 1982 and updated in October 

and November 1982. The broad purpose of this document for use by R.M. Parsons was 

four-fold: 

- Define the objectives, ground rules and constraints for the system economic 
study. 

- Summarize biological and engineering data available, identify ranges of 
uncertainty, and define, where possible, most probable values of technical 
parameters required for the overall study. 

- Identify overall system requirements, subsystem functional and interface 
requirements. 

- Define a GE recommended system concept on the basis of preliminary 
system/subsystem tradeoffs. 

The subtasks described in the following sections were performed in order to 

generate the information required for the Requirements/Specification document. 



5.4.1 GROUND RULES AND CONSTRAINTS 

In order to assure that useful and meaningful results could be obtained during 
the time period available for the overall study, it was necessary to establish 
constraints and ground rules limiting the variabi 1i ty and range of selectable 

study parameters such that the scope of the study would fit the planned schedule. 

In addition, it was decided early in the study to limit candidate technical 
approaches to those concepts which were considered to be "state-of-the-art" within 

present technology in order to enhance credibility and confidence in the final 
cost and economic results to the maximum extent possible. It was decided to make 
maximum use of available information on kelp growth and harvesting as gained over 
the past 70 years of comercial harvesting of nearshore California kelp beds for 
production of chemicals. In addition, in order to take maximum advantage of past 
Marine Biomass Program results, experience and data, the species and geographical 
locations were further restricted to those plants and areas selected and studied 

by program personnel in prior years. These criteria led to the selection of 

Macrocyst i s pyrifera or Macrocyst i s angustifol ia for farming in nearshore beds off 
the mainland o f  southern California. This selection is also consistent with 
available process data since a significant body of data exists on gasification of 
this feedstock. 

No minimum or maximum plant production capacity or farm size was specified, 
but the overall study objective was to trade off various concepts, sizes, etc, to 
minimize unit cost of energy produced within the other constraints. 

The effects of potential non-energy by-product revenue on gas cost and 

potenti a1 environmental impact considerat ions were to be addressed in a 
preliminary way during this phase of the study, only to identify those areas which 

should be subjected to further investigation or which might cause unusual or 
inordinate environmental problems. 

The following items summarize the final study ground rules: 

a. Farm sites limited to mainland coastal area of California between Point 
Conception and the Mexican border. 

b. The water depth ranges from 25-200 feet MLLW. 

c. Feedstock restricted to Macrocystis pyrifera or Macrocystis angustifolia. 



Sensitivity to technology wi 1 1  be evaluated by considering both "base1 ine" 
and "advanced" system concepts. All materials and technical concepts 
incorporated in "baseline" system concepts will employ "state-of-the-art" 
technology. "Advanced" concepts will use advanced technology but will be 
identified as such. 

The primary criterion of system merit will be the unit cost of production 
of the methane in constant dollars, using present value methods as 
described to GRI. 

Exploitation of co-products and by-products derived from the gas process 
effluent will be considered to the extent that potential additional 
revenue can be obtained to reduce gas cost. 

The scope and significance of required environmental impact evaluation and 
permit applications for operation of the total system in California will 
be considered, keeping in mind that an actual system deployment would not 
occur until after the year 2000. Comparison of the magnitude and extent 
of the present concepts with comparable civil or industrial projects of 
recent experience will be made. 

The energy consumed in appropriate user components of the system 
operations can be diverted from the product methane stream with attendant 
downward adjustment of net output of product. An alternative is to 
purchase all energy from the market, and preserve the total produced 
methane for distribution. Net energy produced will be evaluated. 

5.4.2 KELP BIOLOGICAL AND ENGINEERING DATA BASE DEFINITION 

Available data were researched and reviewed to determine the extent and level 
of confidence of existing data, the ranges of uncertainty and most probable values 
for various important parameters, and to identify those areas where new data were 
required and/or would be generated from the ongoing experiments described in other 

sections of this report. Information was primarily required in three major areas: 

- Kelp Growth Biological Parameters 
- Kelp Physical Properties 
- Kelp Feedstock Processing and Gasification Data 
Ocean environmental data are also required to interface with farm analyses and 

be employed with the kelp data. Nearshore site and environmental data for both 

ocean and land locations are very site specific and are discussed in Section 5.4.3 
where site selection study results are presented. 

A review of the bio 
biologists from CIT and 
over the years from bio 

logica 
NMI . 
logica 

5.4.2.1 Kelp Growth Biological Parameters 

1 data base was conducted with the support of kelp 
The data reviewed comprised primarily data acquired 

1 surveys and studies of natural beds and laboratory 



s tud ies  supplemented w i t h  1 im i  t e d  data a v a i l  ab le from commerci a1 k e l p  harvest 

experience. Of  p a r t i c u l a r  i n t e r e s t  was t h e  l i m i t e d  data ava i l ab le  on growth, 

p r o d u c t i v i t y  and y i e l d  of Macrocystis. New and s i g n i f i c a n t  data became a v a i l  ab le 

from t h e  C a t a l i  na and Go1 e ta  harvest y i e l d  experiments dur ing the year. Data base 

d e f i n i t i o n s  were updated c o n t i n u a l l y  as more harvest data were acquired and 

analyzed. B i o l o g i c a l  parameters o f  p r imary  i nte res t  and the  p o t e n t i  a1 range of 

the  parameter based on a v a i l  ab le data are: 

Hol d f  as t  Depth 25-60 Feet 

Water Temperature 9-20°c 

Ins01 a t i  on As along the So. C a l i f o r n i a  Coast 

L i f e  Cycle (spore t o  f i r s t  harvest)  22-32 Months 

N u t r i e n t  Requirements 

Harvestable Y i e l d  

From natura l  upwel l ing  events or  as per 
simpl e N-ba1 ance model 

5-45 DAFT/Acre Y r .  

Add i t i ona l  d e t a i l ,  d e f i n i t i o n  o f  the  parameters, and the  r a t i o n a l e  f o r  

s e l e c t i o n  o f  the  s p e c i f i e d  values are presented i n  Reference 5.4-2 which comprises 

the  b i o l o g i s t s '  i n p u t  t o  the data base evaluat ion. I n  general, t he  values o f  the  

parameters noted above are based on observat ions o f  cond i t ions  fo r  the  occurrence 

of k e l p  i n  the na tura l  beds along the southern C a l i f o r n i a  coast i n  combination 

w i t h  b i o l o g i s t s '  1 aboratory and f i e l d  t e s t  experience. 

I n  the i dea l  case, a ke lp  growth/harvest model would be ava i l ab le  t o  p r e d i c t  

growth and y i e l d  parameters f o r  var ious condi t ions.  The present s ta te-o f - the-ar t  

does not  permi t  such a model, however, so t h a t  f o r  purposes o f  t h i s  study, 

simpl i f y i  ng assumptions and empi r ica l  data were employed. The y i e l d  range noted 

above i s  based on o p t i m i s t i c  commerci a1 harvest  experience w i t h  na tura l  beds f o r  

t he  low end. The h igh  end o f  t he  range i s  based on p ro jec t i ons  o f  recent  bu t  

l i m i t e d  data obtained from the N M I  t e s t  farm f o r  p lan ts  w i t h  excep t i ona l l y  h igh  

measured p r o d u c t i v i t y  and cons idera t ion  o f  r e s u l t s  o f  p r e l  imi  nary measurements and 

model l i n g  o f  Macrocyst is n i t rogen  uptake r a t e s  a t  CIT. Annual y i e l d  was assumed 

t o  be independent o f  harves t ing  schedule since, as noted above, no va l i da ted  

growth/harvest model ex i s t s .  

A "most probable" y i  e l  d value was selected f o r  development o f  a "base1 ine"  

system concept dur ing  the  e a r l y  stages o f  t he  study. I t  became obvious a lso t h a t  

y i e l d  values, p l a n t i n g  density,  and p l a n t  s i z e  were a1 1 c l o s e l y  i n t e r r e l a t e d  when 

cons ider ing  p o t e n t i  a1 harvest y i e l d s  and design concepts. The fo l l ow ing  t a b l e  



indicates  the i n i t i a l  "Baseline" values used in ear ly  system concept s tudies  and 
tradeoffs.  The value was based primarily on natural bed harvest h is tory  and ear ly  
resul t s  from the  NMI farm where pl ants from natural beds were transplanted to  
closer spacing and cultured and harvested systemtical ly. Updated 
"s ta te-of- the-ar t"  and "advanced" concept values based on the expanding NMI farm 
data base which were u t i l i zed  by The R.M. Parsons Company in  t h e i r  f i na l  economic 
analysis are a lso  shown i n  Table 5.4-1. 

TABLE 5.4-1. ASSUMED YIELD AND PLANTING DENSITY VALUES 
FOR SYSTEM CONCEPT POINT DESIGNS 

GE Base1 i ne S t  ate-of-the-Art Advanced 

Areal Y i el d (DAFT/A-Y) 7.5 15 4 5 

Pl ant Density (Pl ants/A) 1000 400 1000 

Pl ant Spacing (Feet)  6.5 10 6.5 

A discussion of the NMI data and the ra t iona le  fo r  se lect ing spec i f ic  yield 
val ues f o r  " state-of - the-art"  and "advanced" concepts are presented i n Reference 
5.4-3. Figure 5.4-1 shows a summary of the NMI projected yield data f o r  the 
Goleta Test Farm. Data are shown f o r  the  three  planting densi t ies ,  f o r  t he  
"average" and "highest producing1' pl ants f o r  each of several harvests. The ear ly  
"baseline" value was based on a mi nor improvement over the  "average" plant y ie ld  
f o r  a medium density farm. The "s ta te-of- the-ar t"  y ie ld  i s  based on the  
assumpti on t ha t  the exi s t ing  NMI "high producer1' pl ants,  which or ig ina l ly  came 
from natural beds, can be reproduced on a commerci a1 scale  with a minimum of 

genetics work and will  maintain t h e i r  high producer capabi l i ty  a t  s l i gh t l y  c loser  
spacing ( i . e . ,  10 f t. as opposed to the NMI farm value of 13 f e e t ) .  The 
"advanced" yie ld  value i s  based on the assumption t ha t  genetics research and 

farm/harvest optimization s tudies  over the next phases of the program will r e s u l t  

in s ign i f ican t  y ie ld  increases (e.g., 40 percent) over those presently obtained 
w i t h  the "high producer" plants a t  the 1000 p l  ants/acre density. Note that  
although very high yie ld  values can be projected from the  high density (400 
pl ants/acre) spaci ng, the morta l i ty  r a t e s  experienced were unacceptable so t ha t  i t  

was f e l t  t ha t  system concepts employing these very hi gh planting densi t ies  and 
projected yie lds  were not r e a l i s t i c  f o r  the present study. Mortal i ty r a t e  a t  
1 ower densi t ies  was much 1 ower b u t  requires fu r ther  ver i f ica t ion t o  es tabl ish  
acceptabi 1 i ty .  



-P ro j ec ted  Y i e l d  Based on P lan t s  Wi th  Best  P roduc t i on  

-P ro j ec ted  Y i e l d  Based on Average o f  A l l  P l a n t s  

P l a n t  Dens i t y  ( P Ian t s lAc re )  
LOW- 250 
Medium - 1000 
High - 4000 

V 1 ELDS 

Advanced 
1000/Acre) 

E a r l y  Basel i ne 
( 1000/Acre ) 

S ta te  o f  a r t  
(4001Acre) 

Figure 5.4-1. Projected Yields for Four Seasonal Harvests 
of Plants Planted at Three Densities 



Since no comprehensive fert i 1 ization model presently exists to determine 
nutrient requirements and optimize ferti 1 izing techniques for large nearshore kelp 
beds, a simple "black box" model was developed for this study. Figure 5.4-2 shows 
schematically the sources and sinks for nutrients in a kelp bed. It is assumed 
that natural upwell ing events, when they occur, provide sufficient nutrients and 
that no additional nutrient is required during those periods. When upwelling 
ceases, however, nutrients, primarily nitrogen, may be required to prevent 

nutrient-limitation of biomass production. It was assumed that the natural 
environment would always provide adequate supplies of other macro- and 
micro-nutrients. The box in Figure 5.4-2 represents the farm boundaries through 
which the various mechanisms transport nutrients into and out of the farm volume. 
A detailed model which includes all transfer mechanisms is not only beyond the 
scope of this study but also beyond the state-of-the-art at this time so that the 
nutrient requirements were determined by a simple balance between the nitrogen 
removed in the harvested material (calculated from the assumed harvestable yield 

and kelp composition) and the nitrogen provided by digester effluent and/or 

chemical fertilizers put back into the Itfarm box" by the fertlizing subsystem 
described later. The large farm area and low internal water velocity conditions 
were assumed to prevent loss of nutrients from the farm volume by hydrodynamic 

processes before the plants are able to take up all the nutrient. Similarly, lost 
and sloughed material was assumed to be recycled within the farm volume, and 
nitrogen losses by other biological mechanisms were assumed negligible. These 

assumptions are felt to be realistic in a nearshore shallow-water farm, where the 
ocean bottom provides an essentially impervious boundary which did not exist in 

earlier studies of offshore deepwater farms. 

Using this simple model, the curves of Figure 5.4-3 were generated to 
determine chemical fertilizer requirements for various conditions of annual 

upwelling duration. The values shown are for an annual harvested yield of 100,000 
DAFT/Yr and assume that in periods of no natural upwelling, the nitrogen in both 
the digester effluent (all of which is returned to the farm) and purchased 
commercial fertilizer is available to the plants. Overall "fertilizing 

efficienciesN q and p have been included for the commercial fertilizer and 
digester effluent respectively, to account for the fact that, in actuality, the 
nitrogen is not totally available to the plants. Although no detailed analyses 

are available to quantify q, evaluation of gross fertilizing efficiencies obtained 
by Chinese commercial kelp farmers, Laminaria farms and limited CIT experience 
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with Macrocystis natural bed experiments indicate that 7 = 60 percent is a 
reasonable base1 ine value. Similarly, 1 imited evaluation of composition and form 
of nitrogen in digester effluent suggests a baseline value of 50% for the 

parameter p. Other values are presented parametrically on the curve to indicate 
the effect of these efficiencies on fertilizer requirements. Fertilizer 
requirements for other annual yields and values of kelp nitrogen content (other 
than the assumed 1.8 percent) are linearly related to the quantities in Figure 

5.4-3. 

Data availability and requirements were also developed for growth of juvenile 

plants for initial planting and startup of the farm. The techniques and 
requirements were defined based on a significant body of experience in this area 

gained in culturing Macrocystis under laboratory and natural environmental 
conditions by CIT, NMI and other kelp biologists. 

5.4.2.2 - Kelp Physical Properties 

The kelp physical properties of primary importance to ocean farm siting and 
concept definition are: 

- Plant Size 
- Plant Buoyancy 
- Plant Drag 
- Plant Dynamic Characteristics 
- Allowable Relative Water Velocity 
- Stipe Strength 
- Holdfast Holddown Requirements 
These parameters, used in combination with environmental information on water 

current velocities, wave conditions (such as height, period, orbital velocities, 
etc. ), ocean bottom composition and bottom topography, are employed to specify the 
design requirements for the farm substrate structural elements which must hold the 
crop in place and protect it during the design life of the farm. 

The buoyancy and hydrodynamic drag properties were determined as a function of 
plant size (in total frond-feet) by ocean tests conducted earlier in the Marine 

Biomass Program as part of the ongoing kelp characterization effort. Plant size 

data were correlated with plant spacing and yield data from the Goleta yield 

experiment so that the drag and buoyancy characteristics f o r  plants under varying 
yield and farm density conditions could be estimated to determine loads on farm 
structures. Information on stipe strength and allowable water velocity were 
sumnarized from data available to the kelp biologists. 

5.4-10 



No reliable data were identified for definition of plant dynamic 
characteristics, although qualitative observations from divers indicated that 
dynamics might reduce actual hydrodynamic loads significantly below those 
predicted using quasi-steady hydrodynamic analyses. A simple dynamics model was 

developed for load estimation purposes in development of substrate concepts which 
corroborated that significant drag-load reductions would result from the kelp's 
inability to follow the wave dynamics. This preliminary model study is described 

in Reference 5.4-4 which also discusses substrate design concepts. Experiment 

requirements and preliminary ocean test plans were developed to verify and further 
investigate kelp dynamics effects. 

In the case of holdfast holddown requirements, it was assumed that for 

Macrocysti - s pyrifera which would be employed for a1 1 off-bottom substrates (water 
depth greater than 60 feet) and for on-bottom cases with rubble or rocky bottom 
characteristics, the holdfast would provide no anchoring capability of its own and 
100 percent of plant drag, and buoyancy forces would have to be resisted by the 

farm substrate system of anchors and cables. In the case of Macrocystis 
angustifolia, however, it was anticipated that the holdfast itself would provide a 
significant portion of the required holddown force either through its own weight 
or through adhesion to the bottom (sand or other bottom materials where it occurs 

naturally) by various mechanisms. Since no quantitative data were available, and 
since the substrate and total system projected cost could be significantly reduced 
if anchor sizing could be reduced, a preliminary ocean test operation, Reference 
5.4-5, was conducted to obtain data on tearout resistance of Macrocystis 

angustifolia - holdfasts under various bottom conditions and for a range of plant 
sizes. The results of these measurements are summarized in Table 5.4-2 and Figure 

5.4-4. The data indicate that for mature plants greater than about 100 total 
frond feet in size, the holdfasts alone were capable of resisting the predicted 

loads due to 20 feet, 20 second storm waves. Although this data sample is small 

and requires considerable expansion to develop adequate statistical confidence, it 

is noted that of the total number of plants tested, only a single test sample did 
not meet this criteria over the three different bottom types investigated. These 

data resulted in a significant reduction in anchor weight requirements and system 
cost for on-bottom substrates employing Macrocystis angustifolia as defined in 

Reference 5.4-3. Anchor weights can be reduced to the 5-20 pound wet-weight range 
since the plant itself provides a large part of the required resistance to tearout 

by storm waves. Further research is required to expand the data base in this 
important area for both Macrocystis angustifolia and for Macrocystis pyrifera also. 
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TABLE 5.4-2. POINT CONCEPTION AREA SURVEY-PLANT DATA SUMMARY 

z .Cojo(S)  

I t  

I t  

I t  

I t  

11 

L.Cojo(S) 

G a v i o t a  

I t  

I t  

I t  

G a v i o t a  

L.Cojo(D) 

I 1  

L.Cojo(D) 

40 Sed/  
C l a y  

38 " 
4 0 11 

38 " 
40 I t  

40 " 

40 Sed/  
C l a y  

40 Sand 

40 " 

42 " 

40 " 

40 Sand 

50 C l a y  

50 " 

50 C l a y  

+ P l a n t  s i z e  and f o r c e  a r e  d i v e r  e s t i m a t e s  f o r  t h i s  test.  

* P l a n t  s i z e  e s t i m a t e d  f rom s t i p e  c o u n t  a t  h o l d f a s t  and  a v e r a g e  f r o n d  l e n g t h  d a t a .  

** L.Cojo (D) i n d i c a t e s  t h e  d e e p e r  o u t e r  bed a t  L i t t l e  Cojo .  ( s )  i n d i c a t e s  t h e  s h a l l o w e r  i n n e r  bed a t  L i t t l e  Cojo .  



240 T LL- I 

(NOTE: ARROWS DENOTE TEAROUT LOADS 
EXCEEDED INSTRUMENTATION LIMIT) 

LEGEND 

0 - SEDIMENT OVER CLAY, DEPTH = 4 0 '  

A - CLAY RUBBLE, DEPTH = 5 0 '  

O - SAND BOTTOM, DEPTH = 4 0 '  

22-1  - DENOTES PLANT # I  ON 9 /22 ,  ETC. 

23-3 
El / 

-- 
4 0  23-1 22-1 0 

(. - -- - - - - - x - E S T I M A T E D  MAX HYDRODYNAMIC DRAG AT 
/--- 

-- ' O 22-5 DESIGN STORM CONDITlONS 

------- ( 2 0  FT., 2 0  SEC. WAVES) 
22-4 -- 

0 --+.-- L 
1 

0 1 00 2 0 0  300 4 0 0  5 0 0  6 00 700 800 

Figure 5.4-4. Resistance of Macroc stis an ustifolia Holdfasts to Tearout ++ by Horizonta 



5.4.2.3 Kelp Processing/Gasification Properties 

A relatively large data base exists to define the range of variability and 
average values, where meaningful, for kelp chemical composition, physical 

composition and gasification properties. Kelp biologists surveyed the available 
data on a large number of samples and summarized the information to provide the 

required information on kelp composi t ion as documented in References 5.4- 1 and 
5.4-2. Physical property data required for transport and process subsystem 

studies were available from previous work done on the program by U.S.D.A. and IGT 
to determine parameters such as densities of chopped kelp, chopping energy 

requirements, packing densities and storage characteristics. These data were 
verified, where possible, with experience of the commercial kelp processing 
industry. One area o f  uncertainty developed in ascertaining the viscosity for 
pumping estimates of chopped undiluted kelp, since this is the preferred feedstock 

transport mode after the kelp is harvested. Because of the non-Newtonian nature 
of the material, standard viscometers were not able to provide valid measurements 

in several laboratory test attempts. Although this does not appear to be a 
critical parameter, future investigations in the process area should incorporate 
viscosity or pumping-energy measurements at a 1 arger scale. 

The major parameters of concern in evaluation and studies of gasification 

processes are gas yield data, process temperatures, and process hydraul ic 
characteristics and retention times. A significant body of bench-scale data 
exists for all these parameters, but the absence of larger scale, i.e., 
approaching pilot scale, reactor data results in need for added conservatism in 
engineering concept and economic studies. The avai 1 able data were reviewed in 

cooperation with IGT and experts from The R.M. Parsons Company and a mutually 
acceptable data base defined for the process system studies. 

Anaerobic digestion was selected over thermal gasification on the basis of 

extensive previous studies which indicated that the latter approach was 
unacceptable primarily due to the high moisture content of the kelp feedstock. 
Data for anaerobic gasification of a number of kelp lots, for both ambient and 
mesophi 1 ic process temperatures, for several laboratory reactor configurations, 
for diluted and undiluted kelp and for a variation in kelp feedstock partical 
size, were evaluated and reviewed. Data on various kelp lots presented in Table 
5.4-3, combined with the data of Figures 5.4-5 and 5.4-6 provide the basis for 
selecting the range of gas yields to be considered in the system study: 



TABLE 5.4-3. METHANE YIELD RANGE 

Lot 53, Undiluted Feed; Measured Yield i n  USR = 6.2 SCF/lb VS 

Lot 53, Diluted Feed; lleasured Yield i n  STR = 5.2 SCF/lb VS 

Yield Adjustment Factor 

Methane Yield - Expected Methane Yield 
Measured i n  STR* with Undiluted Kelp 

Using Diluted Kelp in USR 
t o t  No. SCF/ l  b VS SCF/lb VS Conanent 

Basis for  Adjustment 

* 12-15 Days Retention Time 

B A S E L I N E  METHANE YIELD RANGE = 5.0-6.2 SCF/LB VS ADDED 



KELP LOT 53 DATA: UNDILUTED KELP FEED 

a STR DATA 

a USR DATA 

SRT, DAYS 

Figure 5.4-5. Methane Yield Versus Retention Time 
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Figure 5.4-6. Temperature/Inoculum Study Results 



Methane Yield = 5.0 - 6.2 SCF/LB VS Added 
Process Temperature = Mesophi 1 i c (33-380C) 

Figure 5.4-5 was developed, Reference 5.4-6, to shown that results from 
stirred tank and upflow Solids Reactors could be correlated to a common curve 

using the solids retention time (SRT) as the common parameter of significance. 
The data of Table 5.4-3 indicate that the yield range noted above is obtained from 
STR data obtained from diluted kelp at shorter retention time when a correction 

factor is applied to account for the different flow conditions in the USR and the 
differences in yield between the diluted and undiluted kelp cases. Figure 5.4-6 
shows that significant reductions in yield result if the process is run at ambient 
temperature. Results from earlier digest ion system trade-off studies indicated 
that more energy is lost in lower gas yield operating the reactor at ambient 

temperature than is required to heat the feedstock and operate at mesophylic 
conditions. 

Other parameters critical to processing subsystem designs include those 

defining properties of the digester effluent and gas produced both chemically and 
physically. Available data were collected and evaluated from GE, IGT, and USDA 
digestion research programs. In general, sufficient data were available on gas 
chemistry, except in the critical case of sulphur content where additional 

measurements were made during 1982. More detailed sulfur-content data were 
required for a realistic evaluation and costing of the gas cleanup subsystem. 

Effluent properties are required both for estimation of candidate reactor 
concept performance and for definition and evaluation of the post-processing 

steps, e.g., effluent disposal, potential by-product processes and environmental 
impact analyses. A large body of data on effluent chemical composition and 
physical properties was reviewed and summarized. The data base was, in general, 
adequate, except more refined data were identified as required in three areas: 

- Effluent settling rates for reactor design 
- Form of nitrogen compounds for ocean disposal 
- Properties of components for by-product studies 

GE bench scale data, Figure 5.4-7, on effluent settling rates presently comprise 
the total source of information in this area. Although these data are adequate 
for first estimates of reactor design requirements, data scaleup to commercial 
size digester analyses is questionable. The design and performance of digesters 
are strongly dependent on solids separation rates and their effects on SRT. The 
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p o t e n t i  a1 need f o r  ef f  1 uent  r e c y c l e  systems and/or increased d i g e s t e r  vo l  ume can 

have a  s i g n i f i c a n t  impact on o v e r a l l  system cos t .  More r e l i a b l e  p i l o t - s c a l e  data 

on e f f l u e n t  s e t t l i n g  and o ther  h y d r a u l i c  parameters are, there fo re ,  needed. The 

importance of these parameters i s  d i r e c t l y  l i n k e d  t o  t h e  improved gas y i e l d s  

ob ta ined  a t  t h e  h i g h  va lues o f  SRT. 

The d i g e s t e r  e f f l u e n t  con ta ins  n i t r o g e n  compounds which might  be a v a i l  ab le  f o r  

a s s i m i l a t i o n  by t h e  p l a n t s  i f  re tu rned  t o  t h e  farm. The exact  form o f  t h e  

n i t rogen ,  e.g., n i t r a t e s ,  n i t r i t e s ,  amnonia, etc., was no t  known f rom prev ious  

data. A d d i t i o n a l  t e s t i n g  was conducted b y  IGT t o  determine t h e  forms of n i t r o g e n  

found i n  t he  d i g e s t e r  e f f l u e n t  and p o t e n t i a l  changes i n  these forms which might  

occur over var ious  s torage per iods .  The r e s u l t s  i n d i c a t e d  t h a t  some of t h e  

n i t r o g e n  was i n  t he  form o f  d i sso l ved  amonia,  a  n i t r ogen  form which can be used 

e f f e c t i v e l y  by t h e  k e l p  p l a n t s  as n u t r i e n t .  1GT a l so  made a d d i t i o n a l  measurements 

on t he  su lphur  con ten t  o f  t he  d i ges te r  p roduc t  gas. Both t h e  n i t r o g e n  and s u l f u r  

con ten t  r e s u l  t s  b y  IGT are documented i n Reference 5.4-7. 

5.4.3 SITE STUDY AND ENVIRONMENTAL CONDITIONS 

S i t e  s tud ies  were r e s t r i c t e d  t o  those southern C a l i f o r n i a  coas ta l  l o c a t i o n s  

i d e n t i f i e d  i n  t he  s tudy  ground r u l e s ,  Sec t i on  5.4.1. Cons is ten t  w i t h  t he  

o b j e c t i v e  of develop ing system concepts which were, t o  t h e  maximum e x t e n t  

poss ib le ,  w i t h i n  t he  p resen t  s ta te -o f - t he -a r t ,  candidate fa rm s i t e s  were 

c o n s t r a i  ned t o  those  areas where Macrocyst i s  i s  f r e q u e n t l y  found i n  n a t u r a l  beds. 

The p r i  o r i  t y - cho i ce  1  o c a t i  ons are those where n a t u r a l  beds appear t o  grow 

c o n s i s t e n t l y  and r e l i a b l y .  F i g u r e  5.4-8 shows t h e  approximate d i s t r i b u t i o n  of 

e x i s t i n g  n a t u r a l  beds a long t he  C a l i f o r n i a  coas t  f rom P t .  Concept ion t o  t h e  

Mexican border .  As noted e a r l i e r ,  t h e  depth range o f  n a t u r a l  k e l p  beds (Sec t i on  

5.4.2.1) v a r i e s  from approx imate ly  25 f e e t  depth on t he  i nne r  edge t o  60 f e e t  

depth on t h e  ou te r  edge. As seen i n  t h e  f i g u r e ,  t h e  l a r g e s t  concen t ra t ion  of 

n a t u r a l  ke lp ,  approx imate ly  66 percen t  o f  e x i s t i n g  canopy, i s  l oca ted  i n  t h e  area 
between P t .  Concept ion and Santa Barbara; a  r e g i o n  which i s  w e l l  p r o t e c t e d  by t h e  

Channel I s l a n d s  and which ge ts  s i g n i f i c a n t  amounts o f  n u t r i e n t s  f rom n a t u r a l  

upwe l l i ng .  T h i s  area a l so  i s  t h a t  from which t h e  l a r g e s t  commercial harvests  have 

been ob ta ined  t o  date. The k e l p  popu la t i on  i s  t h i s  r e g i o n  i s  comprised p r i m a r i l y  

of Macrocys t i s  a n g u s t i f o l i  a. The second most p ro1  i f i c  k e l p  p roduc t i on  area i s  

l o c a t e d  i n  t he  southern area between San Clemente and San Diego, an area which 

again rece i ves  cons iderab le  amounts o f  n a t u r a l l y  upwel led n u t r i e n t s  b u t  i s  no t  as 
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well protected from open ocean storms. The area between Santa Barbara and San 
Clemente is not presently heavily populated with kelp beds although a large 
natural bed formerly existed off the Los Angeles area at Palos Verdes and, at 

present, appears to be re-establishing itself. A large area off the 
Oxnard-Ventura area was found to support very little natural kelp. 

The reasons for lack of growth in some areas of the region are not fully 
understood by biologists, but several potential growth-limiting conditions were 
identified and were avoided in site selection criteria for the system study. 

Aside from the obvious reasons of lack of natural nutrients and/or violent 
mechanical damage due to direct exposure to extreme sea conditions during storms, 
a potentially prohibitive growth-inhibiting condition may exist in areas where 
heavy siltation results in high turbidity, reduced light levels at the holdfast 

and basal sections of the plant, and where the lower parts of plants, particularly 
young juveniles, could be completely covered by siltation. It is be1 ieved that 
the apparent 60 foot depth limitation on the outer edge of coastal natural beds is 

due to light penetration limitations, since beds near offshore islands, where 
water turbidity is much less, are found to grow past the 60 foot depth contour. 
Siltation problems can occur in areas proximate to large man-made outfalls and 
natural river outlets. The former, however, will probably not present a problem 
during the period anticipated for farm deployments due to tightening environmental 
control requirements and regulations. 

On the basis of these considerations, a set of farm site selection guidelines 
were defined: 

a. Kelp presence or previous history of kelp growth. 

b. Water depths nearshore 25 to 100 feet where depths greater than 60 feet 
require off-bottom planting substrate. The 100 foot maximum is somewhat 
arbitrary and is based primarily on study results which indicate moored 
substrate cost, at present state-of-the-art, will probably become 
prohibitive for depths in excess of 100 feet. 

c. Frequent occurrence of natural nutrients either from ocean upwelling or 
runoff if the latter does not create a siltation problem. 

d. Sheltered from direct open ocean storm events. 

e. Water quality and clarity to be equal to or better than those of average 
coastal water. 

f. Avoid siltation outfalls, either manmade or natural. 



g. Locate ou ts ide  sh ipp ing  lanes and rec rea t i ona l  zones. 

h. P o t e n t i a l  f o r  shore s i t e  access, 

Studies were conducted t o  determine the  amount o f  area p o t e n t i a l l y  a v a i l a b l e  

f o r  farm s i t i n g .  F igu re  5.4-9 shows the d i s t r i b u t i o n  o f  t o t a l  ocean coasta l  area 

ava i l ab le  i n  t h ree  depth ranges f rom 25 f o o t  t o  100 f o o t  depth. The t o t a l  area i n  

t h i s  depth range along the  e n t i r e  coast from P t .  Conception t o  the  Mexican border 

i s  240,000 acres. Of t h i s  area, 14,000 acres ou t  o f  a t o t a l  a v a i l a b l e  100,000 

acres i n  t h e  depth range between 25 fee t  and 60 f e e t  p resen t l y  conta in  k e l p  beds. 

H i s t o r i c a l  records i n d i c a t e  t h a t  around 1900 as much as 50,000 acres o r  50 percent  

o f  t h i s  a v a i l a b l e  depth-acceptable area was covered w i t h  n a t u r a l  ke lp  beds. These 

records i n d i c a t e  t h a t  the  beds along the nor thern  end o f  the area o f  present  

i n t e r e s t  have been q u i t e  s t a b l e  w h i l e  the  beds south o f  Ventura/Oxnard have tended 

t o  be more t ime-var iab le  and t o  have decreased i n  o v e r a l l  area coverage. The 

th ree  depth ranges i n  F igure  5.4-9 are associated w i t h  d i f f e r e n t  substrate 

concepts described i n  Sect ion 5.4.4.3. 

Three s i t e s  were selected and p r i o r i t i z e d  f o r  recommendation t o  The Ralph 

M. Parsons Company as candidate ocean farm s i t e s .  The f i r s t  two se lec t ions  were 

based on c r i t e r i a  l i s t e d  above and eva lua t ion  o f  a v a i l a b l e  in fo rmat ion  on the  

ocean environment. The pr imary parameter considered was the  presence and dens i ty  

o f  n a t u r a l  k e l p  beds. The t h i r d  s i t e  was i d e n t i f i e d  as an area o f  l a rge  p o t e n t i a l  

growing area, bu t  one where no s i g n i f i c a n t  k e l p  now e x i s t s .  It was selected as a 

l o c a t i o n  where, should f u t u r e  research permi t  establ ishment o f  k e l p  beds, l a r g e  

a d d i t i o n a l  farm areas would be a v a i l a b l e  i n  the  proper depth range. 

F i r s t  Choice: P t .  Conception/Santa Barbara Area 

Abundant n a t u r a l  beds w i t h  record  o f  1 arge commerci a1 harvest, f requent  

upwel l ing  w i t h  n a t u r a l  nu t r i en ts ,  genera l l y  we1 1 pro tec ted  f o r  severe 

storm a c t i v i t y  by  Channel Is lands.  

Second Choice: San Diego County Area - 
F a i r l y  abundant n a t u r a l  beds w i t h  record  o f  good harvest h i s to ry ,  f requent  

upwe l l i ng  o f  n a t u r a l  nu t r i en ts ,  o n l y  l i m i t e d  p r o t e c t i o n  from of fshore 

is lands.  

Th i rd  Choice: Ventura County Area 

No s i g n i f i c a n t  k e l p  presence bu t  l a r g e  coas ta l  area i n  depth range of 

i n t e r e s t .  Contingency s i t e  i f  research advances permi t  e f f e c t i v e  k e l p  

growth i n  area. 
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All of the sites noted would permit relatively easy access to, and land 
availability for, a shoreside processing plant of the size envisioned for the 
system concepts of the present study. 

A survey of available nearshore oceanographic data was made to establish 
environmental design requirements for the farm harvest and transport subsystems. 
Although a large body of data is available for depths greater than 300-600 feet, 
information for nearshore sites with depths in the range of present interest were 
not easily available, and in cases where measurements were available, the 

shallow-water data were extremely site specific since the local shoreline and 
bottom topography can strongly affect surface wave and current conditions. In the 
initial studies of 1982, design environmental conditions for shallow conditions 
were estimated to be approximately the same as for larger depths further 

offshore. Longshore design maximum currents were conservatively estimated at 2 
kts while in lieu of more specific data, maximum design storm wave conditions were 
estimated to be 20 foot waves with 20 second period. This wave condition would 

result in a maximum surge velocity of approximately 8.3 fps in the vicinity of the 
structure and submerged kelp canopy 5 feet off the bottom for average depths of 
about 40 feet. 

Harvesting operations may also be curtailed by sea conditions. Commercial 

operators have indicated that significant wave heights of 2 feet or greater will 
prevent safe, effective harvesting of the kelp canopy. Estimates based on sea 
data available in early 1982 indicated that this limitation would permit a total 
of 300 days x 10 hrs/day = 3000 hours of annual harvest time for the nearshore 

farm concepts being considered. 

This information in addition to definition of locating of shipping lanes, 

outfall sites and other pertinent data relative to both ocean and land sites were 
pub1 ished in Reference 5.4-1. Toward the latter part of 1982, a new source of 

more detailed nearshore oceanographic data became avai 1 able, and the earlier 
oceanographic information was reviewed and updated in Reference 5.4-8. The new 
oceanographic data were acquired from various state and federal agencies that 
collect, reduce and analyze data from a series of nearshore sensors along the 
entire California coast. Data were also included from two private sources. Data 

directly applicable to the Pt. Conception first-choice site are included from an 
environmental impact study at Little Cojo Bay. In this case, several wave 

conditions were selected from the data. Computer analyses were then conducted to 



assess the maximum design water velocities as a function of depth for several 
cases. The results indicated that the maximum design wave condition for future 
studies should be updated to waves with 18-20 foot height but periods reduced to 
1 1  seconds. The maximum water velocity at 5 feet off the bottom would be 
increased from the original 8.3 fps value to 9.5 fps. Maximum conditions at other 
southern California coastal sites were not updated. The original definition of 
available harvest time of 3000 hours per year (seas less than 2 feet significant 
wave height) was confirmed, however, for both the northern region and the 

second-choice site off San Diego County. 

5.4.4 SYSTEM CONCEPT DEFINITIONS 

The ground rules, data base and requirements discussed above were employed in 
prel imi nary engineering trade-off studies to develop a recommended basel i ne system 
concept, subsystem concepts and specifications, and preliminary estimates of 
system performance and cost. The preliminary concept was updated as new results 
and information became available over the year and was presented to The Ralph M. 

Parsons Company as a starting point for their more detailed costing and economic 
studies. 

5.4.4.1 Overall System Concept and Functional Requirements 

A system functional block diagram was developed as the first stage in the 
system concept definition process. Figure 5.4-10 i 1 1  ustrates this procedure where 
the highest level function, i .e., "Produce Gas from Macrocystis", is identified at 
the top of the functional block diagram. Each higher level function is then 
successively broken down into lower level functions and/or operations until the 
level is reached where the identification of alternative candidate operations or 
specific equipment is possible. Succeeding levels then represent more detai led 
definition of subsystem functions, concepts, and components which can then be 

traded off to develop an optimized overall system concept after candiate subsystem 
concepts and functions are defined. 

The system requirements were evaluated within the ground rules and constraints 

discussed earlier and a baseline system concept was defined. A system block 

diagram is shown in Figure 5.4-11 where the various subsystems comprising the 
overall system are identified. In addition to study ground rules and constraints 
discussed in Section 5.4.1, it is necessary to specify other system/subsystem 
parameters either on the basis of the data and requirements discussed in Sections 
5.4.2 and 5.4.3 or using some other criteria in order to scope the size (or range 
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of candiate sites) of the overall system so that a preliminary point design or 
base 1 i ne can be developed from which sensitivities and comparisons can be made. 
The remaining parameter which has not been discussed but is crucial in defining 
and evaluating the baseline concept is the size of the system, either in terms of 
gas production capacity or alternatively, ocean farm area. Production capacity 
was selected since this is probably a more meaningful parameter which can be 
compared with other SNG concepts, market requirements, etc. A baseline gas 
production capacity of 3 MMCFD was selected for this study somewhat arbitrarily. 

This size was felt to be sufficiently large to satisfy a reasonable percentage of 
local demand for a "typical" southern Cal ifornia city yet small enough to require 

only a reasonably sized ocean farm area. It was intended that the sensitivity 
studies conducted by The Ralph M. Parsons Company should vary the size of the 
system roughly from a minimum 0.5 MMCFD up to maximum gas production capacities 
approaching 15-20 MMCFD in order to determine scale effects and to examine whether 

gas cost can be minimized within this range of gas capacities. 

In order to retain the state-of-the-art system concept approach, the baseline 

farm was initially assumed to be developed by expanding and increasing the density 
of an existing natural bed, although the utilization of the genetically defined 
"high-production" plants described in Section 5.4.2.1 may make it necessary to 
plant an entire farm. Three system "point designs" were defined for analysis 
during the year. In general, all three basic system concepts are identical with 
the differences being caused by different assumed values of farm yield and plant 
anchoring requirements. 

The general concepts and functions of the various subsystems of the baseline 
system are defined as follows: 

Planting Subsystem - 
Extend Macroc stis natural bed with rope-cul tured juveni les to provide 
initial + crop or arvest. 

Maximum advantage should be taken of existing plants in natural bed if 
possible. 

Farm Structure Subsystem 

Provide substate at maximum 60 foot depth for plant attachment, and 
provide devices for crop protecton and maintenance. 



Fertilization Subsystem -- 
Provide and distribute digester effluent and commercial fertilizer to 
supplement natural nutrients as required. 

Harvest/Transport Subsystem 

Cut and collect kelp canopy at 1 meter depth and transport/transfer to the 
gas production subystem. 

Gas Production Subsytem 

Convert Macroc stis feedstock to methane by anaerobic digestion, clean up 

9 as for -+- pipe ine input, dispose of effluents by return to farm 
harvest/transport boats). 

By-Product/Co-Product Subsystem - 
Produce other products compati ble with primary system function of SNG 
production, 

The quantitative assumptions and parameters of the initial baseline system 

concept are summarized in Table 5.4-4 along with the range of parameters to be 
covered in sensitivity studies where appropriate. 

The system parameters defined above were employed in a preliminary GE system 
engineering and economics study to develop more detailed subsystem descriptions 
and to estimate capital and operating costs associated with various subsystems and 
components. These results were then used in an iterative manner, along with new 
data and information as it became available, to upgrade and improve the concepts 
which were finally subjected to detailed study by The Ralph M. Parsons Company. 

The following sections describe the subsystem concepts developed for the 
base1 i ne. The functional concepts, interfaces and component definitions were 
developed over the first six months of 1982 during a series of interactive 
meetings involving engineers, biologists and systems analysts from all Marine 

Biomass program organizations including GE, CIT, NMI, IGT and GRI. The 
quantitative detai 1 of subsystem functional and interface requirements and 
specifications are defined in detail in Reference 5.4-1 and will not be repeated 
here. The following discussions will describe the general features of the 

baseline subsystems and discuss some o f  the major reasons for selection of the 
chosen approach. 



TABLE 5.4-4. SUMMARY OF GE BASELINE SYSTEM CONCEPT 

- Located between Pt. Conception and San Diego 

- Enhanced Natural Bed 

Inplanting to increase density 
Periferal planting to expand overall area 

lement natural nutrients in non-upwelling per 

Assume 9 months natural upwelling 
(Range for Sensitivity Studies: 3-12 months 

upwelling. 

i ods 

of natural 

- System Gas Production = 3 MMCFD Methane 

(Range for Sensitivity Studies: 0.5-20 MMCFD Methane) 

- Crop Yield = 7.5 DAFT/A-Yr 

(Range for Sensitivity Studies: 5-45 DAFT/A-Yr) 

- Planting Density = 1000 Plants/Acre 

(Range for Sensitivity Studies: 400-1000 Plants/Acre) 

- Gas Yield = 5.5 SCF/LB V.S. 

(Range for Sensitivity Studies: 5.0-6.2 SCF/LB V.S. 

- Ocean Farm Area = 13,000 Acres (Consistent with gas yield/ 
farm yield/gas production) 



5.4.4.2 Plantinq Subsystem 

The function of th i s  subsystem i s  to  provide the plants for  establishment of 

the new farm as requi red. Several approaches were consi dered. 

Transplant adult plants 
Culture new pl ants in 1 aboratories/nurseries 
Culture new plants in natural beds 

Prel imi nary studies indicated tha t  transplanting of adults was n o t  practical 
from either cost or avail abi 1 i t y  viewpoints. For example, i t  may require from 
8-10 million new plants to establish a baseline f am of 13,000 acres at  a density 

of 1,000 p1 ants per acre even using an existing bed as a base. The decision was 
made that  the new plants should be juveniles transplanted from culture f a c i l i t i e s  
i n  natural beds, nursery beds, or nursery f a c i l i t i e s .  The most cost-effective 

approach i s  to transpl an t  cu1 t u r d  juveniles from either nursery beds (genetically 

defined plants) or natural beds (wild plants).  A block diagram showing th i s  
concept using natural beds i s  shown i n  Figure 5.4-12. The same steps apply to a 
nursery bed af ter  i t  has been established except that the in i t i a l  survey/selection 
step i s  not required. In the case of the nursery bed, however, additional i n i t i a l  
steps are required to  f i r s t  isolate  and cul t ivate  the genetically desirable plants 
in a laboratory f a c i l i t y  and then outpl ant at  appropriate growth stages to 
establ ish the mature nursery bed which i s  then employed to  generate the large 
number of new plants required for  the commercial farm. Previous experience in 
outpl anting juveniles to a new area suggests that  i n  order to  assure acceptable 

survivabili ty,  the juveniles should not be outplanted to the new farm until they 
are 2 t o  3 f e e t  in length and that  survivabili ty from grazing predators i s  further 
enhanced if the new juveniles can be deployed in the immediate vicinity of an 
existing stand of mature kelp. Growth to mature plants acceptable for f i r s t  
harvest i s  estimated to require up to  30 months af ter  deployment. 

A1 though cultivation in laboratory f a c i l i t i e s  could be employed for  a l l  new 
plants, i t  i s  suggested tha t  a much more cost-effective and technically acceptable 

approach, as defined i n  Figure 5.4-12, i s  t o  deploy lengths of culture rope in the 

mature beds (ei ther  natural or nursery beds) where the natural reproductive 
mechanisms of the plant operating in the natural environment resul t  in 
sat isfactory growth of 1 arge numbers of juveniles without the need for  expensive 
shore-based growth f a c i l i t i e s .  I t  i s  anticipated that  the NMI t e s t  farm and 
simil ar f a c i l i t i e s  to be developed in future phases of the program will provide 
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acceptable cul turelnursery beds on a schedule compatible with requirements for a 
commercial farm planting operation. 

After culturing the new plants to the required size, the juvenile-bearing rope 

segments are cut to appropriate lengths, trimmed to remove all but the healthiest 
individuals, attached to the substrate components and deployed with the farm 
structure. Previous experience indicates that the juveniles are sufficiently 
rugged to survive the required hand1 ing and deployment conditions and grow to 

mature individuals in the natural environment. In this manner, no separate 
planting operation is required. 

The techniques described for initial planting can also be employed for 

replacement of plants during the operational life of the farm. If severe storm or 

other damage is sustained which is too extensive to be replaced in a timely manner 
by natural reproductive processes with in-place plants using the existing farm 
components as substrate for new replacement plants, additional anchor elements 
with culture rope segments attached could be deployed. 

5.4.4.3 Farm Substrate Subsystem 

The substrate subsystem provides the anchors, lines, floats, etc., required to 

survive and hold the Macrocystis crop in place for the projected 30 year lifetime 

of the system. The substrate must be compatible with the plants themselves from 
mechanical, physical, and chemical viewpoints and must also be capable of simple, 
reliable interfacing with the planting, harvesting, and transport subsystems. 

Since the holdfast depth should not exceed 60 feet (for extended periods), the 
substrate design concept was divided into different configurations for three 
different water depth ranges between 25 feet minimum and a maximum of 100 feet. 
Original studies included water depths to 200 feet; however, early results 

indicated that substrate costs would probably become excessive for any significant 
farm area to be located deeper than approximately 100 feet. Indeed, from a cost 

viewpoint, significant engineering creativity and design optimization will be 
required for the water depths between 80 and 100 feet since costs, even in this 

range, may be very high. 

The three ranges were chosen on the basis of the substrate complexity required 
to maintain the plants with holdfasts at 60 ft depth or shallower in calm water, 
and to keep the plants safely in place during worst-case storm conditions. The 

plant buoyancy and drag characteristics were assumed as defined in Section 



5.4.2.2. On the basis of the site studies, Section 5.4.3, the worst case storm 
design conditions were assumed as: 

Waves: 
Direction 
Height 
Period 
Horizontal Surge Velocity 
Vertical Surge Velocity 

Steady Current: 
Direction: 
Upstream Max. Velocity 

Velocity at Upstream 
Farm Edge 
Vel. Inside Farm 

= Normal to shoreline 
= 20 Feet 

= 20 Second 
= 8.5 fps 

= Negligible 

= Parallel to shoreline 
= 2.0 kts 

= 1.0 Kts 

= 0.5 kts 

The three substrate/depth concepts are sketched in Figures 5.4-13, 5.4-14, and 
5.4-16, and discussed below. 

Depth 25 Feet-60 Feet 

Plants are attached directly to anchors on the bottom similar to conditions 
found in natural beds, Figure 5.4-13a. Initial engineering studies assumed 

single, independent anchors for all plants and also assumed that the anchor would 
be required to provide all of the required plant restraint force, i.e.; zero 
natural anchoring capabi 1 ity was assumed for the plant itself. Quasi-steady 

estimates were employed for maximum drag forces, based on the maximum water 
velocities. 

In general, deadweight anchors were assumed to be the most cost-effective and 
most universally applicable. The anchor wet weight requirement was defined to be 

two times the horizontal force component to be held plus the vertical lifting 

force component (i .em, Wwet = 2 H + V ) .  Concrete or stone was assumed to be the 
least expensive anchor material. Anchor weights in excess of 200 pounds (wet 
weight)/plant were predicted due primarily to the large forces caused by the wave 

surge velocities. Extended modelling of wave effects, Reference 5.4-4, led to the 

concept of employing load sharing lines between individual anchors in the wave 

propagation direction since different plants located at different phase points ifl 

the waveform will be subjected to different surge velocity magnitudes and 

directions, such that wave-force cancel 1 ations between plants wi 11 result in 
significantly reduced anchor weight requirements. This concept is i 1 lustrated in 

5.4-35 



A j  i i A i E R  DEPTE = 25-65 FT. 

HOLDFAST 

BOTTOM 
. . . .  . . .  . . . - . . .  ., . . .  . - .  . . . .  . . .  , . . . .  . I 

. . . .  . ' .  . . 

LOAD SHARE 

,IPiE \ / ,- ANCHOR 

F i g u r e  5.4-13. Farm Subs t ra te  Concepts (Water Depth 25 t o  
60 Feet/6O t o  80 Fee t )  



CABLE END POINT 
ANCHORS 
(TYP ) TO SHORE 

ANCHORS U!4DE2 
EACH PLANT ---\ 

OCEAN 
6OTTOF: \ 

COIdTINUED FOR 
4 LEtGT l i  OF FARN 

r 
WAVE i l IRECTION 

LONGSHORE 
CURRENT 

I SHORELINE 

Figure 5.4-14. Anchor-Cable Substrate System Concept 



Figure 5.4-14. In addition, this concept permits potentially more efficient 
utilization of anchor hardware in that large concrete clumps or other anchoring 

devices can be placed at inshore and offshore ends of each "planting line" to take 
out the net uncancelled wave forces acting on all the plants along the planting 

line, In the extreme case, the individual plant anchors would only be required to 
react the buoyancy and longshore steady current loads which are small compared to 

wave surge loads. For the GE base1 ine farm (7.5 DAFT/A-Yr, 1000 plants/acre, 
1,500 frond feet plant size) with an assumed farm width normal to the shore1 ine of 

approximately 4000 feet (615 plants per planting line), the average total wet 
anchor weight per plant is approximately 40 pounds, assuming dead-weight clump 
anchors both for individual plants (16 pounds wet) and for the two wave force 

anchors (8000 pounds wet) at either end of the planting line. 

Additional studies were conducted, Reference 5.4-4 to estimate potential 

reductions in anchor requirements due to departures from the extremely 

conservative assumptions of the quasi-steady maximum loads analyses noted above. 

Since no kelp dynamics analysis techniques are presently available, the kelp plant 

was modelled as a pendulum driven by buoyancy and hydrodynamic forces to 

quantitatively estimate reductions in mooring loads due to phase lags between 

deflections and forces and the probable inability of the kelp plant to follow wave 

oscillatory motion. The case of individual plant anchors was again assumed so 

that the anchor is required to react buoyancy, longshore current and wave velocity 

forces. Results are presented in Figure 5.4-15 as a function of wave height. The 

upper curve again represents the most conservative quasi-steady maximum load 

assumption while the lower curve indicates the anchor weight reductions which 

might actually be a1 lowable due to reduction in anchor loads caused by kelp plant 

dynamics in the oscillating wave field. Note that dynamics effects alone may 

bring independent anchor wet weight down to approximately 60 pounds. Further 

detailed analyses and supporting ocean test data are needed to verify these 
preliminary dynamics models and loads estimates. Such an analysis/test plan was 

generated and presented for implementation late in the year. 
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I t  should be noted t h a t  t he  k e l p  dynamics e f f e c t s  discussed above would a l so  

reduce t h e  anchor requi rements f o r  t h e  concept employing wave-load sha r i ng  a long 

t he  p l a n t i n g  l i n e s .  T h i s  combined case i s  s i g n i f i c a n t l y  more complex than  e i t h e r  

case taken i n d i v i d u a l l y  and was n o t  analyzed. I n  v iew o f  k e l p  dynamics e f fec ts ,  

however, i t  should be p o s s i b l e  t o  reduce average wet anchor weight  f o r  t h e  

cable-connected anchor system t o  w e l l  be1 ow t h e  40 pounds i n d i c a t e d  above which i s  

a l s o  the  va lue assumed f o r  the  GE b a s e l i n e  system concept. 

As a l r eady  d iscussed i n  Sec t i on  5.4.2.2 and Reference 5.4-3, f u r t h e r  

r educ t i ons  i n  anchor we igh t  (and c o s t )  f o r  t h e  on-bottom p l a n t i n g  concept are 

p o s s i b l e  when t h e  s e l f  - anchori  ng capabi 1 i t y  o f  t h e  Macrocyst i s  p l  ant i t s e l f  i s  

considered. To date, t h i s  phenomenon has been q u a n t i t a t i v e l y  measured o n l y  f o r  

t h e  Macrocys t i s  a n q u s t i f o l i a  v a r i e t y  which can be used f o r  a l l  bottom p l a n t i n g  

r e g i o n s  i n  t h e  Santa Barbara - P t .  Concept ion area. F u r t h e r  i n v e s t i g a t i o n  i s  

r e q u i r e d  t o  determine i f  a n g u s t i f o l i a  can be used r e l i a b l y  f o r  bot tom-planted farm 

area i n  t he  more s o u t h e r l y  coas ta l  r eg ions  o r  i f  t h e  Macrocys t i s  p y r i f e r a  v a r i e t y  

i s  a l s o  capable o f  p r o v i d i n g  a s i g n i f i c a n t  p o r t i o n  o f  i t s  anchoring requirement.  

I t  i s  p r e s e n t l y  assumed t h a t  a l l  bot tom-planted c rop  can be comprised o f  

Macrocys t i s  a n q u s t i f o l i a  t o  t a k e  maximum advantage o f  i t s  demonstrated t e a r o u t  

r e s i s t a n c e  (Reference 5.4-5). The GE basel  i ne concept recornrnendati on was 

t h e r e f o r e  updated f o r  t h e  f i n a l  R.M. Parsons Company s tudy  t o  i n c o r p o r a t e  

cons i  d e r a t i o n  o f  t he  smal l e r  anchor ing requi rements.  The on-bottom anchor 

r e q u i  rements f o r  t h e  t h r e e  recommended cases are: 

Case - Wet Anchor Weiqht P l a n t  Spacing Load Share 

( 1  ) GE Base l i ne  40 1b 6.5 f t  Yes 

( 3 )  Advanced 5 l b  6.5 f t  N o 

Depth 60 Feet-80 Fee t  

I n  t h i s  range, t h e  h o l d f a s t  must be supported o r  buoyed up off t h e  bottom t o  

meet t h e  maximum 60 f o o t  ho ld fas t  depth requi rement  o f  Sec t i on  5.4.2.1. Several  

cand ida te  approaches were considered: 

Tethered submerged buoy/anchor 
a P ipes /p i  1 i ngs embedded i n  bottom 

Pylons s tand ing  on bot tom 



The buoyjanchor concept was chosen primari ly on the basis of cost and 
simplicity of installation. Wave loadings on rigid piling/pylon approaches 
required incorporation of significant strength and material weight to survive the 
design conditions with reasonable design margin. 

The selected substrate design concept is sketched in Figure 5.4-13b. The 

concept is similar to the on-bottom case in that each plant is individually 
tethered from a f loat/anchor combination as shown in the figure. Loadsharing 

lines are utilized again to reduce anchor requirements as discussed for the case 
of the 25 feet - 60 feet depth range. In this case, the anchor weight must be 

increased sufficiently to negate the buoyancy of the float to which the holdfast 
is attached and also take out the additional drag of tether and float. The size 

of the float is designed to provide the net buoyancy required both to support the 
holdfast wet weight and to prevent tether-to-tether entanglement by restricting 
the radius of the watch circle of the float to less than the anchor spacing. For 
the preliminary tradeoff studies, a float with 30 pound net buoyancy was assumed. 

It was also assumed that only Macrocystis pyrifera will be employed for off-bottom 
plantings since the large holdfasts of old adult Macrocystis angustifolia would 
probably require a float too large to be practical from a cost viewpoint. The 
on-bottom anchor weight reduction possibilities noted earlier for Macrocystis 

angustifolia are therefore not considered in this case. Potential drag and anchor 
weight reduction due to dynamics have not been considered for this depth range and 
could probably again result in significant reductions in anchor weights and 

substrate costs. The complexities of dynamics modelling of the off-bottom 

tethered plant requires even further complicated analysis and more sophisticated 
ocean engineering tests to determine motion characteristics and evaluate potential 
plant/mooring entanglement problems. A plan to accomplish additional analysis and 
ocean testing of various off-bottom concepts and parameters was developed and 
proposed for imp1 ementaton in 1 ate 1982 and/or early 1983. 

De~th 80 Feet-100 Feet (or dee~er) 

Requirements for plant separation, prevention of entanglement with structure, 
and reliably maintaining holdfasts at depths of 60 feet or less require a much 
more complex approach to substrate concepts in this water depth range. Several 

concepts were considered including configurations incorporating rigid structures, 
embedded pilings, and flexible grid. A grid concept, Figure 5.4-16 was selected 
which essentially provides an artificial floor moored above the actual ocean floor 
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at a depth of 60 feet. The structure is comprised of a 2-D grid stabilized by 

large anchors and cables in directions both parallel and perpendicular to the 
shoreline. Small individual clump anchors take out vertical buoyancy loads under 
each plant-attachment point. All horizontal loads are reacted by the main grid 
cables and larger peripheral anchors. The individual kelp plants are buoyed up 
off the cable grid or floats to reduce chances of entanglement with the horizontal 

members of the cable grid work. Large surface buoys are distributed as required 
to support the weight of the grid work and to provide the upward forces necessary 

to limit the dip of the entire structure to acceptable values in design current 
conditions. Only very 1 imi ted prel imi nary analyses were conducted on this concept 
since early results indicated that without extensive engineering development, 
analyses and test, which were not compatible with task scope or schedule, 

conceptual designs employing this approach were too far from the present 
engineering state-of-the art to fit within the constraints of the present study. 
In additon, costs estimated from these preliminary studies indicated that 
substrate costs for this and the other candidate concepts required for water 
depths greater than about 80 feet would probably be prohibitive on the basis of 
existing engineering technology. Further development of concepts for these deeper 
farm areas is deferred for future ocean engineering development tasks. 

It should be noted that certain of the types of deep farm substrate concepts 
which have been rejected above as too costly are employed cost-effectively by the 
Japanese and Chinese in their commercial seaweed farming operations. The major 

difficulty with application of their farm concepts to the present kelp-to-methane 
system study lies in the great difference in the market value of the final 
product. The oriental farms produce seaweeds for human consumption as food, an 

extremely high value product when the market value of a ton of kelp sold for food 
is compared to the market value of a ton of kelp to be converted to SNG and sold 
with a much lower unit value. The oriental seaweed industry can therefore afford 

to utilize much more expensive farm substrates than can a commercial SNG 
product ion system. 

5.4.4.4 HarvestITransport Subsystem 

Initial concept studies indicated that an effective combination of subsystem 

components could be achieved by providing multifunctional elements to accomplish 
the functions of harvesting, transportation, fertilizing and digester effluent 
disposal subsystems. This is feasible since all of these systems, to varying 



degree, collect, transport and deliver various types of materials to, from, and 
within the ocean farm. This section describes the baseline harvest and transport 
concepts. The further combination with fertilizing and disposal functions is 
discussed in Section 5.4.4.5 following. 

The harvest subsystem must cut the kelp canopy at 1 M depth and collect the 
material for transfer to the transport subsystem. The transport subsystem carries 
the harvested material from the farm to the shore terminal with final transfer to 

the processing plant. In order to achieve high credibility and employ maximum 
state-of-the-art technology, it was decided to employ the same type of harvest 

cutting/collecting devices currently in use by the commercial kelp harvesting 
industry in California. Existing harvesters, however, are mu1 tipurpose vessels 

which in addition to cutting and collecting the feedstock, also transport it to 
shore terminals located in some cases, more than 100 miles from the harvesting 
site. The harvest ships therefore also serve the transport function. Current 
comnercial harvesting operations do not incorporate regularly scheduled, frequent 

harvesting of the well defined, cultivated beds with short transport distances as 
for the harvest/transport concepts of the present study. Tradeoff studies were 
conducted for various candidate approaches to individual and combi ned 
harvest/transport concepts: 

- Multifunction vessels - vs simple function vessels 
- Harvest whole plant - vs canopy only 
- Clear harvest - vs skip harvest 

A1 though consideration was given to harvest approaches other than cutting the 
canopy alone, e.g., taking the whole plant or recovering sloughed/broken 
materials, etc., the baseline was defined as a harvest cut at a depth of 1 M. 
Other concepts were not felt to employ existing technology while the selected 
technique is the one employed currently by commercial harvesters. 

The selected basel ine concept employs single purpose vessels: 

- Harvest Cutter Vessel - Remains on farm 
- Transport Barge - Collects feedstock from 

harvester and transports 
to shore terminal. 

- Tugboats - Ferries barges between 
farm and shore terminal. 



The cutter vessels are part of the harvest subsystem only, but the barges 
serve to collect and transport the harvested material so they can be considered 
elements of both harvest and transport subsystems. The tugboats are exclusively 
elements of the transport subsystem and are not required to station-keep the 
barges during harvest operations. During the period on the farm, the barge is 
towed and controlled by the cutter vessel. In this manner, each vessel design can 
be optimized for its most critical mission functions, i.e., low speed cutting for 
the harvester vessel; high speed transport for the tug boats, and the number of 
crewmen, and crew costs to perform necessary operations can be minimized. Study 
results indicated that a return to the multipurpose vessel concept could be 

favored if the harvest frequency dropped to values of twice annually or less. 

After the harvested feedstock is barged to a near-in offshore terminal, it is 

off-loaded and transported via kelp slurry pipeline to the process plant which is 
assumed to be located within one mile of the shoreline. The preferred transport 
method for the kelp after harvest was defined to be slur.ry pipeline pumping since 
pipeline and pumping technologies are we1 1 developed and can be re1 iably costed. 
Based on previous program studies and test results, the base1 ine concept employs a 
harmer-mill to chop the harvested kelp fronds on the harvest vessel. No 
additional water is added since the kelp moisture content is sufficiently high to 

form a readily pumpable slurry. The chopped feedstock is then pumped into the 
transfer barge by the harvest vessel and subsequently removed from the barge at 
the inshore transfer point by pumps at the offshore terminal facility. 

The tradeoff study was conducted for the baseline system with 3 MMCFD methane 
production capacity. For the baseline digester gas yield assumed, this requires a 
daily kelp harvest/transport capacity of 4000 wet tons/day. It is assumed that 

the kelp is harvested four times annually based on 1982 NMI test farm experience. 
The definition of harvest/transport subsystem elements resulting from these 
preliminary engineering/economics trade-offs are contained in Table 5.4-5. 



TABLE 5.4-5. HARVEST/TRANSPORT SUBSYSTEM ELEMENTS 

Cutter Vessel 

No. Req'd. Characteristics 

1.5 Kts, 100 HP, Station Keeps barge, 
contains kelp chopper, transfer pump. 

Transfer Barge 8 450 DWT Capacity, No onboard power 

Tow Boat 

Offshore Terminal 1 

8 Kts, 300 HP, Transfers barges farm 
to offshore terminal. 

Located 1/2 mile offshore, 
pipeline(s) to shore for material 
transport to/from process plant, 
contains feedstock transfer pumps. 

A schematic diagram of the harvest/transport subsystem elements indicating 
proposed methods of operation is presented in Figure 5.4-17. 

The "skip" harvest technique was selected rather than the "clear" harvest 

since it was felt that harvest of alternate strips through the farm would enhance 
light available to the adjacent, unharvested plants thereby resulting in increased 
biomass productivity and harvest yield. The strip harvest technique also lends 
itself conveniently to combination of ferti 1 izing and digester effluent disposal 
functions with the harvest operations as described below. 

5.4.4.5 Fertilizer/Digester Effluent Disposal Subsystems 

The requirements for fertilization are specified and discussed in Section 
5.4.2.1. The base1 ine approach takes maximum advantage of upwell ing of natural 
nutrients which is assumed to adequately fertilize the farm for nine months of the 
year. Evaluation of historical data on upwelling events from the Pt. 
Conception/Santa Barbara coastal area indicates that this is a reasonable 
assumption for a baseline farm site located in this region. For the remaining 

three months of the year, nutrients are provided by a combination of purchased 
chemical fertilizer and digester effluent nitrogen which is transported to the 
farm and sprayed into the kelp canopy. The amount of chemical fertilizer required 

depends upon the "fertilizing efficiency" for chemical fertilizer and for digester 

effluent as discussed in Section 5.4.2.1 where Figure 5.4-3 is provided to define 
quantities required under various conditions. 
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Figure 5.4-17. Baseline Harvest/Transport Concept 



The fertilizing subsystem concept combines elements of this subsystem with 

those of  the harvest/transport subsystem. The harvester vessel wi 1 1  be equipped 
with pumps and spray systems so that the fertilizer, a liquid combination of 
commercial ferti 1 izer and digester effluent, can be sprayed into adjacent kelp 

canopy, as required, during the strip harvesting operations. The fertilizer is 
carried to the farm aboard the compartmented harvest barge and is pumped out as 

the harvested kelp is loaded into the barge. The fertilizer mixture is prepared 
ashore at the offshore terminal site and pumped aboard the barges as the harvested 

kelp is off loaded. Digester effluent (after removal of potential by-product 

materials) is pumped via pipeline from the process plant site to the barge 

terminal site. 

The digester effluent will be transferred to the farm for ocean disposal 
during the entire year, even when fertilizing is not required. This technique 

represents an inexpensive method for disposal of processing plant wastes which 

might otherwise require additional processing or costs for disposal by other 

means. It is anticipated that this technique wi 1 1  be environmental ly acceptable 
since no material is returned to the ocean which was not originally harvested from 

that environment. In addition, the waste will be distributed sufficiently within 

the farm volume so that no locally significant concentrations of undesirable 

residues wi 1 1 be permitted to accumul ate. 

The sketch of Figure 5.4-17 shows the fertilization and effluent disposal 

functions integrated with the harvest/transport equipment. 

5.4.4.6 Gas Production Subsvstem 

The gas production subsystem incorporates all elements of the system required 

to generate the primary product, methane, at the conditions specified for input to 

a gas pipeline. In addition to gas production reactors, then, this subsystem also 

includes elements for gas cleanup, pressurization if required, and separation or 
preprocessing of the effluent stream into streams for ocean disposal and for 

potential input to by-product processes. 

The anaerobic digestion process was selected for gasification of the harvested 

kelp. Based on data discussed in Section 5.4.2.3 and Reference 5.4-1, the 

parameters sumnarized in Table 5.4-6 were selected for the reactor process 
specification. As discussed earlier, these specifications and performance 
parameters are consistent with available bench-scale data acquired from CSTR and 

USR testing. The GE baseline reactor was identified as multiple CSTR's with 
s o l i d s  recycle since a significant body of engineering data exists to perform 

5.4-48 



TABLE 5.4-6. REACTOR PROCESS SPECIFICATION 

0 PROCESS TYPE 

@ FEEDSTOCK 

@ REACTOR TYPE 

4 TEMPERATURE 

@ SOLIDS RETENTION T I M E  

0 HYDRAULIC RETENTION T I M E  

0 ANTICIPATED METHANE Y I E L D  

ANAEROBIC DIGESTION 

CHOPPED RAW KELP 

SERIES CSTR'S WITH 
SOLIDS RECYCLE 
CAPABIL ITY  

MESOPHILIC RANGE, 
33-38OC 

5 0  DAYS 

18 DAYS 



larger scale design studies and costing tradeoffs for this type of reactor using 

as a basis, cases where other feedstocks were employed. The retention times and 
gas yields, at least for the bench scale, are compatible with results for either 
reactor type. The packed-bed reactor was not selected for this preliminary study, 
since no reliable data were available for reactors of this type operating with 

kelp or feedstocks similar to chopped kelp. 

The elements of the gas production subsystem are shown schematically in the 

block diagram of Figure 5.4-18. Elements of gas cleanup and potential by-product 
subsystems are also shown in addition to the interface with fertilizing/effluent 
disposal subsystem. 

Conceptual designs and engineering cost tradeoffs were conducted to define and 

size system elements and develop prel iminary cost estimates for a baseline gas 
production system with a methane production capability of 3 MMCFD and a kelp 

feedstock input consistent with the Harvest/Transport Subsystem output of 4000 wet 

tons per day. Estimates were based on industry-standard cost estimating 

procedures for concrete tanks and structures, pipel ines, pumps and other 

equipment, and only standard gas cleanup and separation procedures were assumed 

and costed. A summary of the design characteristics assumed for the major 

elements of the subsystem is presented in Table 5.4-7. 

5.4.4.7 By-Product/Co-Product Preliminary Results 

As part of the nearshore system study, an estimate of potential by-product and 

co-product revenues was made based on the quantity of feedstock required to 

produce the baseline quantity of 3 MMCFD of methane. Table 5.4-8 summarizes the 

potential annual production of various candidate products, the total annual 

revenue possible from each, and the current U.S. market for the product. The 

total annual revenue from the methane produced at an estimated $10/MMBTU price is 

included for comparison. The process and marketing costs of the chemical products 
are not accounted for in the chart and will, of course, reduce the net revenue. 

It is seen, however, that some of the chemical products have annual revenue 

potential which might significantly reduce the cost of the methane produced if the 

by-product/co-product revenue was used to defray cost of gas production. Further 

evaluation of this potential led to an expanded task in the co-product/by-product 

area which identified other potential products and processes and which is 

discussed in detail in Section 5.5. 
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Figure 5.4-18. Process Flow Diagram for Gas Production Subsystem 



TABLE 5.4-7. SUMMARY CHARACTERISTICS OF PROCESSING PLANT ELEMENTS 

0 I N C O M I N G  FEEDSTOCK = 4000 T/Day chopped raw k e l p  s l u r r y  

0 I N C O M I N G  FEEDSTOCK STORAGE 

- Capac i ty  = 3  days'  feedstock ha rves t  
- Volume = 0.4 x 106 cu f t 
- Cons t ruc t ion :  Covered and l i n e d  p u t  

0 DIGESTERS 

- 3 CSTRts w i t h  s o l i d s  r e c y c l e  
- Combined Volume = 1.75 x 106 Cu F t  
- Cons t ruc t ion :  Covered and l i n e d  concrete tanks 
- Opera t ing  Temperature = 350C 

0 GAS SEPARATION SYSTEMS 

- B e n f i e l d  System - A c t i v a t e d  ho t  potass ium carbonate absorbent 
- Opera t ing  p ressure  = 75-150 p s i g  
- T o t a l  gas c a p a c i t y  = 6  MMCFD 

a GAS COMPRESSION SYSTEMS 

- Atrn t o  75-150 p s i g  f o r  sepa ra t i on / capac i t y  = 6 MMCFD 
- To p s i g  f o r  methane d e l i v e r y / c a p a c i t y  = 3 MMCFD 

0 SULFUR REMOVAL SYSTEMS 

- S t r e t f o r d  Process System 
- Capac i ty  = 300 T/Yr s u l f u r  p roduc t i on  

0 EFFLUENT STORAGE 

- Capac i ty  = 3  Days' e f f l u e n t  o u t p u t  
- Volume = 0.4 x 106 Cu ~t 
- Cons t ruc t ion :  Covered and l i n e d  p i t  



TABLE 5.4-8. CANDIDATE BY-PRODUCTS AND CO-PRODUCTS 

a To ta l  Kelp Flow = 100,000 DAFT/YR 

a Methane Produc t ion  = 2.85 MMCFD (Assumes 5% Product Losses) 

P o t e n t i  a1 
P o t e n t i a l  U.S. Market, Market P r i c e  Revenue 

Product Tons/Yr. Tons/Yr. $/Ton MM $/Yr. 

1. L i q u i d  C02 45000 2.5 x 106 (1980) 35 (1981) 1.57 

3. P r o t e i n  Feed 26700 
Supp 1 ement 

Not Determi ned 7 0 1.87 

4. I o d i n e  400 4500 (1981) 14550 (1981) 5.82 

5. A l g i n  1300 20000 ( 1978) 6000 (1981) 7.8 

Methane 22000 
(1050 x 106 SCF) @ $ l o /  

1000 SCF 



5.4.4.8 Preliminary System Economic Study Results 

Preliminary costing and economics estimates were made as part of the GE 
nearshore system study task. These analyses were done to obtain early estimates 
of the costs of various subsystems, components, etc., and the potential 
sensitivity of unit gas costs to variations in design parameters for different 

parts of the overall system. Preliminary estimates of capital costs, operating 
costs and unit gas costs were also obtained. Cost and cost-sensitivity 
information were employed to guide the design concept studies to areas where 

maximum cost effectiveness could be achieved and to obtain early verification that 
the overall system concept was capable of producing gas at costs which were within 
a reasonable range as compared to other sources of SNG. For example, early 

results employing initial ocean farm substrate concepts indicated that substrate 

capital costs were excessively high, potentially prohibitive to producing SNG at 
costs competitive with other approaches. These early conclusions resulted in an 
intensified effort to develop less costly substrate concepts as discussed in 

Sections 5.4.2.2 and 5.4.4.3. 

The GE baseline concept as described in the preceding sections was employed to 
develop a complete set of cost and economics results for comparison with The R.M. 

Parsons Company early results. Tables 5.4-9 and 5.4-10 present the estimated 

system capital cost breakdown and annual operating and maintenance costs 
respectively. Costs are in 1982 $. 

From Table 5.4-9, approximately one-half of the total 57 MM$ capital cost is 

associated with the marine farm structure's planting and installation while the 

remaining half of the capital is needed for the shore-side plant and support 
elements. Of the total O&M costs in Table 5.4-10, approximately 45 percent is 
expended on purchase of energy (42 percent for operation of the processing plant, 
3 percent for marine fuel). Note also that the total annual operating cost of 

approximately 10 MM $ is split almost evenly between O&M expenses and capital 
charges. 

The energy budget for the baseline system is presented in Table 5.4-11. 

Approximately one-third of the amount of energy produced by the system is needed 
for operations, etc., so that the net energy production is still approximately 
two-thirds of the gross production. 



Subsystem Element 

Substrate 

Planting and Deployment 

Harvesting 

TABLE 5.4-9. BASELINE SYSTEM CAPITAL COSTS 

Transportation 

Gas Processing 

Gas Separation & Desulphuring 

Fertilization 

Total 

Annualized Capital Charge Q 8.9% 

Estimate Millions 1982 $ 

18.1 



TABLE 5.4-10. BASELINE ANNUAL OPERATING AND MAINTENANCE COSTS 

I tern 

M a r i n e  S e r v i c e s  and M a t e r i a l  

P l a n t  S e r v i c e s  and M a t e r i a l  

M a r i n e  Vesse l  F u e l  ($8/MM BTU) 

P l a n t  Process Heat F u e l  ($6/MM BTU) 

P l a n t  E l e c t r i c a l  U t i l i t i e s  (7&/kwhr)  

Purchased F e r t i  1  i z e r  (200 $/Ton N) 

T o t a l  

Expense, M i l l i o n s  1982 $ 

1.51 



TABLE 5.4-11. BASELINE SYSTEM ENERGY BUDGET 

GROSS ANNUAL ENERGY PRODUCTION ( 100% OUTPUT) 1.095 x 1012 BTU 

LESS: 

Process Heat 

E l e c t r i c a l  I n p u t  

T r a n s p o r t a t i o n  Fue l  

F e r t i l i z e r  Energy Content  

- 
NET ANNUAL ENERGY PRODUCTION 0.692 x 1012 BTU 

PERCENTAGE OF GROSS ENERGY REQUIRED FOR OPERATIONS 

PERCENTAGE NET ENERGY PRODUCTION 



U n i t  gas c o s t  and gas c o s t  s e n s i t i v i t y  t o  farm y i e l d  were a l s o  c a l c u l a t e d  f o r  

t h e  base l i ne  system. The economic parameters employed i n  t h e  a n a l y s i s  a re  those 
de f i ned  by  t h e  G R I  Economics Group and a re  i d e n t i c a l  t o  those employed i n  The R.M. 

Parsons'  more d e t a i l e d  economic analyses. U n i t  gas c o s t  breakdowns f o r  two cases 

are p resen ted  i n  t h e  bar  c h a r t s  o f  F i g u r e  5.4-19. The bar  on t h e  l e f t  shows t h e  
c o n t r i b u t i o n s  t o  u n i t  c o s t  from t h e  va r i ous  c o s t  elements f o r  t h e  b a s e l i n e  system 

w i t h  t h e  assumed farm k e l p  y i e l d  o f  7.5 DAFT/A-Yr and a  gross p roduc t i on  of 3 

MMCFD. T o t a l  u n i t  c o s t  es t ima ted  f o r  t h e  b a s e l i n e  i s  $10.20/MMBTU. The p o t e n t i a l  

s e n s i t i v i t y  t o  f a rm  y i e l d  i s  demonstrated by  a  s i m i l a r  ba r  on t he  r i g h t  where a  

t o t a l  u n i t  gas c o s t  r ang ing  f rom $6.75/MMBTU-$8.05/MMBTU, i s  es t imated  f o r  an 

assumed "advanced y i e l d u  case o f  45 DAFT/A-Yr and a  gross gas p roduc t i on  of 18 

MMCFD. Note t h a t  i n  t h i s  case, t h e  f a rm  area was kep t  cons tan t  a t  t h e  base l i ne  

s i z e  and t h e  c a p a c i t y  o f  t h e  process p l a n t  and suppo r t i ng  subsystems was increased 

t o  accommodate t he  increased feeds tock  p r o d u c t i o n  so t h a t  economics of s ca le  

were p o s s i b l e  i n  these  elements. The dashed segment between t h e  two t o t a l  u n i t  

cos t  values rep resen t s  the  d i f f e r e n c e  i n  u n i t  gas c o s t  p r e d i c t e d  depending upon 

whether l i n e a r  s c a l i n g  o r  0.7 power law s c a l i n g  i s  employed t o  es t ima te  f a c i l i t y  

c o s t  v a r i a t i o n  w i t h  s i z e  o r  capac i t y .  Eng inee r i ng  exper ience i n d i c a t e s  an a c t u a l  

u n i t  c o s t  which i s  p robab l y  c l o s e r  t o  t h e  lower  va lue  o f  $6.75/MMBTU assoc ia ted 

w i t h  power-law sca l i ng .  

I t  shou ld  be no ted  t h a t  s i m i l a r  r e s u l t s  would be ob ta i ned  f o r  a  case where 

r e d u c t i o n  o f  f a rm  s i z e  i s  used t o  keep gas p r o d u c t i o n  a t  3 MMCFD w i t h  fa rm y i e l d  

increased t o  45 DAFT/A-Yr. I n  t h i s  case, however, t h e  u n i t  c o s t  would p robab l y  be 

c l o s e r  t o  t h e  " l i n e a r  s c a l i n g t 1  va l ue  s i n c e  fa rm c o s t  decreases would p robab ly  

sca le  i n  t h a t  manner. 

Table  5.4-12 was generated t o  demonstrate t h e  comparat ive s e n s i t i v i t y  o f  gas 

c o s t  t o  changes i n  c a p i t a l  c o s t  versus changes i n  O&M and purchased energy. 

Reduct ions o f  $1 MM i n  c a p i t a l  c o s t  r e s u l t  i n  $0.09/MMBTU r e d u c t i o n  i n  gas c o s t  

w h i l e  a  $1 MM r e d u c t i o n  i n  annual o p e r a t i n g  c o s t s  d r i v e  gas c o s t  down by  

$0.96/MMBTU. Changes i n  o p e r a t i n g  cost ,  t he re fo re ,  have much l a r g e r  impact on gas 

c o s t  than  do comparable changes i n  c a p i t a l  cos t .  Note a l s o  t h a t  an inc rease  i n  

gas y i e l d  f rom t h e  d i g e s t i o n  process t r a n s l a t e s  d i r e c t l y  i n t o  increased annual gas 

revenue which i s  e q u i v a l e n t  t o  a  comparable r e d u c t i o n  i n  annual o p e r a t i n g  c o s t  so 

t h a t  r e l a t i v e l y  sma l l  improvements i n  d i g e s t e r  y i e l d  performance can have 

s i g n i f i c a n t  impact  on u n i t  gas cos t .  



I UNIT GAS COST = $10.20/MM BTU 
( 3  MM CFD) I 

TOTAL = 8.05 

13 MM CFD 
(45  DAFTIAY) 

F i g u r e  5.4-19. Gas Cost  Results 



Cost Element 

TABLE 5.4-12. GAS COST SENSITIVITY 

Cost S e n s i t i v i t y  ($/MMBTU)/(MM$) 

3 MMCFD 
(7.5 DAFT/A-Yr) 

18 MMCFD 
(45 DAFT/A-Yr ) 

Cap i t a l  0.09 0.015 

A b r i e f  s tudy  was a l so  conducted t o  assess system s e n s t i v i t y  t o  p o t e n t i a l  

seasonal v a r i a t i o n s  i n  f a rm  y i e l d  due t o  v a r i a t i o n s  s o l a r  i n s o l a t i o n  and 

oceanographic cond i t i ons .  P l a n t  and equipment cou ld  be unde ru t i  1  i z e d  du r i ng  low 

y i e l d  per iods ,  o r  a d d i t i o n a l  f a rm  area m igh t  be requ i red .  To examine t h i s  e f fect ,  

a  sawtooth y i e l d  w i t h  t ime  f u n c t i o n a l i t y  was assumed w i t h  cons tan t  average y i e l d  

and se lec ted  ampl i tudes f o r  t h e  maximum t o  minimum range over t he  annual per iod .  

The r e s u l t s  i n d i c a t e d  t h a t  t he  inc rease  i n  u n i t  gas cos t  would be l ess  than 7 

pe rcen t  f o r  a  range o f  seasonal y i e l d  o f  2. Th i s  r e s u l t  was t h e  same if the  gas 

p l a n t  was u n d e r u t i l i z e d  (annual average 92 percen t  o f  capac i t y )  o r  i f  requ i red ,  

a d d i t i o n a l  farm area was developed. The s e a s o n a l i t y  f a c t o r  i s  reduced i n  

in f luence  i f  the  k e l p  ha rves t  i s  sequenced t o  a l l o w  more c rop  area t o  be harvested 

i n  t h e  low y i e l d  p e r i o d  than  i n  t h e  h i g h  y i e l d  per iod .  I n  s i t u ,  t h e  mature crop 

has a l i f e  of severa l  months. 

The GE base l i ne  system s tudy  and t he  cost/economics r e s u l t s  discussed above 

have been presented and pub l i shed  i n  Reference 5.4-9. 

5.4.5 SYSTEM FUNCTIONAL REQUIREMENTS AND SPECIFICATION DOCUMENT 

The p r i m a r y  o u t p u t  o f  t h e  GE nearshore system s tudy  i s  t h e  fo rma l  document of 

Reference 5.4-1. The genera l  con ten t  and format o f  t h e  document are conta ined i n  

Tab le  5.4-13, where t h e  Table o f  Contents, L i s t  o f  Figures, and L i s t  o f  Tables are 

reproduced from the  re ference,  r e s p e c t i v e l y .  

The document was f i r s t  i ssued  23 J u l y  1982 a f t e r  complet ion o f  l i t e r a t u r e  

searches, da ta  reviews, and f o r m u l a t i o n  o f  t he  i n i t i a l  GE recommended system 

concept. The document was d iscussed and rev iewed w i t h  a l l  i n t e r e s t e d  p a r t i e s  a t  

severa l  meet ings be fo re  and a f t e r  i n i t i a l  issue.  I t  was updated w i t h  Rev. A 

(10/8/82) and Rev. B ( 1  1/17/82) as new da ta  and a n a l y s i s  r e s u l t s  became 

ava i l ab le .  The System Func t i ona l  Requirements and S p e c i f i c a t i o n  Document along 



with its supporting backup data comprises the primary technology base upon which 

The Ralph M. Parsons system economic study is based. 



TABLE 5.4-13. CONTENTS OF SYSTEM FUNCTIONAL REQUIREMENTS AND 
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TABLE OF CONTENTS 
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1.0 GENERAL PROVISIONS 
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2.0 SYSTEM DEFINITION 
2.1 O b j e c t i v e  and Scope 
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PO: A. N. Tornpki ns , Program Manager 
Biomass Programs 

January 26, 1983 

FROM : J.R. F o r ~ o  
Biomass Programs 

SUBJECT: Studies  on Potent ia l  By-Products from Kel p. I. Phl orogl ucinol Dcrivat i  ves 

As p a r t  of an assessment o f  the possible recovery and u t i l i z a t i o n  of 
componen ts of a n d / o ~  products of  the  anaerobic d iges t ion  
of t h i s  seawee minary study of the polyphenol i c  f r a c t i on  
o r  L-fraction was made. 

P ~ e v i o u s  s t ud i e s  perfomed on t he  Marine Biomass P m g r m  havc shown t h a t  
contains a l ign in - l ike  material  f r a c t i o n  when analyzed bv the Forage 

thod of Gowing and Van Sees t  (19701. Further,  this f r ac t i on  
shows the presme o f  phenolics when t e s t e d  by s p e c i f i c  co lo r  react ions ,  and 
l a s t l y ,  this L-fraction appears t o  be r e f r a c t o ~ y  t o  microbial a t t a ck  under the 
a n a e ~ o b i c  condft tons found i n  methanogenic d tgc s t e r s  t o  the ex ten t  t h a t  as  much 
is recovered a f t e ~  passage through the diges t ion  process a s  went i n .  Whether 
any q u a l i t a t i v e  changes have occurred remains t o  be invest igated.  

The pPesence o f  phenolfc compounds i n  bmwn algae  has not  been widely 
s tudied ,  b u t  Ragan and Crai g i e  (1 978) havc analyzed polyphl orogl uci no1 s i n  
Fucus vesiculosus and thefr work pmvfdad an exce l l en t  guide f o r  study of s i m i l a r  
P 

mteri a1 gae. 

The fo l  lowing pmcedures were employed t o .  e x t r a c t  polyphlorogl ucinol s 
l o t  53-1 and from d ige s t e r  effluent obtained fmm a 1 0 - l i t e ~  
s t e r  being operated on a once-a-week feeding schedule of 
ek. These procedures a r e  e s s e n t i a l l y  those of Ragan and Craigie 

A. Extract ion 

Method 1. Methanol 

1. Extract ion of  chopped raw kel p w i t h  cold methanol. 
Final methanol concentpation i s  80% (V /V ) .  Shake 
slowly overnight a t  4 O C  under nitrogen. 

2. F i l t e r  t h r u  Whatman #I 

3. Take F i l t r a t e  t o  dryness on ro ta ry  evaporator a t  40°C 
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4. Dissolve residue i n  dionized water under N2 

5. F i l t e r  through Whatman #1 

6. byophi 1 i ze Fi 1 t r a t e  

7. Resuspend i n  cold methanol and l e t  s t and  overnight 
in f ~ e e t e r  

8. Fi l t e r  thmugh Whatman #42 and wash residue w i t h  
small volume c ~ l d  methanol - Combine f i l t r a t e s  

9. Reduce volume o f  f i l  t r a t c  by evaporation under 
N2. Protect from l i g h t .  

Method 2. HpSQn Ext~act ion  Technique 

1. Extract 2 0 0  gin chopped raw kelp from 400 nl 
cold 0.2 N H2SO4 ovemtght a t  4OC under 
nf tmgen 

2. Fi 1 ter thmugh Whatman 41 

3. Neut~al tae  f i l t r a t e  w i t h  10% NaOH (To pH 7.01 

4. Continue f ~ o m  step 86 above 

8. 

The mterqal  fractions obtained by b o t h  the methanol and 
H2S04 e x t ~ a c t i o n  pwscedures outlined above were analyzed for 
phenol i c s  by the fol1 owing procedures. Pure phl orogl ucinol 
was used as a standard. 

1. Ultraviolet Absorption a t  270 nm. 

1 2. Fol in-Dani s Reagent (1 970) for "Total Phenols" 

3. I n f ~ a r e d  Absorption 

Results . 

Extraction o f  kelp or digester effluent w i t h  e i ther  the methanol or 
H2SO4 procedures resulted i n  a f inal  fraction t h a t  was intensely ye1 1 ow-crange 
i n  color. Dilution of those' fractions were necessary prior t o  assay. O f  the 
two quantitative methods used, t h e  U.V. procedure seemed to be mare reliable. 
The Folin-Oenis reagent gave consistently low resul ts ,  possibly due to the 
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extinction of the colored product being much greater for ph l  orogl ucinol than 
with higher molecular-weight polyphlorogl ucinol s in the sample. fab le  1 presents 
the e su l t s  obtained u t i l i z i n g  the U.V. absorpt ion method and compares the amount 
of polyphenolic obtained from raw kelp and dtgester effluent by extraction 
w i t h  methanol and H2SO4. Methanol appears t o  be a m ~ e  efffcient extraction 
solvent than  H2SOg. and this is similar t o  the results of Ragan and Craigle (19781. 

On the basis of methanol extraction of raw kelp and analysis of this 
extraction by U.V. absorption and using phlo~oglucinol as  a standard, a t  least 
3.68% of the dry weight i s  phenol ic-like matertal. Prevfous studfes using the 
fiber analysis method reported 5.7% of dry w d g h t  as L-fraction. I t  should 
be pointed o u t  here, however, that extraction efficiency was not of concern i n  
those pml i m i  nary cxperimnts and so losses were bound t o  have occurred. 

Infrared absorption studies (see attached) confirm existence of 
phenolic in these fraction b u t  are not able t o  identify specific mlecules 
due to  the hetemgeneous nature of the sample. They do provide clues, ho 
as t o  functional gmups present. 

les obtai ned i n  these experiments have been forwarded t o  the 
i c  Corporate Research and Oevel o n t  Center for further analysis. 

6io&ss Pmgrams 
U-4021 - Bldg. 100 - bt. 1180 

JRF: 1 dp 

Attachment 

Copies: Dr. K. Jain 

;lo. GE-610-1 832 



I 

1.40% sf Effluent Dry Weight 

0.2 W. W2S04 Extract ion 

*UV Analysjs a t  270 wm. 
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TO: DR. K,K. Jain March 30, 1983 

FROM: Jim Carnahan 

SUBJECT: Analysis of Relp Extract, 

Sample Description. 

The sample was received as en amber methanol solution 
with a trace of white precipitate. The sample volume was 
approximately 150 ml. The sample was stored under 
refrigeration until analysis. 

Sample Analysis. 

The sample was examined by a number of techniques 
available in this laboratory. Infrared spectroscopy of a 
film cast from the sample solution directly showed mainly 
hydroxyl bands. This might be expected in a polar solvent 
extract of a natural product where sugars and related 
compounds might be present. The lack of fine structure in 
the IR spectrum is probably due to a number of related 
materials with close but not identical IR frequencies. The 
infrared spectrum is included as Figure 1. 

A sample was dried under e stream of nitrogen at room 
temperature leaving a brown residue which upon further drying 
on a vacuum line became a vitreous material. The percent 
solids was calculated by evaporating a weighed amount sf the 
solution and weighing the residue after thorough drying. The 
sample was found to be 13 % solids. The vitreous solid 
obtained above was dissolved in deutero-dimethylsulfoxide 
(DMSO-D6) and filtered to rewove a small amount of 
undissolved white crystalline material. This crystalline 
material was found to be water soluble and was not further 
characterized (probably salts). 

Proton nuclear magnetic resonance spectroscopy (NMR) was 
carried out on a portion of the perdeutero-dimethylsulfoxide 
solution. This is shown as figure 2 . The large broad peak 
at 4,7 ppm is due to all of the hydroxyl groups in the 
sample. This may include strongly bound water such as that 
hydrating carboxylic acid salts. The small peak at 8.1 ppm 
is indicative of alkyl or alkenyl aldehydes or perhaps formic 
acid derivatives. The unresolved multiplet at 3.5 ppm is 
probably due to methylene groups adjacent to a hydroxyl (note 
the residual peak for methanol) or alkyl ethers. The sharp 
peak at 3.1 ppm is almost certainly an isolated methyl group 



(no adjacent group with protons). The remaining peaks at 1.8 
and 1.3 ppm are the result of methyl groups attached to alkyl 
chains or at highly substituted (i.e. tertiary butyl) 
centers. The spectre clearly shows the absence of any 
aromatic rings, the protons of which resonate in the 6.5 to 

!I%e DMSQ 80 tiow was also analyzed By C-13 
Verian XL-300 su rconducting magnet instrument r 
the spectrum ~ h o m  as figure 3. The spectrum, is 
show the types of carbons found. Note the absence of 
aromatic carbons but the multiplicity of-the carbonyl region 

h at least 9 types of distinct carbowyl groups. The 
ion represented By ctbers and alcohols shows the  greatest 

signal intanaity but this aignel intensity should not be 
interpreted as representing proportional amounta of material. 

cr of experimental problems prevent the integration of 
signals under the conditions used for this spectrum. 

The sample a8 received was diluted 500:l with methanol 
ined By abaorgtion acopy. The spectrum ia 

shown in Figure 4 and show er of absorption band8 
extending into the visible region. The major band at 223 may 
be due to unsaturated carbonyl C Q ~ ~ Q U ~ ~ S .  Longer wavelength 
absorptions muat be due te more conjugated systems and may be 

' e re;eult of chlorophylb degradtati~n products. - 
Several att ts ware aade to find a solvent for the 

dehydrated extract that would eompatibla with our gel 
permeation chromatography syst . do not have the 
facilities for enelyais in polar solvents such as water 
methanol or D SO since we normally do not deal with materials 
of biological origin. Reversed-phase liquid chromatography 

ed only the informati n that this was a multi-component 
and that all of the aterial was extremely polar in 

nature. This is no surprise given the solubility properties 
of the material. 

In order to deter ina the approximate molecular weight 
aterial it was nalyzed by field adsorption mass 

spectrometry on a Varian Mat '731. This ionization technique 
is preferred for biological msleculea since they do not char 
a8 readily under he condition usad. We were unauccesaful 
in obtaining any eaningful si rial. We also attempted 
ionization by ele trow impact and finally by atom 

ent. Thia latt r technique gave eignals at every 
t. There were o outstanding peaks. This result is 

at odds with a date that suggest at best less 
than 10 major components. We conclude that the system is 
merely unstable under even the most gentle ionization 
conditions available to ua and forms oligomers or polymers. 



The solution you submitted contains no aromatic 
compounds and thus is substantially free of bignin. The 
components that ere present are suggestive of sugars and 
sugar degradation products. These have not been 
characterized further as we are not set up for those types of 
analysis. 

If you have any questions or wish further discussion of 
this analysis feel free to call me a t  8-235-8388. 
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5.5 BY -PRODUCTS/CO-PRODUCTS OF METHANE PRODUCTION FROM KELP 

5.5.1 INTRODUCTION 

There are several valuable chemicals and products t h a t  can be economically 

recovered as by-products and co-products o f  methane production. Net revenues from 

the production o f  these chemicals can be used f o r  p a r t i  a l l y  or  t o t a l l y  o f f se t t i ng  

the methane product ion costs as sumnarized i n  Table 5.5-1. It i s  s t rong ly  

recommended t h a t  research i n  the by-product and co-product area be i n i t i a t e d  and 

pursued vigorously. A h igh p r i o r i t y  t o  t h i s  task i n  the overa l l  Marine Biomass 

evaluat ion i s  recommended due t o  the 1 arge ant ic ipated returns.  

a. O f  more than a dozen chemicals t h a t  can be recovered as by-products and 

co-products, on ly  f ou r  or  f i v e  o f f e r  the po ten t i  a1 f o r  achieving s i g n i f i c a n t  

reduct ions i n  gas cost. These are iodine, L- f rac t ion,  a lg in,  mannitol, and 

poss ib l y  carbon dioxide. A l l  except the L - f r ac t i on  are commercial products a t  

present. Further, the  techn ica l  evaluations conducted i n  t h i s  study show t h a t  

these chemicals can be produced as by-products or  co-products o f  methane 

production. Laboratory samples o f  L - f r a c t i o n  have been prepared from raw ke lp  and 

from digester  ef f luents.  Based on p re l im inary  characterizatons o f  these samples 

and discussions w i t h  technical  researchers i n  t h i s  area, p o t e n t i a l  app l ica t ions of 

L - f r ac t i on  are suggested t o  be as a feedstock or  a component fo r  making spec ia l t y  

p l  a s t i  cs, and adhesi ves, and timed-re1 ease substances such as pharmaceuticals o r  

pest ic ides.  Such app l ica t ions suggest the L - f r ac t i on  t o  be worth $1-2/lb and up 

t o  $6-7/lb depending on the p a r t i c u l a r  usage. For purposes o f  t h i s  analysis, 

L - f r ac t i on  was valued a t  $1 and $3 per pound. 

b. I n  one scenario analyzed i n  t h i s  study i n  which a l l  the  ke l p  from the farm i s  

used for  methane production, the recovery o f  iod ine and carbon dioxide from the 

d igester  e f f l u e n t s  can decrease the  gas cost  o f  $13.47/MMBTU by an estimated 16 
percent. Recovery o f  the L - f r ac t i on  can f u r t h e r  decrease the gas cost. With 

L - f r a c t i o n  valued a t  $ l / l b ,  the gas cost  reduct ion due t o  net  revenues from 
by-products i s  estimated a t  30-35 percent. A t  $3/ lb  of L- f rac t ion,  more net  

revenues are an t i c ipa ted  from the sa le  o f  by-products than needed t o  completely 

o f f  se t  the cost  o f  methane production. 

c. I n  the second scenario, approximately 15 percent o f  the farm output  i s  devoted 

t o  the product ion o f  selected chemicals such as a l g i n  and mannitol, and the 

remainder i s  used for  methane production. Net revenues from the production o f  

these chemicals and o f  i od ine  and carbon d iox ide from d igester  e f f luents  can 



TABLE 5.5- 1. SUMMARY OF BY-PRODUCTS/CO-PRODUCTS IMPACT ON GAS COST 

SCENARIO 1 

r 100% o f  farm output  used f o r  methane product ion  and by-products recovered 
from d iges te r  e f f  1 uents. 

Base l ine  Gas Cost = $13,47/MMBTU 

By-Products 

1. I o d i n e  + C02 

(a)  L - f r a c t i o n  valued a t  $ l / l b  
(b) .50% increase i n  L - f rac t i on  recovery costs 
( c )  L - f r a c t i o n  valued a t  $3 / l b  a t  nominal o r  

50% higher  recovery costs 

Est. Gas Cost 
Reduction 

SCENARIO 2 

a Approximately 85% o f  t he  farm output  used f o r  methane product ion  and the  
r e s t  f o r  co-products such as a l g i n  and mannitol .  By-products recovered 
from d iges te r  e f f  1  uents. 

r Estimated Gas Cost = $lS/MMBTU 

By-products and Co-Products 
Est. Gas Cost 

Reduction 

1. A l g i n  + Manni to l  + Iod ine  + C02 55% 

2. A l g i n  + Manni to l  + Iod ine  + C02 + L - f rac t i on  

( a )  L - f r a c t i o n  valued a t  $ l / l b  
50% increase i n  L - f r a c t i o n  recovery costs [ L - f r a c t i o n  valued a t  $3 / l b  a t  nominal 
or  50% higher  recovery  costs 

** NET REVENUES FROM BY-PRODUCTS/CO-PRODUCTS MORE THAN MEET TOTAL COST OF GAS 



reduce the gas cost of $15/MMBTU* by an estimated 55-60 percent. With L - f rac t ion  
included, valued a t  $ l / l b ,  the gas cost reduct ion i s  estimated a t  65-80 percent. 

At  $3/ lb  of L- f rac t ion,  as i n  the f i r s t  scenario, the by-products and co-products 

generate more net revenues than needed t o  pay t o t a l l y  f o r  the cost o f  methane 

product i on. 

5.5.2 BACKGROUND AND SCOPE 

A de ta i led  system study and economic assessment o f  comnercial production o f  

methane from ke lp  has been conducted fo r  the Gas Research I n s t i t u t e  by The Ralph 

M. Parsons company.' The Parsons' analysis i s  based on a system concept o f  a 

nearshore farm off the coast of southern Ca l i fo rn ia  i n  which ke lp  i s  grown and 

harvested, and transported t o  a land s i t e  f o r  the production o f  methane gas using 

an anaerobic d igest ion process. I n  the system concept studied, the digester  
ef f luents from the d igest ion process are returned t o  the ke lp  farm t o  supplement 

the n a t u r a l l y  occurr ing nut r ients .  The nominal system capaci ty i s  3 m i l l i o n  SCFD 

o f  p i pe l i ne  q u a l i t y  gas. This study i s  adjunct t o  the Parsons' study and 

consi ders the product i  on o f  by-products** and co-products** w i t h i n  the framework 

o f  the system concept analyzed by Parsons. 

The ob jec t i ve  of t h i s  inves t iga t ion  i s  t o  evaluate the technical  and economic 
feasi b i  1 i t y  o f  producing inorganic and organic chemicals as by-products or  

co-products o f  methane production. These may be produced from the digester  

e f f luents ,  a f r a c t i o n  o f  the ke lp  grown i n  the farm, o r  both. The r e s u l t s  o f  the 

study provide an assessment o f  the e f f e c t  o f  an in tegrated production system 

(methane + co-products/by-products) on the cost o f  gas. 

Kelp has been used fo r  the past  60 years t o  produce a va r i e t y  o f  organic and 

inorganic chemicals such as algin, mannitol, potash, and iodine. I n  each case, 

however, only one product was made from a given mass o f  kelp. Some of these 

chemicals such as potash and iodine can be extracted from e i t he r  ke lp  or  d igester  

ef f luents since only the organic const i tuents o f  ke lp  are consumed i n  the 

"Estimated increase o f  $l.53/MMBTU due t o  reduced gas production system 
capacity. 

*By-product: Chemi ca l  s or  products recovered i n  conjunction w i t h  the 
product ion o f  methane from the same pound o f  kelp. 

***Co-product: Chemicals or products recovered from a por t ion  o f  base1 i ne  
farm ke lp  used exc lus ive ly  f o r  chemicals production. 



anaerobic digestion gas production process. The anaerobic digestion process also 
yields carbon dioxide, hydrogen sulfide,  and bacteri a1 protein as by-products. 
From the data on his tor ical  kelp usage, knowledge of kelp composition, and the 
data on the various digestion products, one can identify potential products that  
could conceivably be recovered as by-products or co-products of gas production 
from kelp. Table 5.5-2 l ists such potenti a1 chemicals and products. 

Except fo r  fucoidan and the L-fraction, a l l  of the chemicals and products 
1 isted in Table 5.5-2 are comercial ly  produced at  present. While kelp continues 
to  be the sole source fo r  conerc i  a1 production of algin a t  present, the sources 
for  the production of the r e s t  of the chemicals and products are non-kelp based. 
Cell ul osi cs and p l  ant protein are currently deri ved from te r re s t r i  a1 bi mass 
sources. Brines from various 1 akes and underground water throughout the world are 
primary sources for  the production of iodine, bromine, and magnesium. Potash, 
sodi um compounds, and sulfur are primarily produced from mi ne sources. Limited 
production of potash and sodium compounds is also based on brine sources. Sources 
of commercial carbon dioxide include f lue  gases resulting from the combustion of 
carbonaceous fuels ,  synthetic amoni a and hydrogen plants in which methane or 
other hydrocarbons are converted to  carbon dioxide and hydrogen, fermentation 
processes, 1 ime kiln operations involving thermal degradation of carbonates, and 
natural carbon dioxide gas wells. 

The residual sol ids  from the kelp digestion are rich in protein, and have been 
estimated to  contain over 50 percent protein matter i n  samples taken from kelp 
digesters.2,3 I t  has .also been shown that these protein-rich solids can readily 
be separated from the total  digester eff 1 uents using physical separation methods 
based on sedimentation and centrifugation. 2 3 3  The bacteri a1 protein product 
appears t o  be an economical source fo r  protein supplement for  animal and poultry 
d ie t s  based on i t s  composition analyses.3 

The kelp digestion experiments conducted during the GRI Marine Biomass Program 
showed the presence of algin in the digester e f f l  uents.2 T h i s  algin i s  termed 
the by-product algin. I t  i s  recoverable and that  i s  the basis for  including i t  in 
Table 5.5-2. Fucoidan i s  not available commercially at  present, and is used only 
as a 1 aboratory chemical fo r  sc i en t i f i c  purposes, however, the material i s  
considered t o  have unusual colloidal character is t ics  which may be of considerable 
in te res t  in various industries such as cosmetics and pharmaceuticals. Table 5.5-2 
includes a product "phenoli c compoundN as a potenti a1 by-product or a co-product. 



TABLE 5.5-2. POTENTIAL BY-PRODUCT AND CO-PRODUCT CHEMICALS 

By-products Co-Products 

Organic Bac te r i  a1 P r o t e i n  Product A1 g i  n 

Phenol ic  Compound (L -F rac t i  on) Manni t o 1  

A l g i n  (Residual from t h e  Fucoi dan 
d iges t i on  process) C e l l  u l  o s i  c Compounds 

P l a n t  P r o t e i n  

Phenol i c Compound 

(L-Fract i on) 

Inorgan ic  - I odi  ne 

Potash 

Magnesium Compounds 

Bromi ne 

Sodium Compounds 

S u l f u r  

Carbon D iox ide  

I o d i n e  

Potash 

Magnesi um Compounds 

Bromi ne 

Sodi urn Compounds 



The ex is tence of such a f r a c t i o n  i n  raw k e l p  and d iges te r  l i q u i d  e f f l u e n t s  has 

been confirmed dur ing  l abo ra to ry  i n v e s t i g a t i o n s  i n  the  Marine Biomass Program. 2 

Small l abo ra to ry  samples of t h i s  m a t e r i a l  have been i s o l a t e d  and character ized. 

Based on l i m i t e d  analyses and discussions w i t h  experts i n  the  ma te r ia l s  eva lua t ion  

area, i t  appears t h a t  the  phenol ic  compound (L-Frac t ion)  may have app l i ca t i ons  i n  

areas such as p l a s t i c s ,  adhesives, and t imed-release dispersants. The sample 

p repa ra t i on  and cha rac te r i za t i on  techniques used t o  analyze the  L - f rac t i on  are 

discussed i n  Appendix I. It has been suggested t h a t  the L - f r a c t i o n  i n  ke lp  

biomass may be analogous t o  the  l i g n i n  s t r u c t u r e  i n  t e r r e s t r i a l  biomass as i t  

conta ins s i m i l a r  phenol ic  groupings. 

I t  should be noted t h a t  a l i s t i n g  i n  Table 5.5-2 does not  necessar i l y  imply 

techn ica l  and/or economic p r o d u c i b i l i t y  o f  each chemical, bu t  on ly  t h a t  i t  i s  

present i n  the feedstock stream. Conceivably, some o f  those products l i s t e d  may 

not  be t e c h n i c a l l y  p roduc ib le  unless one or  more are " s a c r i f i c e d n  dur ing  the  

processing scheme. Indeed, one o f  the purposes o f  t h i s  study i s  t o  determine 

which ones are t e c h n i c a l l y  f eas ib le  and are economical ly most a t t r a c t i v e .  

A screening o f  the produci b i  1 i t y  o f  by-products and co-products was necessary 

f o r  several reasons: (1 )  The number o f  p o t e n t i a l  products i s  too l a rge  t o  permi t  a 

reasonable techn ica l  and economic i n v e s t i g a t i o n  o f  each one; ( 2 )  the  s ta tus  o f  

recovery technology i n  several cases i s  undef ined or  non-existent;  ( 3 )  on l y  those 

which have the p o t e n t i a l  f o r  s i g n i f i c a n t  economic impact need t o  be studied. The 

screening was conducted us ing  a v a i l a b l e  techn ica l  and market ing data, and these 

r e s u l t s  are presented i n  Sect ion 5.5.3. The market data reviewed inc luded cur ren t  

U. S. demand and product ion, an t i c i pa ted  growth r a t e  of t he  demand/producti on, 

cu r ren t  sources and methods o f  product ion, and major app l ica t ions .  Revenue 

p o t e n t i  a1 was a1 so considered i n  the  screening process. 

D e t a i l e d  process systems designs and cost  analyses o f  the  product ion of 

se lec ted  chemicals from raw k e l p  and d iges te r  e f f l u e n t s  are presented i n  Sect ion 

5.5.4. Also inc luded i s  a d iscussion of the economic impact on gas cost. I n  

order t o  develop cost  estimates, i npu ts  were obta ined from experts  who have had 

ex tens ive  experience i n  developing and opera t ing  a lg in ,  mannitol ,  and i od ine  

product ion  systems. Based on these analyses, several research needs are 

i d e n t i f i e d  and recomnendations are made which are inc luded i n  t h i s  repor t .  



5.5.3 SCREENING OF POTENTIAL BY-PRODUCTS AND CO-PRODUCTS 

The purpose of the screening process discussed i n  t h i s  chapter was t o  i d e n t i f y  

the  most techni  c a l  l y  and economical ly a t t r a c t i v e  p o t e n t i  a1 co-products and 

by-products. Present ly  a v a i l a b l e  market and techn ica l  data were used i n  the  
screening process. 

5.5.3.1 Technical Screeninq 

The products l i s t e d  i n  Table 5.5-2 were evaluated t e c h n i c a l l y  fo r  t h e i r  

p r o d u c i b i l i t ~  Po ten t i  a1 (from k e l p  or  the  d i g e s t i o n  process eff  1 uents) and 

c l a s s i f i e d  i n t o  th ree categories. The f i r s t  cateogry inc ludes o n l y  those products 
which, a t  some t ime or another, have been produced f rom k e l p  a t  comnercial scale. 

I t  a lso  inc ludes those which have a h igh  techn ica l  p r o b a b i l i t y  o f  being produced 

from d i g e s t i o n  process eff luents, (e. g. Iodine, Potash, and Bromine). These 

chemicals have been and are c u r r e n t l y  being produced from subsurface br ines.  The 

d iges te r  e f f l uen t  l i q u i d  f r a c t i o n  i s  considered e s s e n t i a l l y  a br ine,  and conta ins 

a v a r i e t y  o f  inorgan ic  m a t e r i a l s  amenable t o  e x i s t i n g  processing steps t h a t  are 

c u r r e n t l y  used f o r  t h e  product ion  o f  these chemicals. Equipment f o r  t h e  

product ion o f  C02 and s u l f u r  from a mix ture  o f  gases conta in ing  CH4, C02, 

and H2S i s  conmercia l ly  ava i lab le .  The second category o f  products inc ludes 

those which have been produced a t  p i l o t  scale or  l abo ra to ry  scale. Th is  inc ludes 

manni t o 1  , fucoidan, L - f r a c t i  on, b a c t e r i  a1 pro te in ,  and a l g i n  res idua l  from the  

d iges t i on  process. The l a s t  category inc ludes those products f o r  which there  i s  

no experimental evidence t h a t  they can be produced from k e l p  o r  d iges t i on  
e f f l u e n t s  bu t  which are present i n  raw kelp. Th is  inc ludes the  c e l l u l o s i c s  and 

p l  ant p r o t e i n  f r a c t i  ons, and the 'sodium and magnesi urn compounds. 

The r e s u l t s  o f  t h i s  screening process are presented i n  Table 5.5-3. The 

c e l l u l o s i c s  and the p r o t e i n  products were dropped because there  i s  no techn ica l  

data p resen t l y  a v a i l  able t o  evaluate the  p roduc ib i  1 i ty. Furthermore, they are 

l i k e l y  t o  be a t  a disadvantage i n  the  marketplace, i n  terms o f  compet i t ion from 

es tab l  ished t e r r e s t r i  a1 b i  mass  sources. 

Magnesium and sod 

there  i s  no techn ica l  

recovery f rom k e l p  or  

techniques, f o r  examp 

t h e i r  recovery, these 

urn compounds were e l im ina ted  from f u r t h e r  ana lys is  because 

data r e a d i l y  ava i l ab le  t o  support t h e  p o t e n t i a l  f o r  t h e i r  

d iges ter  e f f  l uents. While one could conceive o f  processing 

e, based on f r a c t i o n a l  c r y s t a l l i z a t i o n  and e l e c t r o l y s i s  f o r  

methods are l i k e l y  t o  i n t e r f e r e  w i t h  the  recovery o f  other  

Inurgt~nlcs  such as ipd ine  which 1s a h igh  value chemical. 

5.5-7 



TABLE 5.5-3. TECHNICAL SCREENING OF CO-PRODUCTS AND BY-PROUUCTS 

Technical 
Produci b i  1  i t y  Product 

A1 g i n  
1. Comnerc ia l ly  produced f rom kelp,  Potash 

Iod ine  
Manni t o1  

o r  

Iod ine  (b)* 

High P r o b a b i l i t y  o f  p r o d u c i b i l i t y  f rom 
d i g e s t i o n  e f f l u e n t s / k e l p  

Bromine (b, c ) *  
Bac te r i  a1 P r o t e i n  Product (b )  

2 .  Labora to ry /P i l o t  P lan t  Data Fucoidan c  Mannitol tcl 
Phenol i c  Compound (c, b )  
A l g i n  Residual (b )  

C e l l  u l  os ics  ( c )  
3. No data on produci  b i  1  i t y  f rom k e l p  P l a n t  P r o t e i n  ( c )  

or d iges ter  e f f l u e n t s  Magnesi urn Compounds ( c  b) 
Sodi urn Compounds (c, b j  

- 
' T b ) n e n o t e s  recovery as a  by-product 

( c )  - Denotes recovery as a  co-product 



A l g i n  as a by-product f rom d iges te r  e f f l u e n t s  i s  a l so  e l im ina ted  f rom f u r t h e r  

anal y s i  s. Samples of r e s i  dual a1 g i  n were recovered f rom 1 aboratory d iges te r  

e f f l u e n t s .  These samples e x h i b i t e d  s i g n i f i c a n t l y  lower v i s c o s i t i e s  than those 

from f r e s h  kelp.  Apparently, as the  a l g i n  molecule passes through the  d iges t i on  

process, i t s  o r i g i n a l  polymer ic  s t r u c t u r e  changes r e s u l t i n g  i n  l o s s  o f  v i s c o s i t y .  

The a p p l i c a t i o n  of t he  r e s i d u a l  a l g i n  (by-product) would be s i g n i f i c a n t l y  l i m i t e d  

compared t o  a l g i n  recovered f rom raw ke lp .  

5.5.3.2 Potent i  a1 Revenues 

Revenue p o t e n t i  a1 was used fo r  eva lua t i ng  t h e  c o n t r i b u t i o n  t o  the  reduc t i on  of 

gas cos t  by each o f  t h e  candidate co-products and by-products. To ta l  revenues 

were used i n  the  i n i t i  a1 screening because the  range o f  the  gross revenues from 

var ious  chemicals was very  wide such t h a t  t h e  ones a t  t he  lower end o f  t h e  revenue 

range cou ld  be j u s t i f i a b l y  e l im ina ted  f o r  purposes o f  the  cu r ren t  study s ince ne t  

revenues cannot exceed t o t a l  revenues. 

For t he  purposes o f  t h i s  study, two of many poss ib le  p roduct ion  scenarios were 

developed. I n  t h e  f i r s t ,  gas product ion  i s  maximized; o n l y  r e s i d u a l  m a t e r i a l s  

from the  anaerobic d iges t i on  process are t r e a t e d  f o r  by-products recovery. I n  the  

second scenario, approximately 15 percent  o f  t h e  k e l p  farm output  i s  used 

e x c l u s i v e l y  f o r  t he  product ion  o f  chemicals and the  r e s t  f o r  t he  product ion  of 

gas. The revenue screen was developed on the  bas i s  o f  t h e  second system scenar io 

s ince i t  i s  t he  more comprehensive o f  t he  two analyzed i n  d e t a i l  i n  t h i s  repo r t .  

The scenar io i s  dep ic ted  i n  F i g u r e  5.5-1 and inc ludes  t h e  recovery of by-products 

from digest-er e f f l u e n t s .  As the  main o b j e c t i v e  o f  the  system i s  t o  produce gas, 

i t  i s  necessary t h a t  t h e  bu l k  o f  t h e  farm output  be used f o r  t h a t  purpose. A t  t h e  

same time, the  s i z e  o f  t he  chemicals p roduct ion  f a c i l i t y  must approach commercial 

scale i n  order  t o  achi eve economical v i  abi 1 i ty. P r e l  im inary  ca l  cu l  a t ions  

i n d i c a t e d  t h a t  us ing  10 t o  20 percent  o f  the  farm output  k e l p  f o r  chemical 

p roduct ion  achieved both  ob jec t i ves .  For  purposes o f  t h i s  p a r t i c u l a r  scenario, i t  

was assumed t h a t  500 tons/day o f  raw k e l p  are used f o r  t he  product ion  of chemicals 

which, f o r  t h e  base l ine  k e l p  farm, amounts t o  approximately 15 percent  of t he  

t o t a l  output .  

Ke lp  composit ion data were used as the  bas i s  f o r  es t ima t ing  the annual 

p roduct ion  o f  var ious  co-products f rom kelp, which when m u l t i p l i e d  by  t h e  

respect  i ve c u r r e n t  market p r i  ces y i e l d e d  est imates o f  annual revenues. The bases 

f o r  these c a l c u l a t i o n s  are  summarized i n  Tables 5.5-4 and 5.5-5. Fucoidan i s  



- Methane 

- by-products 

0 C02 
o S u l f u r  
o Potash 

Kelp Farm o Iod ine  
Output o Bromine 

o B a c t e r i a  1 P r o t e i n  Product 
o Phenolic Mater ia  1 ( L - f r a c t i o n )  

- Co-Product s 

o A l g i n  
o Mannitol  
o Fucoidan 
o Pnenol i c  M a t e r i a l  ( L - f r a c t i o n )  
0 Potash 
o I o d i n e  
o Bromine 

F igure  5.5-1. Scenario f o r  Re1 a t i v e  Comparison o f  Kelp Products 

5.5-10 



TABLE 5.5-4. POTENTIAL FOR CO-PRODUCTS FROM RAW KELP 

Basis  

a 500 Wet TonsIDay 

0 365 DayslYr. 
= 182,500 Tons/Yr. o f  Raw Ke lp  (RK) 

0 Raw Ke lp  Composit ion 

Water 87.5% 1750 1 bs/Ton RK 

O r  gani cs 7.5% 150 

Ino rgan i cs  5.0% 1 00 

Orqani cs  Composit ion 

A lg in ,  % o f  17% 42.5 Ibs lTon RK 
T o t a l  S o l i d s  (TS) 

Manni t o 1  1 5% 37.5 

L - F r a c t i  on 5% 12.5 

F uco i dan 1.5% 3.8 

Inorgan ics  

KC1, % o f  26% 65 
T o t a l  S o l i d s  (TS) 

I o d i n e  0.3% 0.7 

Bromi ne 0.1% 0.25 

Recovery Annual 
E f f i c i e n c p  Produc t ion  

*Discussed i n  Sec t ion  111 



TABLE 5.5-5. POTENTIAL PRODUCTION OF AND GROSS REVENUES FROM VARIOUS CO-PRODUCTS 

BASIS: 500 TONSIDAY OF RK 

Product 

A 1  g i  n 

Manni t o 1  

L -F rac t i on  

Fucoi dan 

I odi  ne 

Pot ash 

Bromi ne 

Market Pr ice ,  Annual Product ion, 
$/Ton Tons/Yrs. 

Po ten t i  a1 Revenue 
$/Yr., M i l l i o n s  

*Assumed t o  be t h e  same value as manni to l  



c u r r e n t l y  a v a i l  ab le  on the  market on l y  as a l abo ra to ry  chemical a t  approximately 

$10/gram. However, i t  i s  considered t o  have unique c o l l o i d a l  p roper t i es  which may 
be of i n t e r e s t  i n  several For purposes o f  t h i s  analysis, i t  i s  
valued t h e  same as mannitol .  The L - f rac t i on  i s  valued a t  $1-3/ lb depending on i t s  
usage whether i t  i s  i n  the  ma te r ia l s  manufacturing area, f o r  example i n  s p e c i a l t y  

p l a s t i c s ,  o r  i n  c o n t r o l l e d  timed-release dispersants, f o r  example i n  

pharmaceuticals or  pest ic ides.  A l g i n  i s  valued a t  $3 / l b  f o r  comparison purposes; 

i t  i s  r e a l i z e d  t h a t  i t s  exact  value w i l l  depend on t h e  p a r t i c u l a r  a lg ina te  

product, p u r i t y ,  and the  intended usage. 

Approximately 85 percent of t he  farm output  i s  devoted t o  the  product ion 

of gas and by-products. Po ten t i  a1 revenues from gas and by-products product ion 

are sunmarized i n  Table 5.5-6. I n  making these ca lcu la t ions ,  experimental data on 

gas product ion and d iges ter  e f f  1 uent composition obtained on the  Marine Biomass 

Program were used. The recovery e f f i c i e n c i e s  o f  var ious products shown i n  Tables 

5.5-4 and 5.5-8 are discussed i n  Sect ion 5.5.4. The b a c t e r i a l  p r o t e i n  product i s  

valued a t  $70/ton based on a p r e l i m i n a r y  study conducted fo r  t h e  Marine Biomass 

Program i n  1978. Lacking any f u r t h e r  development on the  subject,  t he  same value 

i s  used i n  the  ana lys is  al though t h e  value i n  1982 d o l l a r s  may have increased 

subs tan t ia l l y .  To ta l  revenues from the  product ion o f  var ious by-products and 

co-products are sunmarized i n  Table 5.5-7. Methane product ion  i s  valued a t  

$10/1000 SCF o n l y  f o r  comparison purposes. Bromine and s u l f u r  show the lowest 

p o t e n t i a l  revenues, being an order o f  magnitude lower than any of t he  other 

cont r ibu tors ,  and, therefore, were e l im inated from f u r t h e r  considerat ion. 

5.5.3.3 -- Market Data 

For several products, market data were c o l  l ec ted  and reviewed i n  more de ta i  1. 

The data i nc lude  t h e  U.S. demand, product ion, market growth-rate, cu r ren t  

product ion methods and major app l i ca t i ons  and are summarized i n  Tables 5.5-8 

through 5.5-12 f o r  each o f  t h e  products. From a rev iew o f  these data, several 

s i g n i f i c a n t  observat ions can be made: 

a. Other than the pheno l ic  ma te r ia l s  and fucoidan, a l l  o ther  products are 
c u r r e n t l y  produced c m e r c i  a1 l y  and thus have es tab l ished comnerci a1 
app l i ca t i ons  

b. The market i s  p ro jec ted t o  cont inue t o  grow f o r  a l l  the products. 

c. The U.S demand f o r  potash, iodine,  and a l g i n  o u t s t r i p s  product ion and must 
be met by imports. 



TABLE 5.5-6. POTENTIAL GROSS REVENUES FROM GAS AND BY-PRODUCTS 

6 BASIS: 1.15 x 10 Tons o f  Raw Kelp, Wet Bas is  

Methane 

C arbon 
D iox i de  

S u l f u r  

L - F r a c t i  on 

B a c t e r i  a1 
P r o t e i  n 

Potash 

I od i  ne 

Bromi ne 

Recovery 
E f f i c i e n c y  

90% 

90% 

6 5% 

80% 

60% 

6 5% 

65% 

473 
($10/1000 SCF) 

$/Yr. 

9.5 M i l l i o n s  



TABLE 5.5-7. POTENTIAL GROSS REVENUES FROM VARIOUS BY-PRODUCTS AND CO-PRODUCTS 

Methane Gas 

A1 g i  n 

Manni to1  

Fucoi dan 

L-Fract i  on 10.7-32.0 

Bacter i  a1 Pro te in  0.8 

Carbon Dioxide 1.4 

Pot ash 1.56 

I odi ne 4.8 

Bromi ne 0.12 

Su l f u r  0.04 



CURRE NT MARK ET 

PRODUCTION FROM 
BASELINE SYSTEM 

CURR EN1 
PRODUCT1 ON 
METHODS 81 
SOURCES 

MAJOR 
APPLICATIONS 

OTHER 
COMMENTS 

TABLE .5.5-8. IODINE DATA SUMMARY 5,6 

U.S. Demand: 8.7 M i l l i o n  Pounds (1979) 

U.S. Product ion: Actual f i g u r e s  not ava i l  able; Estimated 
a t  25-30% o f  the  demand 

Market Pr ice :  $6.80/lb i n  1980 and $7.25/1b i n  
February 1983; crude i od ine  i n  drums 

Market Size: $60 M i l l i o n  (1980), p roduct ion  value 

Growth Rate: -3.7%, t o  a  demand o f  -18 m i l  l i o n  pounds 
i n  year 2000 

Ex t r  a c t i  on o f  subsurf  ace b r i  nes; process based on d i  s p l  acement 
o f  i o d i n e  by  c h l o r i n e  fo l l owed  by recovery (blow out  w i t h  a i r  
or adsorpt ion on carbon), and p u r i f i c a t i o n .  Produced from 
b r i n e s  i n  Michigan and Oklahoma. 

Used as a  c a t a l y s t ,  e.g. i n  rubber indus t ry ;  i n  feeds and food 
products, pharmaceuticals, heat s t a b i l i z e r ,  i nks  and colorants,  
s a n i t a r y  and i n d u s t r i  a1 d i s in fec tan ts ,  and photography. 

A s t r a t e g i c  chemical i nven to r i ed  f o r  na t i ona l  emergencies i n  
t h e  Nat iona l  Defense Stockpi le .  F i r s t  produced i n  the  U.S. 
f rom k e l p  dur ing  World War I. About 2/3 o f  t he  cu r ren t  demand 
met by imports, p r i m a r i l y  from Japan and some f rom Chi le .  



TABLE 5.5-9. ALGIN DATA SUMMARY~,~ 

CURRENT MARKET 

PRODUCT I O N  
FROM 
BASELINE 
SYSTEM 

CURRENT 
PRODUCT I O N  
METHODS & 
SOURCES 

MAJOR 
APPLI CAT1 ON S 

OTHER 
COMMENTS 

U.S. Demand: Actual  f i g u r e s  not  avai 1 able 

U.S. Product ion: 7800 Tons (1976) 

Market Pr ice :  $2.5011 b t o  $611 b depending on product  
v a r i e t y  and appl i c a t i  on 

Market Size: 

Growth Rate: 5.4% averaged annual 1 y f rorn 1950-1 970 

2500-3000 tons a year assuming 15% o f  farm output  i s  devoted 
t o  product ion o f  chemicals ( a l g i  n as a co-product o f  mann i to l ) .  

Produced from raw kelp; method based on t r e a t i n g  raw k e l p  w i t h  
sodium carbonate t o  d i sso lve  a l g i n  and then p r e c i p i t a t e  and 
r e f i n e  i t  i n  several steps t o  desi red spec i f i ca t i ons .  

A1 g i  nate gums o f  var ious v i s c o s i t i e s  have a v a r i e t y  o f  
app l i ca t i ons  i n  t h e  food, pharmaceuti ca l  , paper, and t e x t i l e  
i ndustr  i es. 

Market c u r r e n t l y  monopolized by Kelco Company. Some concern 
expressed by knowledgeable sources t h a t  China may soon s t a r t  
t o  export  a l g i n  h e a v i l y  and undercut t h e  e x i s t i n g  pr ices .  
China i s  repor ted  t o  have developed s i g n i f i c a n t  a l g i n  
product ion  capac i t y  i n  recent  years. 



TABLE 5.5-10. POTASH DATA SUMMARY 9-12 

CURRENT 
MARKET 

PRODUCTION 
FROM 
BASELINE 
SYSTEM 

CURRENT 
PRODUCT I O N  
METHODS & 
SOURCES 

MAJOR 
APPLICATIONS: 

OTHER 
COMMENTS 

U.S. Demand: 7 M i l l i o n  Tons (K20 equiv.) i n  1979 

U.S. Production: 2 M i l l i o n  Tons K20 i n  1982 
2.4 M i l l i o n  Tons K20 i n  1381 
3.3 M i l l i o n  Tons K20 i n  1966 

Market Pr ice:  $110-$130/Ton o f  K20 equivalent  i n  1982 

Market Size: $225 M i l l i o n ,  product ion value i n  1982 

Market Growth Rate: Between 1.5 and 3% f o r  the  U.S. market 
t o  year 2000 

20,000-30,000 Tons/Y ear 

Shaf t  and s o l u t i o n  mining o f  potassium sa l ts ,  (main ly  the  
ch lo r ide )  and subsequent p u r i f i c a t i o n .  About 83% o f  U.S. 
product ion i s  from deposi ts  i n  Carlsbad, N.M., and the  balance 
f rom b r ines  and bedded deposi ts  i n  Utah, and br ines  i n  
C a l i f o r n i a .  

95% f o r  f e r t i l i z e r  

-25% o f  U.S. product ion exported t o  L a t i n  American 
countr ies.  Cur ren t l y  about 2/3 o f  U.S. demand met by 
import from Canada, the  remainder by U.S. product ion. 
Higher dependence on imports an t i c ipa ted  i n  future. 
Estimated c a p i t a l  requirements f o r  new ventures a t  about 
$300/annual capac i ty  ton o f  K20 equ iva lent  (1979-1 80). 
Energy requ i red  f o r  product ion estimated a t  6 x 10 8 
BTU/ton of K 0 (1973-1974); na tu ra l  gas i s  the  major 3 fue l  source o r  70% of the  t o t a l  energy used. 



CURRENT 
MARKET 

PRODUCTION 
FROM 
BASELINE 
SYSTEM 

CURRENT 
PRODUCTION 
METHODS & 
SOURCES 

13,14,15 
TABLE 5.5-11. CARBON DIOXIDE DATA SUM MAR^ 

U.S. Demand: 2.5 x l o 6  Tons i n  1982 (Includes s o l i d  
sol id,  l i q u i d  and gas) 

U.S. Production 

Market Price: Very s i t e  dependent; $30-50/ton i n  1982 

Market Size: $100 m i l l i o n  i n  1982 

Growth Rate: 

Recovered from combustion o f  carbonaceous fuels,  by-product 
o f  amonia  synthesis p l an t s  and fermentat ion processes, gas 
wel ls, ca l c i na t i on  operations. C02 concentrat ion i n  the 
feed stream var ies  depending on the source. It i s  
concentrated by absorpt ion - desorpt ion using a v a r i e t y  of 
ava i lab le  solvents, and then p u r i f i e d  t o  the desired degree 
which i s  determined by usage. 

MAJOR About 40% i n  chemical synthesis (urea, methanol, sodium 
APPLI CATIONS sa l i cy la te ,  and a v a r i e t y  o f  inorganic carbonates and 

bicarbonates); about 35% i n  enhanced o i l  recovery; and the 
r e s t  i n  beverage carbonation, r a p i d  ch i  11 i ng, r e f r i ge ran t ,  
and other. 

OTHER 
COMMENTS 

Market p r i c e  i s  very s i t e  dependent and usage dependent. 
Processi ng requ i red and hence costs may vary s i  gni f i c a n t l y  
depending on the intended usage and the source o f  the raw 
CO2. 



CURRENT 
MARKET 

PRODUCTION 
FROM 
BASELINE 
SYSTEM 

CURRENT 
PRODUCTON 
METHODS & 
SOURDES 

MAJOR 
APPLICATIONS 

om ER 
COMMENTS 

TABLE 5.5-12. MANNITOL DATA SUMMARY l6 

U.S. Demand: 

U.S. Product ion: 

Market Pr ice :  $3 / l b  i n  February 1983 

Market Size: 

Growth Rate: 

2000-2500 tons per year based on the  assumption t h a t  
approximately 15% o f  t he  k e l p  farm output  i s  devoted 
e x c l u s i v e l y  t o  i t s  p roduct ion  (as a co-product o f  a l g i n ) .  

Produced as a co-product w i t h  s o r b i t o l  from i n v e r t  sug'ar. 
Process steps i nc lude  hydrogenation and c r y s t a l  1 i zat ion.  

Sold as a white, c r y s t a l l i n e  powder o r  f r e e  f low ing granules. 
P r i n c i p a l  use i n  pharmaceutical app l ica t ions .  Used as a base 
i n  t a b l e t s  o f  vitamins, antacids, asp i r in ,  and o ther  
pharmaceuticals sometimes i n  combination w i t h  sucrose o r  
1 actose granul es. 

Manufactured i n  the  U.S. by I C I  Uni ted States, Inc. 



d. U.S. dependence on outside sources f o r  iodine, potash, and 
a1 g i  n i n  the f u t u r e  i s  li k e l y  t o  continue t o  increase, 

e. The co-products and by-products from a basel ine ke lp  farm 
would improve the U.S. supply, but  would not exer t  a dramatic 
in f luence i n  the marketplace on p r i c i n g  or a f fec t  
s i g n i f i c a n t l y  competi t ive sources o f  supply. Fucoi dan, which 
does not  have a bulk i n d u s t r i a l  market, i s  an unknown f a c t o r  
and cannot be evaluated based on ava i l  able data. 

From the analysis and observations above, production o f  selected co-products 

and by-products should have a s o l i  d market. 

The r e s u l t s  o f  the screening process i n  t h i s  sect ion may be sumar ized by 

s ta t i ng  t ha t  o f  the f i f t e e n  chemicals and products i d e n t i f i e d  i n  Table 5.5-2 as 

po ten t i  a1 co-products and by-products, the technical  and market data avai 1 able 

support e l im i  n a t i  ng seven o f  those. Analysis was continued on the remaining 

eight. These are algin, mannitol, fucoidan, L- f rac t ion,  iodine, potash, carbon 

dioxide, and bac te r i a l  pro te in .  

5.5.4 TECHNICAL PROCESSES AND ECONOMIC ANALYSIS 

This chapter provides a descr ip t ion o f  the process systems envisioned fo r  the 

recovery of the by-products and co-products and provides estimates of cap i t a l  and 

operating costs. These costs are then used i n  an economic analysis t o  determine 
the impact on the gas cost. Two d i f f e r e n t  scenarios are considered. I n  one, a l l  

the ke lp  from a farm (approximately 3700 t j d a y  i s  used i n  gas production and on ly  

d igester  e f f l uen t s  are processed f o r  the recovery o f  by-products. I n  the second, 

approximately 15 percent o f  the farm output i s  used f o r  the production of 
co-products and the  remainder f o r  the product ion o f  gas and by-products. These 

scenarios are shown i n  block diagram form i n  Figure 5.5-2. 

5.5.4.1 Process Descr ipt ions 

a. Gas and By-products Production Processes (Scenario 11 

The process scheme i s  shown i n  Figure 5.5-3. Raw ke lp  from the farm i s  

received a t  the processing s i te ,  chopped t o  approximately 114 inch p a r t i c l e  size, 

and f e d  t o  digesters. The gases out o f  the digesters contain carbon dioxide, 
hydrogen su l f ide,  and water vapor i n  add i t ion t o  methane. This gas stream i s  

processed t o  separate the ac id  gases f r a n  the methane using a physicochmical  

absorption system based on the Selexol process. The f i n a l  steps i n  methane 

product ion inc lude compression and moisture removal steps which are necessary i n  

order t o  meet gas p i pe l i ne  q u a l i t y  standards. Hydrogen s u l f i d e  released dur ing 
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Figure 5.5-2. Scenarios f o r  Production o f  By-products and Co-Products 



Figure 5.5-3. Process Schematic for  Production of Gas and By-products 
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the absorbent regeneration in gas cleanup i s  fur ther  processed for  the recovery of 
sulfur using the Stretford process. The processing of hydrogen sulfide to  sulfur 
i s  required in order to  sa t i s fy  a i r  pollution control requirements. Other 
eff 1 uents from the gas production process are the aqueous digester eff 1 uents 
containing both solids and liquid, and the carbon dioxide from the gas cleanup 
process. The steps involved in the gas production portion of the overall process 
shown in Figure 5.5-3 have been described in detail  in the Parsons1 report1 and 
are only sumarized i n  t h i s  report. 

1. Bacteri a1 Protein and L-Fraction. 

The aqueous digester effluent i s  separated into a solid and a liquid fraction 
using a sedimentation tank. The solid fract ion i s  further processed for  the 
recovery of L-fracti on and bacteri a1 protein product. The liquid fraction i s  
processed fo r  the recovery of iodine and potash. 

Solids from the separation step are concentrated using thickening and vacuum 
f i l t r a t i o n  processes. The cake is given a waterwash to  reduce the inorganic s a l t s  
concentration in the protein solids to  a level acceptable for  i t s  intended use as 
an animal feed suppl ement. The L-f raction recovery process, based on methanol 
extraction of the washed cake,is currently in the ear ly stages of laboratory 
development. Based on the laboratory procedure used for  the recovery of the 
L-fracton, process steps will most probably include: extraction w i t h  80 percent 
methanol for  several hours; f i l t r a t i o n  of the extract;  and drying. Appendix I 

describes the resul ts  of the 1 aboratory experiments on sample preparation and 
characterization of the L-fraction. Further purification of the L-fraction may be 
accomplished by repeati ng the process sequence. Since the eventual applications 
of the L-fraction are not specif ical ly  defined a t  present, the recovery process 
includes only one sequence of steps. The methanol in the extract i s  recovered i n  

the drying steps and recycled back to  the extraction step. The sol ids  or the cake 
produced from the extract  f i l t r a t i o n  represent the protein-rich product that  can 
be used as an animal feed supplement. Further processing of the protein-rich 
sol ids  includes drying and packaging of the material. The use of the 

proteinaceous digester solids as an animal feed supplement i s  predicated on the 
early exploratory work done on the Marine Biomass 

2. Iodine. 

The recoveries of iodine and potash from the l iquid stream emanating from the 
s o l i d s  sedimentation process are based respectively on existing carbon adsorption 



and c r y s t a l l i z a t i o n  processes. The l i q u i d  stream must be made f r e e  o f  suspended 

so l ids  before feeding i t t o  the carbon columns f o r  iod ine recovery. This i s  

achieved by chemical f loccu la t ion,  sedimentation, and sand f i  1 t ra t ion .  The l i q u i d  

i s  then a c i d i f i e d  w i t h  a mixture o f  s u l f u r i c  acid and hydrochlor ic acids t o  a pH 

below 3.0, and ch lor inated w i t h  ch lo r ine  gas a t  a r a t e  somewhat i n  excess o f  the 

s t o i c h i m e t r i c  r a t i o  o f  0.28 pound of ch lo r ine  per pound o f  iod ine t o  l i b e r a t e  

iodine. The ac id i f i ca ton  and ch lo r ina t ion  react ions are rap id  and can be 

accomplished using i n - l i n e  mix ing techniques. Iod ine i s  then displaced by 

ch lo r ine  and adsorbed on act ivated carbon. Once a carbon column i s  saturated w i t h  

iodine, i t  i s  desorbed using a so lu t i on  o f  hydroiodic and s u l f u r i c  acids, ( H I  + 

H2S04) t o  which water and s u l f u r  d ioxide are added continuously. 

I2 (adsorbed) + 2 H20 + S02-2 H I  + H2S04 

A pa r t  o f  the HI-H2S04 mixture i s  continuously withdrawn and t reated w i t h  

ch lo r ine  t o  p rec ip i t a te  iodine. The HCI  and H2S04 mix ture  i s  a by-product o f  

the ch lo r i na t i on  reac t ion  used i n  the a c i d i f i c a t i o n  step. The p rec ip i ta ted  iod ine 

i s  f i l t e red ,  d r ied  w i t h  su l f u r i c  acid, and melted i n  a k e t t l e  under su l f u r l c  

acid. The me1 ted iod ine i s  withdrawn, s o l i d i f i e d ,  and packaged. 

The carbon adsorption process has been successful ly  used i n  both the U.S. and 

Japan fo r  the recovery of iod ine from subsurface brines. It was selected f o r  t h i s  

app l ica t ion as a r e s u l t  o f  discussions w i t h  the North American Br ine Resources 

Company which i s  cu r ren t l y  involved i n  the app l i ca t ion  of t h i s  technology i n  the 

U.S. fo r  the production o f  iod ine from subsurface brines. The advantages o f  t h i s  

technology over others such as those based on a i r  or steam s t r i pp ing  o f  an iod ine 

contain ing stream, include: a higher process recovery e f f i c iency ,  capabi 1 i t y  t o  

handle a wider range o f  i n f  1 uent iod ine concentrations, 1 ower operating energy 

requirements, and improved economics a t  smaller system capacit ies. From the 

process chemistry o f  the iod ine recovery process, i t  can be seen t ha t  a 

s i gn i f i can t  process cost i s  incurred by the use o f  chemicals used i n  the process. 

I n  addi t ion,  the concentrat ion o f  i od ine  i n  the feed stream i s  a s i gn i f i can t  

economic va r iab le  because o f  the requirement t o  ad just  the pH t o  below 3.0 p r i o r  

t o  ch lor inat ion.  This means t h a t  the higher the iod ine concentration, the lower 

the ac id  cost per u n i t  mass o f  iodine recovered. For carbon based recovery 

processes, the economic c u t o f f  i s  30-40 ppm o f  iod ine concentrat ion i n  the feed 

stream; the concentraton i n  the ke lp  br ines i s  expected t o  be 6 t o  15 times 

higher. Further, i n  current  production processes using subsurface brines, the 



energy cost  of pumping i s  a s i g n i f i c a n t  f r a c t i o n  o f  the  o v e r a l l  cost. Since no 
extensive pumping operat ions are i nvo lved  i n  processing ke lp  br ines, s i g n i f i c a n t  

potent  i a1 cost  advantages may accrue fo r  iod ine  produced from kelp. 

3. Potash. 

The aqueous stream leav ing  the  carbon adsorpt ion process can be f u r t h e r  processed 

f o r  t he  recovery of potash through evaporat ion and c r y s t a l  1 i z a t i  on. However, 
d e t a i l e d  and c lea r  d e f i n i t i o n  o f  a l l  the  processing steps requ i red  t o  produce 

potash cannot be generated a t  present since an accurate and complete composition 

of the l i q u i d  stream downstream o f  the  iod ine process i s  not  avai lable.  I n  any 

case, i t  i s  known t h a t  t he  feed stream has a low concentrat ion of KC1, and must be 

concentrated through evaporation. A rnu l t i e f fec t  evaporat ion system i s  used f o r  

t h i s  purpose. A pH adjustment of t h e  stream may also be needed p r i o r  t o  
evaporat ion because o f  the h i g h l y  a c i d i c  nature o f  t he  e f f l u e n t  from t h e  iod ine  

carbon column. Fo l  1 owing evaporation, supersatura t i  on w i t h  respect  t o  the  potash 

may be achieved using equipment such as a c r y s t a l l i z i n g  evaporator o r  a vacuum 

c r y s t a l l i z e r .  The s e l e c t i o n  o f  the  c r y s t a l l i z a t i o n  equipment w i l l  be determined 

by the  composition o f  the  stream. For purposes o f  t h i s  study, a c r y s t a l l i z i n g  

evaporator system was selected s ince a t  e levated temperatures KC1 has a h igher 

s o l u b i l i t y  than NaC1, the  other p r i n c i p a l  inorgan ic  s a l t  present i n  the  feed. A t  

ambient temperatures, NaCl has a h igher s o l u b i l i t y  than KC1. Fo l lowing the  

c r y s t a l l i z a t i o n  process, the  c r y s t a l s  are separated through cent r i fugat ion ,  dr ied, 

and packed. Recrysta l  l i z a t i o n  may be needed t o  develop a spec ia l  grade product. 

For purposes o f  t h i s  study, a comnercial grade product i s  assumed and there fore  no 

add i t i ona l  r e f i n i n g  w i l l  be assumed. As discussed i n  the  previous section, 95 

percent o f  the  potash used i n  the  U.S. i s  used i n  f e r t i l i z e r  For such usage, t h e  

K20 content must meet 60 percent (equ iva lant  t o  49.8 weight by percent K),  and 

t h e  presence o f  minor by-products i s  inconsequential .  The potash product from the  

k e l p  e f f l uen ts  i s  intended f o r  the same type o f  app l ica t ion .  

4. - Carbon Dioxide. 

The carbon d iox ide  separated from the  methane stream w i l l  be processed fo r  

appl i c a t i o n s  such as r e f r i g e r a t i o n ,  beverage carbonation, and r a p i d  c h i  11 i n g  bu t  

must be p u r i f i e d  and l i q u i f i e d  f o r  these appl icat ions.  These app l i ca t i ons  were 

selected as being more conservat ive f o r  economic analys is  purposes. The product 

requirements f o r  food grade C02 a p p l i c a t i o n  are more s t r i n g e n t  compared t o  an 

appl i ca t  i on such as enhanced o i l  recovery. Another major appl i ca t ion  of carbon 



dioxide i s  i n  urea manufacture. However, urea manufacturing f a c i l i t i e s  are 

general ly  located next t o  the amnonia manufacturing f a c i l i t i e s  from which they can 
ob ta in  both m o n i a  and carbon dioxide required f o r  the urea manufacture. Carbon 

dioxide i s  a byproduct o f  amonia  manufacture. 

AS pointed out i n  the previous chapter, the economics o f  C02 usage i s  very 

s i t e  dependent. For purposes o f  t h i s  analysis, i t  i s  assumed tha t  the p lant  

s i t i n g  w i l l  a l low t h i s  usage o f  C02. Since the food processing market, i n  which 

l i q u i d  C02 f i n d s  i t s  major use, i s  h i gh l y  segmented and i s  f requent ly  c lustered 

around 1 arge urban centers, the C02 processing f aci  1 i ti es must be s t r a t e g i c a l l y  

1 ocated t o  be economi ca l  l y  p r a c t i  ca l  . 
Carbon dioxide produced by regeneration o f  the absorbent medium i n  the 

digester  gas cleanup process may contain t races of hydrogen su l f i de  and organics. 

These must be removed p r i o r  t o  the l i q u i f a c t i o n  process i n  order t o  avoid causing 

a tas te  or odor i n  the product. The COq gas spec i f ica t ions include a p u r i t y  o f  

99.9 percent +, moisture content equivalent t o  -60 '~  dew point, max 20 ppm 

vol  a t i  l e  noncondensi bles, max 5 pprn o f  heavy condensi b les  such as compressor o i  1, 

rnax 25 ppm amnoni a, max 5 ppm NOx, mar 5 ppm SO2, and no a typ ica l  odor. 15 

Pur i f i ca t i on  methods based on scrubbing w i th  potassi um permanganate, potassi um 

dichromate, and act iva ted carbon are ava i l  able and can be used t o  cont ro l  the 

H2S and organics content i n  the C02 stream. 

K p  Cr207 + 3 H2S + H20 + 2 CO2--@-3 S + 2 C r  (OH)g + 2 KHC03 

The manganese dioxide, su l fur ,  and chromium hydroxide appear as p rec ip i ta tes  

and are discarded. For app l ica t ion o f  the potassium permanganate or the 

dichromate scrubbing process, the feed gas may be bubbled through the so lu t ion  or 

contacted w i t h  the l i q u i d  i n  a packed tower i n  which the scrubbing so lu t ion  i s  

constant ly r e c i r c u l  ated. 

The scrubbed C02 stream i s  l i q u i f i e d  a t  a temperature between 31°c 

( c r i t i c a l  po in t )  and -56.6'~ ( t r i p l e  po in t )  by compressing i t  t o  the 

corresponding 1 iquef  ac t ion pressure and removing the heat of condensation. Near 

the c r i t i c a l  temperature, water may be used f o r  coo l ing however compression of gas 

t o  75 atmosphere i s  required. I f  a re f r ige ran t -coo l ing  system i s  used t o  provide 

coo l ing t o  a temperature o f  -12' t o  - Z ~ ~ C , .  compression o f  gas t o  16-24 

atmospheres i s  required. I n  e i t he r  process, the basic process steps are 



compression, f i l t r a t i o n  and dehydration to  remove moisture and o i l ,  and 
condensation- The l iquif ied C o p  can be stored a t  ambient temperatures in 
refrigerated insulated tanks. 

b. Co-Products Production Processes 

The organic and inorganic co-products considered include algin, mannitol, 

f ucoidan, potash, iodine, and the L-fraction. An overall process scheme for  the 

production of these chemicals from raw kelp i s  shown in Figure 5.5-4.4 I t  may 
be noted that  Figure 5.5-4 does n o t  correspond to  the second system scenario 

sketched in Figure 5.5-2 which includes production of gas and by-products. The 
processes fo r  the referenced scenario are discussed 1 ater. 

The overall scheme i s  based on leaching ground raw kelp with hot water which 
leaches out mannitol, fucoidan, and inorganic s a l t s  into the water stream, and 
reacting the leached kelp with sodium carbonate to  solubil i ze a1 g i n  which can be 
separated and fur ther  processed to  produce algin. The residual solids from the 

algin digestion process contain the L-fraction and the cel lulosic  constituents of 
kelp. The former is  recovered by the methanol extraction method described 
ear l ie r .  Recovery of fucoidan from the leachate water i s  based on i t s  
precipitation with isopropyl alcohol ( I P A ) ,  and following that ,  mannitol i s  

recovered by evaporation and crystal  1 i zati  on. The mother 1 iquor from the manni to1 
crystal l izat ion process contains potash and the iodine, which are recovered using 
processes as described ear l ie r .  The following sections include descriptions of 
processes fo r  the recovery of algin, manni to1 , and fucoidan. Processes for  
iodine, potash, and L-fraction have been described ea r l i e r ,  and are applicable to 
the scheme in Figure 5.5-4. 

Feedstock Operations. Kelp entering the chemical plant i s  subjected to a two 

stage milling operation in which i t  i s  reduced f i r s t  t o  one inch lengths and 
f i n a l l y  t o  1 /4  inch pieces. The milled kelp i s  moved to  a large preservation tank 
by means of a progressive cavity (Moyno) pump. Here i t  i s  irrmersed for  about 16 
hours in 0.05 percent formalin solution, following which i t  i s  pumped continuously 

to  the leaching system. Preservation of the kelp i s  necessary in order to  prevent 

any deterioration in qua1 i t y  due to  bacteri a1 activity.  

Kelp Leaching. This process requires a five-stage countercurrent wash of the kelp 
using water a t  1800F. Approximately one part  of water per part of kelp i s  
needed, and water i s  recirculated in each wash box. Turbine mixers are used i n  

rach wash hox t o  max imize  leaching of the water soluble chemicals from kelp. 
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Figure 5.5-4. Process Schematic for Production of Co-Products From Raw Kelp 



Separat ion of water and k e l p  i s  c a r r i e d  out  us ing  e i t h e r  g r a v i t y  f e d  r e v o l v i n g  

screens o r  more expensive but  cleaner s t a t i o n a r y  DSM screens. The l a t t e r  g r e a t l y  
reduce losses of f i n e  k e l p  p a r t i c l e s  b u t  r e q u i r e  se l f -p r im ing pumps between stages. 

Leach water coming from t h i s  system proceeds t o  a l a r g e  storage tank which 

acts as a surge ahead of the f u c o i d i n  recovery process. The leached k e l p  i s  

pumped t o  the  d iges te rs  o f  the  a l g i n  p lan t .  

1. Fucoi dan Recoverx. 

Fucoidan and manni to l  are bo th  recovered from the  s o l u t i o n  coming from the 

k e l p  leach ing  step. 

Separat ion of f u c o i d i n  i s  r e l a t i v e l y  easy, as fucoidan i s  i nso lub le  i n  45-50 

percent i sopropy l  a lcohol  so lu t ion .  A s t r i n g y  p r e c i p i t a t e  i s  produced which can 

be r e a d i l y  separated us ing  a basket cent r i fuge.  D i l u t e  a lcohol  recovered a t  t h i s  

stage i s  r e c i r c u l a t e d  through a s t i l l .  

P rov i s ion  i s  made t o  re -d i sso l ve  and r e - p r e c i p i t a t e  t h i s  ma te r i a l  t o  e l im ina te  

impur i  ti es. A f t e r  c e n t r i f u g a l  separat ion, t he  f u c o i  dan f i b e r s  are f lu f fed-up by 

passage through a m i l l i n g  fan  before going t o  a jacketed r o t a r y  vacuum dryer. 

Th i s  permi ts  a d d i t i o n a l  recovery o f  t he  so lvent  remaining i n  t he  p r e c i p i t a t e d  

c o l l o i d .  The d r i e d  f i b e r s  are then f i n i s h e d  i n  a m i l l i n g  and screening system set  

up ahead o f  a b l  ending-packaging s ta t i on .  

Large amounts of so lvent  are requ i red  i n  t h i s  process which can be recovered 

by d i s t i l l a t i o n  and recycled. Small amounts o f  a lcohol  f rom the  a l g i n  l i n e  

(descr ibed l a t e r )  are a lso combined w i t h  t h i s  stream f o r  recovery purposes. 

Make-up a lcohol  due t o  losses i s  est imated a t  0.8 pound per pound of product. 

Steam and water requirements a t  t h i s  s tep f o r  t he  a lcohol  recovery 'a re  heavy. 

However, t he  warm water coming f rom the  condensers on t h i s  u n i t  may be used a t  t h e  

d i l u t i o n  s tep  o f  the a l g i n  process. No such energy saving was assumed i n  the  

u t i l i t y  est imates inc luded i n  t h i s  repor t .  

I t  should be po in ted  out  t h a t  fucoidan i s  n o t  a v a i l a b l e  a t  t he  present t ime on 

U.S. or wor ld  markets. A sales o r  market development program would be requ i red  

before i t s  f u l l  p o t e n t i a l  i s  reached. The unusual c o l l o i d a l  p rope r t i es  o f  the  

chemical suggest h igh  p o t e n t i a l  f o r  new uses i n  a v a r i e t y  o f  f i e l d s ,  p a r t i c u l a r l y  

the  cosmetics industry .  



2. Manni to1 Recovery. 

The l i q u o r  from fucoidan p r e c i p i t a t i o n  goes through an evaporation- 

c r y s t a l l i z a t i o n  process f o r  mannitol recovery. The process was developed a t  the 

Kelco Company from work done e a r l i e r  i n  Europe. This process was invest igated i n  

the Kel co 1 aboratory, and a p i l o t  p l an t  and a f u l l  scale p l an t  were also operated 

for  a short  time. I n  the o r i g i n a l  process, a l ime defecation reac t ion  s im i l a r  t o  

t ha t  used i n  the sugar indus t ry  was used t o  p r e c i p i t a t e  fucoidan. The l ime 

p r e c i p i t a t i o n  proved t o  be i n e f f i c i e n t  and d i f f i c u l t  t o  cont ro l  as fucoidan 

concentrat ions i n  the leach so lu t ion  changed w i t h  season. Co l lo ida l  mater i  a1 s 

escaping t h i s  step fou led the heating surfaces o f  the evaporators and caused 

complications i n  mannitol c r ys ta l 1  iza t ion.  

I n  the proposed scheme, alcohol p r e c i p i t a t i o n  i s  used. Clear so lu t ions are 

obtained f rm t h i s  process and f ucoi dan p r e c i p i t a t i o n  i s  complete. Evaporation of 

t h i s  so lu t ion  i s  ca r r ied  out  i n  a submerged tube, forced c i r c u l a t i o n  un i t .  I n  the 

suggested process, t h i s  evaporator i s  la rge  enough t o  hold a two day supply of 

concentrated li quor, a1 1 owing removal o f  h a l f  i t s  contents wi thout  upset t ing i t s  

operat i  on. 

A po r t i on  of the concentrate i s  withdrawn t o  a vacuum c r y s t a l l i z e r  once a 

day. Manni to1 separating a f t e r  a per iod o f  evaporative coo l ing i s  recovered i n  a 

ser ies o f  basket centr i fuges. Part  o f  the mother l i q u o r  i s  r ec i r cu la ted  t o  the 

c r ys ta l 1  i z e r  whi le  approximately one t h i r d  i s  b led  o f f  t o  the iodine-potassium 

ch l  o r i  de p l  ant. 

Crude mannitol c r ys ta l s  are re-d isso l  ved i n  fresh water and re-crys ta l  1 i zed  i n  

a second, smaller vacuum un i t .  Basket cent r i fges are used, as before, t o  separate 

the mannitol product wh i le  the mother l i q u o r  i s  rec i rcu la ted  t o  e i t he r  the 

secondary or  the primary c r ys ta l  1 i zer. 

Crystals recovered as above are d r ied  i n  a small s ta in less s tee l  r o t a r y  dryer, 

screened, and m i l l e d  t o  meet sales speci f icat ions.  The 1 a t t e r  steps and the 

packaging process may have t o  be ca r r i ed  ou t  under "clean room" condi t ions t o  meet 

requirements i n  ce r t a i n  appl icat ions. 

3. A lg i n  Recovery. 

The a l g i n  process shown schematical ly i n  Figure 5.5-4 i s  designed t o  produce 

three d i f f e r e n t  types o f  product. This type o f  product p o r t f o l i o  i s  necessary i n  

order t o  meet the wide range of performance requirements f o r  a l g i n  which vary w i th  



the intended use. For example, the  granular  and the  f i b r o u s  a lg ina tes  which are 
f i n i s h e d  a t  a  pH of 7.5 are used under neu t ra l  o r  a l k a l i n e  condit ions, becoming 
i n s o l u b l e  i n  a c i d  so lu t ions .  Propylene g l yco l  a lg ina tes  on the  other  hand possess 

a  f i n i s h e d  pH of 4.0 and are designed f o r  use i n  ac id  solut ions,  becoming 

i n s o l u b l e  under a l k a l i n e  condi t ions.  Since a l g i n  q u a l i t y m a y  vary from one k e l p  
batch t o  another depending on a  number o f  var iab les  r e l a t e d  t o  growth condit ions, 

age, and processing condi t ions,  t he  p o r t f o l i o  approach a lso al lows the  producer t o  
meet t h e  p a r t i  c u l  ar  performance requirements by b lending d i f f e r e n t  products. 

The a l g i n  product ion process i s  based on s o l u b i l i z i n g  i t  as the  sodium s a l t  by 

adding an a l k a l i  t o  t h e  washed kelp. D i l u t i o n  o f  t he  r e s u l t i n g  paste w i t h  l a rge  

amounts o f  hot  water i s  necesary t o  f a c i l i t a t e  f i l t r a t i o n  o f  the  a lg ina te  l i q u o r .  

A l g i n  i s  then recovered f rom t h e  c l a r i f i e d  l i q u o r  by p r e c i p i t a t i o n  as calcium 

a lg ina te .  A f t e r  conversion o f  t h i s  mater i  a1 t o  a l g i n i c  ac id  (a l so  water 

i nso lub le )  by an ac id  wash, t h e  a l g i n i c  ac id  i s  converted t o  t h e  so lub le  products 

of commerce by reac t i on  i n  a  concentrated paste or  i n  a  s o l i d  f i b r o u s  form w i t h  

sodium carbonate, potassium carbonate, etc. o r  w i t h  propylene oxide. 

The f o l l o w i n g  gives a  more d e t a i l e d  desc r ip t i on  o f  the  var ious steps i n  the 

product ion  process. 

Ke lp  Digest ion.  A c o n t r o l l e d  moun t  of leached ke lp  i s  mixed cont inuously w i t h  a  

metered f l o w  o f  5 percent  soda ash s o l u t i o n  and th ree p a r t s  o f  water a t  1900F. 

Th is  m ix tu re  i s  pumped t o  a  se r ies  of d iges t i on  tanks equipped w i t h  t u r b i n e  

mixers. Temperature here i s  h e l d  a t  190-2000F by means o f  d i r e c t  steam 

in t roduced tangent i  a l l y  t o  a i d  mixing. Sodium carbonate add i t ions  are con t ro l  l e d  

t o  h o l d  the  pH o f  the  mix a t  10.0. C i r c u l a t i o n  pumps are needed t o  move the  gel 

from one tank t o  t h e  next  c o n t r o l l e d  by l e v e l  sensors i n  the  forward tank. Tota l  

r e a c t i o n  t ime i s  o f  the  order o f  f o u r  hours. 

D i l u t i o n .  The d i g e s t i o n  mix coming from t h e  above system i s  much too  concentrated 

and viscous f o r  c l a r i f i c a t i o n  and must be d i l u t e d  t o  a  v i s c o s i t y  of about 20 cps., 

Brookf ie ld ,  a t  a  temperature o f  1800F. This requ i res  an add i t i ona l  s i x  pa r t s  of 

hot  water. D i l u t i o n  i s  accomplished i n  an enclosed tank equipped w i t h  a  t u r b i n e  

mixer. This e n t i r e  opera t ion  runs cont inuous ly  a t  a  r a t e  determined by the  

downstream f i l t e r s .  A l a r g e  run-down tank i s  needed t o  prov ide  surge between 

these two steps. Su i tab le  temperature and v i s c o s i t y  con t ro l s  are requ i red  f o r  a  

smooth opera t ion  a t  t h i s  s ta t i on .  The water may be heated by d i r e c t  steam. 



F i l  t ra t ion/Cent r i fugat ion.  L iquor going t o  the product ion o f  granular a lg inates 

need not be spark1 i ng c lear  f 01 1 owi ng c l  a r i f  i c a t i  on s i  nce the end products can 

contain a ce r t a i n  amount o f  haze. For t h i s  reason, i t  i s  processed wi thout  the 

use of f i l t e r  a i d  using continuous be l t ,  pan f i l t e r s .  Further processing i s  

ca r r ied  out on a separate p rec ip i t a t i on -ac id  wash 1 ine. 

Inso lub le  mater ia ls  must be completely removed from the raw a lg inate  l i quo r  

intended f o r  the manufacture o f  f i b rous  or  propylene g lyco l  alginates. This i s  

accomplished by using a ba t t e r y  o f  r o t a r y  precoat f i l t e r s  varying i n  s i ze  from 300 

t o  1000 square f e e t  o f  f i l t e r i n g  area. I t  i s  estimated t h a t  about 10,000 square 

feet w i l l  be needed t o  produce the 15,000 pounds o f  algin. The f i  1 t r a t i o n  based 

separati  on methods described here are cu r ren t l y  i n  use though cen t r i fuga t ion  may 

be a more cost-ef fect ive method o f  achieving the same object ive.  

Past experience has demonstrated t h a t  regu lar  diatomaceous ear th  f i 1 t e r  aids 
cannot be used i n  t h i s  serv ice due t o  extensive cracking o f  the cake. Fine popped 

p e r l i t e ,  i s  used a t  precoat depths o f  up t o  f ou r  inches. A f t e r  sealing, such a 

precoat i s  cu t  off  a t  the r a t e  o f  0.005 t o  0.007 inch per revo lu t ion  t o  maintain a 

constant f l ow  o f  c lea r  l i quor .  The c l a r i f i e d  l i q u o r  goes t o  a surge tank a t  the 

head of the appropriate ac id  l i n e .  

P rec ip i ta t ion ,  Bleaching and Washing. A lg i n  i s  so ld  i n  various forms which d i f f e r  

i n  chemical composition (sodium, potassium, mon ium,  propylene g lyco l  a lg inates),  

calcium content, v iscos i ty ,  p a r t i c l e  s i ze  and color. I n  some cases, an a l g i n  

product i s  blended w i t h  other inorganic o r  organic mater ia ls  as requ i red t o  meet 

spec i f i c  requ iments  by a p a r t i c u l a r  customer. 

To ass is t  i n  the output o f  these various products, the p r e c i p i t a t i o n  acid 

washing s ta t i on  has been d iv ided i n t o  three l i n e s  - one serving the hazy granular 

products and the others f o r  the product ion o f  more re f i ned  products. Th is  permits 

producing a l g i n i c  acids o f  d i f f e r i n g  v iscos i t ies ,  co lor  and calcium content. 

Since the  processing o f  fresh, preserved ke lp  usua l l y  r e s u l t s  i n  a l g i n  o f  a 

r e l a t i v e l y  h igh v iscos i ty ,  a jacketed r o t a r y  reactor  i s  included i n  the system t o  

permit  the breakdown o f  v i s c o s i t y  where needed by applying heat t o  the a l g i n i c  
acid. Extensive f i b e r  losses i n  the acidwash tanks are avoided i n  t h i s  way. 

A l l  t h ree  ac id  l i n e s  are i d e n t i c a l  and are described below. 



(a )  P r e c i p i t a t i o n :  The th ree  p rec ipa to rs  cons is t  o f  5000 g a l l o n  tanks i n t o  
which c a l  c i  um c h l o r i d e  b r i n e  and c l e a r  a lg ina te  l i q u o r  are in t roduced a t  

c o n t r o l l e d  r a t e s  under t h e  eye o f  a p r o p e l l o r  ag i ta tor .  A hard f i b e r  i s  

produced which can be success fu l l y  dewatered on a gy ra to ry  screen. 

Detent ion t ime i n  t h i s  r e a c t o r  runs about 20 minutes. The underf low from 

t h e  screen i s  discarded. 

(b )  Bleachinq: F iber  separated i n  the  above screen f a l l s  i n t o  a second 
i d e n t i c a l  tank where i t  i s  mixed w i t h  a small amount o f  a 10 percent 

calc ium hypoch lo r i t e  so lu t ion .  Snow-white f i b e r s  are produced which are 

separated us ing  t h e  gy ra t i ng  screen w i t h  t h e  f i b e r  moving cont inuously t o  

the  a c i d  wash tanks and the  e f f l u e n t  l i q u o r  going t o  discharge. A hood 

and v e n t i l a t i n g  f a n  are provided i n  order  t o  remove small amounts of 

c h l o r i n e  t h a t  may be l i b e r a t e d  here. 

( c )  Ac id  Washing: The ac id  wash system cons is ts  o f  t h ree  ag i ta ted  5000 

ga l l on  tanks. Here the  a l g i n  meets a countercurrent  stream o f  d i l u t e  

hydroch lor ic  acid. A l g i n i c  ac id  f i b e r  i s  moved through t h i s  system by 

s u i t a b l e  pumps. Wash water i s  separated a t  each stage by gy ra to ry  

screens. M u r i a t i c  ac id  i s  metered i n t o  t h e  f i n a l  wash tank a t  a r a t e  

such t h a t  t h e  pH i s  c o n t r o l l e d  a t  a value between 1.5 and 2.0, 

depending upon t h e  calcium content des i red  i n  t h e  a l g i n i c  ac id  product. 

A l g i n i c  a c i d  i s  discharged from the  f i n a l  gy ra to ry  screen i n t o  the  

t h r o a t  o f  a ho r i zon ta l  screw press t h a t  removes add i t i ona l  water and 
y i e l d s  a f i b rous  product which f e e l s  q u i t e  d ry  but  s t i l l  contains i n  

excess o f  80 percent  moisture. Th is  m a t e r i a l  i s  s tored i n  a shal low 

V shaped b i n  serv ing  as a surge ahead o f  the incorporators.  F iber  i s  

moved f rom t h i s  bin, by means o f  a screw conveyor, i n t o  a s t a i n l e s s  

s t e e l  mi 11 i n g  f a n  where i t  i s  f l u f f e d  before being conveyed t o  the  

i ncorporat ion system f o r  f i n a l  conversion t o  saleable products. 

I n  some cases, the  a l g i n i c  a c i d  i s  d i ve r ted  t o  a steam jacketed 

r o t a r y  r e a c t o r  where s u f f i c i e n t  heat  i s  appl ied t o  y i e l d  t h e  reduced 

v i s c o s i t y  needed i n  c e r t a i n  products. 

4. Incorpora t ion ,  Dry ing  and F in ish ing .  

(a) Granular Products. When a l g l n i c  acid, a t  20 percent s o l i d s  content, i s  

reac ted w i t h  an a l k a l i  such as sodlum carbonate, a t h i c k  doughy paste r e s u l t s .  



The reac t ion  r a t e  under such condi t ions i s  slow, r equ i r i ng  30 t o  45 minutes fo r  

completion even when using heavy mixing-kneading equipment. A l k a l i  addi t ions are 

con t ro l led  t o  produce a pH between 6.5 and 7.5 i n  the mix a t  the end of t h i s  

period. If other mater ia ls  are requ i red i n  the f i n a l  product, they are blended i n  

a t  t h i s  time. Fines from the mi l l ing-screening step are added j u s t  before 

unloading the mixer t o  improve the handling proper t ies  o f  the paste. 

Before drying, the r e s u l t i n g  paste i s  p e l l e t i z e d  or  "wormed" by passage 

through a perforated plate,  screw extruder s im i l a r  t o  a Hobart meat chopper. 

The "worms" from the above step are d r ied  i n  a f l u i d  bed dryer having a deck 
area o f  about 25 square feet .  S u f f i c i e n t  hot  a i r  i s  used t o  cause the ind iv idua l  

p a r t i c l e s  t o  move around v i o l en t l y .  Dehydration i s  performed a t  product 

temperatures between 1400 and 1500F. I n l e t  a i r  temperatures are he ld  a t  

approximately 2500F. A dust removal system i s  incorporated. 

The d r ied  mater i  a1 overf lows a dam a t  the end o f  the dryer i n t o  the fan o f  an 

ai r -veying system which elevates i t t o  a two-deck gyrat ing screen i n  which 20 and 

80 mesh surfaces are usua l l y  used. Oversize mate r ia l  (+ 20 mesh) g rav i ta tes  t o  a 

hamner m i  11 fo r  s i ze  reduct ion before being returned t o  the screens. The a i r  

stream used f o r  conveying the mate r ia l  helps d iss ipa te  the  heat generated by the  

m i l  l i n g  act ion and ensures t h a t  mater i  a1 v i s c o s i t y  i s  not  l o s t  due t o  thermal 

breakdown. 

In-spec i f ica t ion mate r ia l  (-20 + 80 mesh) i s  picked up i n  a second a i r  stream 

and conveyed t o  su i tab le  storage bins. Fines (-80 mesh) are returned t o  the 

incorporator  f o r  mixing w i th  subsequent batches o f  product. 

Three storage b ins  are provided t o  hold alg inates o f  d i f f e r e n t  colors, pH o r  

v i s c o s i t y  ranges. A lg i n  i s  discharged from the bottom o f  these bins by screw 

conveyors i n t o  an a i r  stream which moves i t t o  the A i r  Mixer blender. Discharge 

i s  scheduled t o  de l i ve r  ca lcu la ted weights o f  any desired l o t  t o  t h i s  u n i t  f o r  

blending i n t o  saleable mater ia l .  Mix ing i s  accomplished by a ser ies  of shor t  a i r  

b lasts.  Blends o f  approximately 3000 pounds are made, which af ter  laboratory  

t es t i ng  are packed i n  drums or  bags. 

(b) Fibrous Alginate. High qua1 i t y  a lg inate  products are produced by reac t ing  

a l g i n i c  acid made from clear  sodium a lg inate  l i q u o r  w i t h  the required amount of 
a l k a l i  i n  an isopropyl  alcohol medim. This i s  accomplished i n  an agitated, 

t o t a l l y  encl osed 2000 ga l lon tank. Two vessels are needed t o  permit  a batchwise 



operation in which one unit i s  reacting while the other i s  being unloaded t o  a 
screw press. Reaction i s  carried out using approximately 4000 pounds of alginic 
acid f iber ,  an equivalent amount of 10 percent sodium or potassium carbonate 
solution and suff ic ient  solvent to  yield a liquid phase containing approximately 
40 percent isopropyl alcohol. The f ina l  pH of this mix i s  adjusted t o  between 7.5 
and 8.0. The reacted mixture i s  dewatered by passage over a gyratory screen, the 
underflow being returned to  the d i s t i l l a t i o n  system, and the f ibe r  to  a screw 
press which raises  the sol ids  content to  about 40 percent. 

Drying, mi 11 i ng, screening, storage and blending of these products are 
accomplished in a system simi 1 ar to  that  for  the granul ar a1 gi nate. 

( c )  Propyl ene Glycol Algi nate. Production of these materi a1 s i s  somewhat more 
complicated in that the s ta r t ing  alginic acid must be dried to  about 40 percent 
sol ids and part i  a1 l y  neutralized with sodium bicarbonate before reaction with 
propylene oxide. This i s  accomplished in a tank reactor system similar to  that  
used f o r  the fibrous alginates, the required amount of alginic acid being added i n  

an isopropyl alcohol medium. Dewatering by a screw press then resul ts  in the 

desired s ta r t ing  material. 

These pa r t i a l ly  neutralized f ibers  are reacted with a calculated weight of 
propylene oxide in a pair of jacketed rotary vacuum dryers. Reaction time i s  
about four hours a t  a maximum temperature of 1250F. Since considerable heat i s  
developed during t h i s  reaction, cooling water i s  needed. The i n i t i a l  gas 
absorption ra te  i s  rapid, and a vacuum develops i n  the reactor. Completion of the 
reaction i s  indicated by return of t h i s  pressure t o  normal. Gas addition i s  
continued until  the pH of the reaction mix  s tab i l izes  a t  4.0 

The reacted material i s  then dried under vacuum using steam heat. The f inal  

product i s  unloaded to  a mi 11 i ng-screening-bl ending system simi 1 ar to  that 
described ear l ie r .  

c. Integrated System Process (Scenario 2 )  

A n  overall process fo r  the integrated system f o r  the production of gas, 
by-products and co-products corresponding to the second scenario i s  shown i n  

Figure 5.5-5. The liquor from the manni to1 crystal l izat ion process i s  combined 
with the l i q u i d  stream of the separated digester effluents,  and the two are 
processed together fo r  the recovery of iodine and potash. Since these organic 

chemicals are not affected chemically by any of the preceding processing steps i n  
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e i t h e r  of the  two schemes, no adverse e f fec t  on the  q u a l i t y  o f  the  products 

recovered or any i ncreased d i f f i c u l t y  o r  complexi ty  i n  the  downstream recovery 

processes are expected. The same r a t i o n a l e  i s  app l ied  t o  the  s o l i d s  separated 

from the  a l g i n a t e  l i q u o r  and those separated f rom the  d iges te r  e f f l u e n t s  f o r  

t he  recovery o f  the  L - f rac t i on .  I t  has been shown i n  experiments conducted on 

t h e  Marine B i m a s s  Program t h a t  t he  L - f r a c t i o n  does not  break down dur ing  t h e  

anaerobic g a s i f i c a t i o n  process.2 By combining these streams, t he  c a p i t a l  

and opera t ing  costs f o r  t he  o v e r a l l  system can be reduced. The s o l i d s  

separated from the  a l g i n a t e  l i q u o r  contain, i n  a d d i t i o n  t o  the  L - f rac t i on ,  

k e l p  carbohydrate f r a c t i o n s  such as l am ina r in  and c e l l u l o s i c s .  Such 

components when mixed w i t h  the p r o t e i n - r i c h  s o l i d s  separated from the d iges ter  

e f f l uen ts  are no t  expected t o  present  any problems e f f e c t i n g  end product usage 

as an animal feed supplement. 

The obvious reason f o r  combining these streams i s  t o  achieve lower c a p i t a l  and 

opera t ing  costs. 

5.5.4.2 PROCESS RECOVERY EFFICIENCIES 

Recovery e f f i c i e n c i e s  f o r  each of t he  var ious  by-products and co-products are 

l i s t e d  i n  Table 5.5-13. The values f o r  L - f r a c t i o n  and fucoidan recovery are more 

unce r ta in  than the others due t o  t h e i r  development status. That i s  a l so  the  

reason f o r  s e l e c t i n g  t h e i r  values on the  low s ide  compared t o  most other  

products. For iodine, a1 g i  n, and Cop products, t he  recovery values represent  

d i r e c t  ac tua l  manufactur ing experience. Values f o r  t he  remainder are based on 

c o m e r c i a l  processes i n  s imi  1 ar app l ica t ions .  

Of the  losses i n  a l g i n  manufacture, approximately 15 percent  occur i n  t he  

fi 1 t r a t i o n  o f  the a lg ina te  cake (calc ium a lg ina te ) .  Add i t i ona l  losses occur i n  

leach ing  (approximate ly  f i v e  percent)  caused probably by the  l oss  o f  very low 

v i s c o s i t y  components o f  a lg in ,  f rom the a c i d  l i n e s  (approximate ly  f i v e  percent),  

and as dust du r ing  the  f i n i s h i n g  process steps (approximate ly  t h ree  percent).  

Process e f f i c i ency  i n  the  case o f  manni to l  i s  based on development experience a t  
4 Kelco . The recovery  o f  manni to l  a t  70 percent  i s  considered t o  be on the  

conservat i  ve s ide  when the  i sopropyl a1 coho1 p r e c i p i t a t i o n  of f ucoi dan process 

s tep  i s  employed. 

For the b a c t e r i a l  p r o t e i n  product, the  bu lk  o f  t he  losses, (10 t o  15 percent),  

are expected t o  occur i n  t he  var ious s o l i d s  separat ion and concentrat ion steps 

i n c l u d i n g  sedimentation, t h i cken ing  and washing. A d d i t i o n a l  losses occur i n  the  



TABLE 5.5-13. RECOVERY EFFICIENCIES OF VARIOUS PRODUCTS 

Product 

A l g i n  

Manni to l  

Fucoi dan 

L -F rac t i  on 

Bac te r i  a1 P r o t e i n  

Carbon D iox ide  

Potash 

% E f f i c i e n c y  

72 

70 

60 

6 5 

80 

90 

60 

Iod ine  65 



methanol e x t r a c t  separat ion,  p roduc t  d r y i n g  and packaging steps; about two t o  

f i v e  percen t  a t  each process step. S o l i d s  recovery  f rom the  a1 g i na te  l i q u o r  

f i l t r a t i o n  i s  a l s o  expected t o  have losses  o f  10 t o  15 pe rcen t  du r i ng  t h e  

l each ing  and a1 g i n a t e  c l a r i f i c a t i o n  processes. 

Carbon d i o x i d e  losses  occur i n  t h e  sepa ra t i on  processes ( f r om methane and 

hydrogen s u l f i d e ) ,  and i n  p u r i f i c a t i o n  s teps  p r i o r  t o  t he  1  i q u i f  a c t i o n  process. 

The technology o f  a l l  t h e  processes i s  commercial ized f u l l y ,  and a  90 percen t  

r ecove ry  va lue  i s  cons idered w i t h i n  t h e  s ta te -o f - t he -a r t .  

Major  losses  o f  potash and i o d i n e  (10 t o  20 percen t ) ,  occur i n  t h e  separa t ion  

of t h e  s o l i d s  from d i g e s t e r  e f f l u e n t s .  The l i q u o r  stream f rom the  mann i to l  

c r y s t a l l i z a t i o n  process a l s o  r e f l e c t s  s i m i l a r  losses th rough t h e  p reced ing  process 

s teps which inc lude;  k e l p  washing, leaching,  a lcoho l  p r e c i p i t a t i o n ,  and mann i to l  

c r y s t a l l i z a t i o n .  A d d i t i o n a l  l osses  occur due t o  t h e  removal o f  t h e  f i n e  p a r t i c l e s  

i n  t h e  chemical  f l o c c u l a t i o n  process, ( 5  t o  10 percen t ) ,  and w i t h  t he  l i q u o r s  f rom 

t h e  potash c r y s t a l l i z e r s .  The losses  w i t h  t h e  l i q u o r s  cannot be es t imated  because 

of t he  l ack  o f  adequate composi t ion data. The values o f  60 percen t  and 65 percen t  

f o r  potash and i od i  ne r e s p e c t i v e l y ,  however, a re  cons idered achi  evabl e. 

5.5.5 CAPITAL AND OPERATING COST ESTIMATES 

I n  o rde r  t o  develop t h e  c a p i t a l  and ope ra t i ng  cos t s  da ta  f o r  t h e  var ious  

p roduc ts ,  each o f  t he  process b l ocks  shown i n  F igu res  5.5-4 o r  5.5-5 was de f ined  

t o  t h e  nex t  l e v e l  o f  d e t a i l .  D a i l y  p roduc t i on  o f  va r ious  p roduc ts  i n  t h e  two 

scenar ios were ca l cu la ted .  These a re  shown, along w i t h  major  mass f lows ,  i n  

F igu res  5.5-6 and 5.5-7. Design parameters were se lec ted  f o r  each component 

process and equipment s i zes  were ca l cu la ted .  Cost es t imates  f o r  major  p ieces  o f  

equipment and auxi  1  i a r i  es such as s to rage  vessels,  pumps, s t i r r e r s ,  chemicals, 

s to rage  and feeding,  etc., were made us ing  data f rom a  v a r i e t y  o f  sources 

i n c l u d i n g  pub1 i shed  1  i t e r a t u r e  and c o m u n i c a t i o n s  w i t h  equipment dealers,  

manuf a c t u r e r s  and chemicals producers.18-21 I n s t a l l  ed cos t s  were es t imated  

u s i n g  suggested f a c t o r s  i n  t h e  re fe renced  sources. Costs were then  aggregated f o r  

each o f  t he  major  process b l ocks  shown i n  F igures  5.5-6 and 5.5-7. 

The equipment c a p i t a l  cos t  makeup and major  ope ra t i ng  requi rements f o r  t h e  

p r o d u c t i o n  o f  t h e  v a r i o u s  chemicals are presented in a tabu1 ar fo rmat  i n  Tables 

5.5-14 th rough 5.5-23. 
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TABLE 5.5-14. ALGIN RECOVERY-CAPITAL COST ESTIMATES 

Basis: 500 Tonsjday o f  raw k e l p  
7.65 Tons/day o f  a l g i n  products 

1. Feedstock Operations and Leaching $2.2 x  lo6 

Three v e r t i c a l  harmer m i l l s :  one 100 HP; two 75 HP w i t h  3/8" screens. 
Two Moyno pumps 25 HP 
One 75,000 gal cone bottom, storage tank, s tee l .  
One 15,000 gal fo rmal in  storage tank, s tee l .  
One 200 gal ag i ta ted  d i l u t i o n  tank & meter ing system 
Three 75,000 gal  cone bottom ge l  storage tanks. 
Su i tab le  storage s i l o  and s o l u t i o n  system f o r  soda ash. 
Meter ing system f o r  10% sodium carbonate so lu t ion .  
One countercurrent  f l o w  leach ing system c o n s i s t i n g  o f  f i v e  5000 gal tanks 
equipped w i t h  t u r b i n e  mixers, f i v e  r e v o l v i n g  screens and s u i t a b l e  t r a n s f e r  
pumps . 
One 25,000 gal  leach water storage tank 

2. D iqes t ion  $0.38 x  l o6  

a. Four 20,000 gal s t e e l  tanks w i t h  t u r b i n e  mixers and tangen t ia l  steam 
i n j e c t o r s ,  

b. Four t r a n s f e r  pumps (150 gpm approx.) 
c. Su i tab le  meter ing system f o r  steam. 

3. D i l u t i o n  $0.3 x  106 

a. One 25,000 gal  enclosed tank w i t h  t u r b i n e  mixer, s teel .  
b. Steam i n j e c t o r  f o r  hot  water 
c. Su i tab le  meter ing system f o r  i n l e t  water and heat. 
d. Su i tab le  v i s c o s i t y  and temperature c o n t r o l  1  ers. 
e. One 100,000 gal. surge tank, s t e e l  

4. F i  1  t r a t i  on $4.4 x 106 

a. Three cent r i fuges,  s t a i n l e s s  steel ,  5  tons/hr. 
b. F i l t e r s  t o  remove remaining s o l i d s  from l i q u o r  
c. Three 25,000 gal surge tanks, one a t  head of each l i n e  
d. Su i tab le  pumping system f o r  l i q u o r  t r a n s f e r  

5. P r e c i p i t a t i o n  and Ac id  L ine  $2.36 x  l o6  

Three systems i n  p a r a l l e l  made up as fo l lows:  

a. One 25,000 gal  c l e a r  l i q u o r  surge tanks on each l i n e .  
b. One 5,000 gal. s tee l  tank, p r o p e l l o r  t ype  ag i ta to r .  S tee l  
c. One gy ra to ry  screen, 60 in .  i n  diameter, s t a i n l e s s  s t e e l  
d, Four 5,000 gal. tanks w i t h  t u r b i n e  mixers. Rubber or  p l a s t i c  coat ing  



TABLE 5.5-14. ALGIN RECOVERY CAPITAL COSTS ESTIAMTE (Cont)  

e. Four g y r a t o r y  screens, 48 i n .  i n  diameter, s t a i n l e s s  s t e e l  
f .  One screw press, s t a i n l e s s  s t e e l  10 i n .  d iameter.  
g. F i v e  t r a n s f e r  pumps, approx. 100 gpm 
h. One sha l low surge tank w i t h  screw conveyor 1,000 gal ,  s t a i n l e s s  s t e e l  
i. One m i l  l i n g  fan - 3 ft. diameter, r e i n f o r c e d  blades, s t a i n l e s s  s t e e l  25 HP 
j. One j acke ted  r e a c t o r  3 f t  i n  d iameter  x 12 f t  i n  length,  s t a i n l e s s  s t e e l  

6. - I n c o r p o r a t i o n  System - $2.8 x lo6 

One m ix i ng  and kneading machine. Sigma blades. Double U t r ough  500 gal .  
T i l t i n g  unload mechanism. 100 HP 
One per formated p l a t e  ex t ruder .  Hobart  meat chopper type, s t a i n l e s s  
s t e e l .  10 HP 
Four 2,000 ga l  enclosed s t a i n l e s s  s t e e l  tanks w i t h  t u r b i n e  mixers  
Two s u i t a b l e  s l u r r y  pumps, 10 HP, s t a i n l e s s  s t e e l  
Two 48 in., g y r a t o r y  screens, s t a i n l e s s  s tee l ,  30 mesh screens 
Three 10" d i  m e t e r  screw presses, s t a i n l e s s  s t e e l  
Two so l ven t  pumps. 25 gpm, s t a i n l e s s  s t e e l  
Two 300 cu. ft. j acke ted  r o t a r y  vacuum r e a c t o r s  and dryers .  
Two f l u i d i z e d  bed dryers ,  40 sq. ft. area, s t a i n l e s s  s t e e l .  
Three two-deck g y r a t o r y  screens. 48 i n .  diameter, s t a i n l e s s  s t e e l  
Three 50 HP, hammer m i l l s ,  s t a i n l e s s  s t e e l  
Twelve s t a i n l e s s  s t e e l  s to rage  b ins.  300 cu. ft. Screw conveyor discharge. 
Three A i r  Mixer  b lenders  300 cu. ft:, s t a i n l e s s  s tee l ,  automatic loading.  
Three automatic drum 1 oadi ng and weigh ing machines. 
Three pneumatic conveying systems f o r  m i l l i n g ,  screening, s to rage  and 
b lend ing  steps. 



TABLE 5.5-15. MANNITOL RECOVERY-CAPITAL COST ESTIMATE 

Basis: - 500 Tons/day of raw kelp - 6.5 Tons/day of mannitol production 

1. Evaporation and Crystall ization $5.9 x lo6 

One submerged tube, forced circul a t i  on evaporator possessing a volume of 
25,000 gals and a heating area of 1,000 sq. f t . ,  operating a t  100 psi. 
To evaporate 50,000 Ibs per hour. Stainless s teel .  
Suitable pumps, condensers and control equipment to  permit a continuous 
operati on. 
One 15,000 gal vacuum crystal1 i zer to  permit cooling one 10,000 gal batch 
of evaporator concentrate per day. 
One 15 cu f t  basked centrifuge. Stainless s tee l ;  gravity feed 
Suitable controls, pumps, etc. t o  unload crys ta l l izer  and move mother 
liquor t o  crude rnannitol c rys ta l i  zer ( c )  and to  the potassiumchloride- 
iodine operation. 
Portable containers fo r  crude mannitol . 
One 500 gal. solution tank with turbine mixer. 
One vacuum crystal  1 izer ,  5000 gal. capacity. Stainless s teel  
One 15 cu f t  basket centrifuge. Stainless s teel ;  gravity feed. 
Suitable controls and mother liquor pump fo r  above. 

2. Finishing Mannitol $0.9 x lo6  

a. One stainless  s tee l  counter current rotary dryer, 3 f t  in di me te r  by 30 
f t  in length. 

b. One 48 in gyratory screen. 
c. One 25 HP hammer mill, s ta in less  s teel  
d. One drum loading and weighing system. 



TABLE 5.5-16. FUCOIDAIJ RECOVERY - CAPITAL COST ESTIMATE 

Basis: - 500 Tons/day o f  raw k e l p  
- 0.57 Tonslday o f  Fucoidan product ion 

1. P r e c i p i t a t i o n  $0.9 x  106 

a. Two 15,000 gal.  tanks w i t h  t u r b i n e  mixers. S tee l  
b. S u i t a b l e  pump and meter c o n t r o l s  f o r  leach water and isopropy l  a lcohol  
c. Two 20 cu ft backet cen t r i f uga l s ,  s t a i n l e s s  s t e e l  
d. One 500 gal.  surge b i n  and screw conveyor. 
e. One 2 ft. m i l l i n g  fan, 10 HP, s t a i n l e s s  s t e e l  
f. One 300 gal. s o l u t i o n  tank w i t h  a g i t a t o r ,  s t e e l  
g. One 1,000 gal. p r e c i p i t a t i o n  tank w i t h  a g i t a t o r ,  s t e e l  

2 .  Dryi nq and F i n i s h i n g  $0.26 x  l o6  

a. One 100 cu f t  r o t a r y  vacuum dryer.  Jacketed f o r  steam. 
b. One 10 HP s t a i n l e s s  s tee l  hammer m i l l  
c. One 24 i n .  gy ra to ry  screen - 2  decks, s t a i n l e s s  s t e e l  
d. One 50 cu f t  A i r  Mix blender 
e. One drum 1  oading and weighing machine. 
f. S u i t a b l e  a i r - vey ing  system f o r  above. 

3. I sop ropy l  A lcohol  System $0.52 x  l o6  

a. One isopropy l  a lcohol  s t i l l  3  f t  i n  diameter w i t h  equ iva len t  o f  20 bubble 
cap p la tes .  Equipped w i t h  r e - b o i l e r ,  s t a i n l e s s  s t e e l  

b. S u i t a b l e  pumps and c o n t r o l s  f o r  automatic operat ion.  
c. Storage tank, 30,000 ga l  capaci ty ,  s t e e l  
d. Pumps f o r  feed  t o  p r e c i p i t a t o r  and r e t u r n  t o  run-down solvent.  Meter f o r  

i n-goi ng mater i a1 . 



TABLE 5.5-17. I O D I N E  RECOVERY PRODUCTION-COST ESTIMATES 

Basis: - $800,000 f o r  an i od ine  product ion system from subsurface br ines.  
The system inc ludes granular  media f i l t r a t i o n ,  a c i d i f i c a t i o n ,  
ch lo r ina t i on ,  i od ine  adsorpt ion on carbon, i od ine  desorption, and 
p u r i f i c a t i o n .  Product ion capacity,  120 tons/year.21 I n f l  uent 
b r i n e  i o d i n e  concentrat ion 200-600 ppm. 

- Kelp aqueous e f f l u e n t s  a lso have s i m i l a r  i od ine  concentrat ions. 

- Mass Flow Rate = 2703 T/Day, Scenario 1 

= 2374 T/Day, Scenario 2 

( I o d i n e  i s  concentrated i n  t h e  manni to l  c r y s t a l l i z e r  l i q u o r ;  l i q u i d  
mass f 1 ow decreases i n  t h e  second scenario, bu t  t he  mass o f  i od ine  
remains t h e  same.) 

- Estimated Capita1 Cost = $1.52 x 106 f o r  e i t h e r  case. 

- Annual Product ion = 330 tons f o r  e i t h e r  case. 

- Estimated cost  f o r  t he  s o l i d s  separat ion process downstream o f  t h e  
d iges ters  = $0.6 x 106 (sedimentat ion tanks) 

- Major opera t ing  costs i nc lude  costs o f  chemicals, p r i m a r i l y  
ch lor ine .  

T o t a l  Ch lor ine  Requirment 8 0.66 I b s  c h l o r i n e / l b  o f  i od ine  
= 1200 Ibs/day 

Ac id  Requirement f o r  pH Adjustment 
= 7500 Ibs/day 



TABLE 5.5-18. LIQUID CARBON DIOXIDE-PRODUCTION COST ESTIMATE 

Basis :  - - 90% C02 recove ry  e f f  i c i  ency 

- 128 tons/day p r o d u c t i o n  f o r  scenar io  1 

- 11 1  t ons lday  p r o d u c t i o n  f o r  scenar io  2 

- $15,00O/daily t o n  c a p a c i t y  as c a p i t a l  investment f o r  
a  nominal  p l a n t  s i z e  o f  250 t / day l4 .  

- 0.6 power law f o r  d i f f e r e n t  s izes.  

C a p i t a l  c o s t  f o r  Cop system f o r  Scenar io  1, = $2.75 x l o 6  
150 t / d  c a p a c i t y  

C a p i t a l  c o s t  f o r  Cop system f o r  Scenar io  2, = $2.5 x l o 6  
125 t / d  c a p a c i t y  

@ Energy r e q u i r e d  f o r  t h e  process i s  t h e  major  ope ra t i ng  cost,  est imated 
a t  180-200 KW Hr  pe r  t o n  o f  C02 



TABLE 5.5-19.  L-FRACTION AND BACTERIAL PROTEIN-PRODUCT COST ESTIMATE 

Basis: - 246 t / d  of wet cake, 25% so l ids  containing L- f ract ion and the 
bac ter ia l  protein. 

- Extract ion w i th  methanol f o r  3 hours, 80% methanol by volume i n  
the ex t rac t ion  process; stainless steel  tank w i th  a mixer, f i v e  
50,000 gal lon  tanks. 

- Methanol from the ext ractor  i s  evaporated and recycled. 

- The bacteri'al p ro te in  r i c h  so l ids  are separated using s ta in less 
Steel centri fuges, and the ext ract  i s  f i l t e r e d  p r i o r  t o  
evaporation. A pressure lea f  o r  tubular f i l t e r  used as the basis 
of costing, 2500 f t*  area. 

Make up 

Sol ids 

L I Bacter ia l  I 
Methano 1 I Protein Product 

Dry i ng I 

- Bacter ia l  p ro te in  processing consists o f  drying and packaging 
the  cake from the L- f ract ion centri fuges. ~ & i n g  done i n  a 
s ta in less steel, ind i rect ,  steam-heated jacketed, ro ta ry  dryer. 

- Metnanol recovered during drying i s  recycled. 

- Makeup methanol assumed a t  1 l b / l b  o f  L - f rac t ion  product. 



ABLE 5.5-19. L-FRACTION AND BACTERIAL PROTEIN-PRODUCT COST ESTIMATE (Cont) 

Cap i ta l  cost  f o r  the L - f r a c t i o n  system f o r  - - $4.29 x 106 
Scenario 1 or  2 ( inc ludes  e x t r a c t i o n  system, 
cent r i fuges ,  f i 1 te rs ,  and methanol recovery 
and recyc le )  

Cap i ta l  cos t  f o r  the  b a c t e r i a l  p r o t e i n  product  - - $0.77 x lo6 
For  Scenario 1 o r  2 
( Inc ludes  dryer  and packaging) 

Cap i ta l  cost  f o r  t he  dewatering and washing 
processes upstream o f  the e x t r a c t i o n  system - - 51.8 x l o6  
( I  nc l  udes s o l i d s  th i cken ing  and vacuum 
f i l t r a t i o n )  

Major opera t ing  requirements inc lude:  

For L - f rac t i on ,  225 x lo6  BTU/day o f  steam 
1500 KW Hrs./day o f  e l e c t r i c i t y '  
29200 Ibs/day o f  methanol 

For B a c t e r i a l  P r o t e i n  77 x 106 BTU/day o f  steam 
200 KW Hrs/day o f  e l e c t r i c i t y  



TABLE 5.5- 20. POTASH RECOVERY -CAPITAL COST ESTIMATE 

Basis: - 2568 t / d  o f  aqueous stream (Scenario I) ,  contains 3.6% by w t .  of 
KC1 i n  so lu t ion .  

- Need t o  evaporate 193,000 lbs /h r  o f  water t o  achieve sa tu ra t i on  
w i t h  respect  t o  KC1 

- Use 200,000 1 bs/hr o f  evaporat ion capac i ty  f o r  design purposes. 

Cap i ta l  Cost 

Evaporater $12.06 M i l l i o n  

Crys ta l  1 i z e r s  $ 6.56 

Centr i fuges $ 1.0 

Dryers $ 1.34 

Other 

To ta l  

$ 0.5 
.v 

$21.46 M i l l i o n  

Using 0.6 power law f o r  the  evaporater p o r t i o n  o f  t he  cost  i n  which 
est imated feed i s  2255 t / d  bu t  t h e  output  product  i s  t he  same, 

Estimated cos t  f o r  Scenario 2 = 1 1 . 1 5 + 6 . 5 6 +  1 . 0 +  1 . 3 4 + 0 . 5  

= $19.55 M i l l i o n  



TABLE 5.5-21. PROCESS EQUIPMENT-INSTALLED COST SUMMARY 

A l g i n  

Manni t o 1  

Fucoidan 

I o d i n e  

L i q u i d  C02 

L - F r a c t i  on 

B a c t e r i  a1 P r o t e i n  

Potash 

Process Equipment I n s t a l l e d  Costs 
( e x c l u s i v e  o f  land)  

Exc l  ud i  ng Potash Recovery 

Scenar io  1 
(rn $)  



TABLE 5.5-22. SUMMARY OF DAILY OPERATIIJG REQUIREMENTS - SCEtlARIO 1 

Bacter i  a1 
Iod ine L-Fract i  on Pro te in  % - Total  

Water, Cu F t  200 800 800 200 2000 

Steam, MMBTU - 225 7 7 - 302 

E l e c t r i c i t y ,  KWH 500 1500 200 2 1000 23200 

Operating 48 84 40 40 212 
Labor, Man-Hrs. 

S u l f u r i c  Acid, Ibs. 7 500 - - - 7500 

Chlorine, Ibs. 1200 - - - 1200 

Methanol, lbs. - 29200 - - 29200 

Fuel O i l ,  ga l lon - - - - 200 



TABLE 5.5-23. S U m A R Y  OF D A I L Y  OPERATING REQUIREMENTS - SCENARIO 2 

Water, Cu F t  

Steam, MMBTU 

E l e c t r i c i t y ,  
KWH 

Operating 
Labor, Man-Hrs 

Sodi urn 
Carbonate, Ibs. 

Calcium 
Chloride, Ibs. 

Hydrochloric 
Acid, lbs. 

Calcium 
Hypochlorite, 
lbs. 

Formal i n, I bs. 

I sopropyl 
Alcohol, Ibs. 

Propyl ene 
Oxide, Ibs. 

S u l f u r i c  
Acid, Ibs. 

Chlorine, lbs. 

Methanol, 1 bs. 

Fuel O i l ,  
gal 1 ons 

A1 g i  n 

150,000 

1,000 

20,400 

440 

15,300 

18,837 

12,000 

1,360 
(527 Ibs  C12) 

8,500 

8,500 

8,500 

Bacter i  a1 
Mannitol Fucoidan Iodine L-Fraction P r o t e i n  9 Total 

200 170,000 

- L ,776 

21000 46,477 
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Algin 

Manni to1 
Fucoi dan 
Iodine 
Liquid Carbon Dioxide 
L-Fraction and Bacteri a1 Protein 
Potash 

Sumnary of Process Equipment Ins ta l l ed  Costs 
Summary of Daily Operating Requirements - Scenario 1 
Sumnary of Daily Operating Requirements - Scenario 2 

The costs  are i n  1982 do l la r s ,  and where needed M & S equipment cost  indexZ2 
was used t o  adjust  the cos t s  t o  1982 levels .  Capital and operating costs  f o r  t h e  
su l fu r  recovery system were previously factored i n to  the  gas production system1 
and therefore,  are not deta i led in  t h i s  analysis. Daily operating requirements 
i ncl udi ng operat i ng 1 abor f o r  various chemi cal s and products f o r  the two scenarios 
are sumnarized in  Tables 5.5-24 and 5.5-25. I t  can be seen from Tables 5.5-24 and 

5.5-25 t h a t  1 abor requirements fo r  the  processing of iodine, L-fraction, bacter ia l  
protein,  and carbon dioxide have been scaled down in  Scenario 2. T h e  bas is  fo r  

adjustment i s  t ha t  a higher eff ic iency i n  labor u t i l i z a t i on  may be expected in the 
second scenario which i s  about th ree  times larger  than the system in  Scenario 1. 

The operating requirements f o r  potash are a lso  not included i n  these t ab les ,  s ince  
as discussed below, i t s  recovery does not appear t o  be economically j u s t i f i ab l e .  

Table 5.5-21 shows t ha t  of a l l  the products, potash has the  highest capi ta l  
investment requirement. However, ant ic ipated revenues from i t s  s a l e  are  among the  
lowest as shown in  Table 5.5-7. Using the  data in these two tab les ,  investment 
ra t io* f o r  each product can be calculated.  These r a t i o s  are shown in Table 5.5-26 

using Scenario 2 f o r  i l l u s t r a t i o n  purposes. The investment r a t i o  i s  the  highest 

f o r  potash production; furthermore, by i nc1 udi  ng potash recovery, the  r a t i o  f o r  
the production system as a whole increases. The same i s  expected in  Scenario 1. 
Table 5.5-24 a1 so includes typical  investment r a t i o s  f o r  various industr ies ,  and 

c l ea r ly  the  value f o r  the  potash recovery is  abnormally high. The reason f o r  t h i s  
i s  t ha t  the  aqueous stream available f o r  potash recovery i s  very d i l u t e  in KC1 
concentration approximately 3.5 percent and large  evaporators are  needed t o  remove 

-fined as cap i ta l  investment required per dol lar  of annual sa les  revenue; 
Capital I nvestment/Annual Sales  Revenue 

5.5-55 



TABLE 5.5-24. COMPARATIVE INVESTMENT RATIOS FOR SCENARIO 2  

A l g i n  

Manni t o 1  

F uco i  dan 

I o d i n e  

L i q u i d  C02 

L - F r a c t i o n  

B a c t e r i  a1 P r o t e i n  

Potash 

Tot  a1 System (exc lud ing  t h e  gas and s u l f u r  p roduc t i on  components) 

T o t a l  System (exc lud ing  t h e  gas and s u l f u r  p roduc t i on  components, 
and w i t h o u t  t h e  po tash  p roduc t i on )  

TYPICAL INVESTMENT RATIOS18 

R e f i n e r y  U n i t s  3.58-3.72 

Organic  Chemi c a l  s  2.18-2.65 

I n o r g a n i c  Chemicals 2.58-2.96 

Pu lp  and Paper 1.92-3.32 

Note: To compare t h e  values i n  t h e  t a b l e  w i t h  those  i n  t h e  enclosed block, 
m u l t i p l y  by 1.926 t o  use T o t a l  C a p i t a l  Requi red as t he  bas i s  i ns tead  of t he  
I n s t a l l e d  Process Equipment Cost. The f a c t o r  1.926 i s  de r i ved  f r o m  Table 
5.5-25. 



TABLE 5.5-25. ESTIMATE OF TOTAL CAPITAL INVESTMENT 

Process Equipment I n s t a l  1 ed Cost 

Add 20% Cont i ngenc i es 

B a t t e r y  L i m i t s  P l a n t  C a p i t a l  Cost  (BLCC) 

S i t e  Prepara t ion ,  4% o f  BLCC 
I n d u s t r i a l  Bu i l d i ngs ,  4% o f  BLCC 
Storage F a c i l i t i e s ,  12% o f  BLCC 
U t i l i t y  P lan t ,  4% o f  BLCC 
Auxi  1 i ary, 1.5% o f  BLCC 
O f f s i t e  P ip ing ,  3% o f  BLCC 

F i x e d  Investment  ( F I )  

Add 15% f o r  Eng ineer ing  and Fee 

T o t a l  F i x e d  Investment  (TF I  ) 

Working Cap i t a l ,  10% o f  F I  

T o t a l  C a p i t a l  Requi red 
( e x c l u s i v e  o f  l a n d  cos t s )  

Scenar io  1 
(MM $1 
11.73 

Scenar io  2 
(MM $1 



water before KC1 can c r y s t a l l i z e .  Using a c a p i t a l  investment r a t i o  of 24 fo r  the  

potash system, (12.5 mu1 t i p l i e d  by 1.926) a t  8 percent  cost  o f  money, the  gross 

sales from potash do n o t  cover t he  f i nance  costs alone. The c a p i t a l  investment i s  

a1 so very h igh  compared w i t h  t r a d i t i o n a l  minebased sources o f  potash product ion; 

$1 30-180 f o r  t he  m i  ne based sources9,11 versus approximately $1700 est imated f o r  

the  k e l p  based system i n  terms o f  per  t on  o f  annual KC1. There are add i t i ona l  

opera t ing  cos ts  and expenses i n  producing potash which have t o  be met. I n  

a d d i t i o n  t o  the  h i g h  c a p i t a l  costs, t h e  opera t ing  costs o f  t h e  potash recovery are 

a lso expected t o  be f a i r l y  h igh  due t o  the  energy cos ts  f o r  evaporation. Based on 

re1 a t i  v e l y  h igher  recovery cos t  considerat ions, bo th  c a p i t a l  and operat ing, potash 

product ion  i s  economical ly u n j u s t i f i a b l e ,  and would decrease p r o f i t s  from the  

o v e r a l l  system. 

I n  the schemes shown i n  F igures 5.5-6 and 5.5-7, t he re  are process steps which 

l e a d  t o  p roduct ion  o f  more than one product.  There was no attempt made t o  

a l l o c a t e  the  c a p i t a l  o r  opera t ing  cos t  o f  those process steps among the  var ious 

end products. However, care was taken t o  ensure t h a t  costs f o r  a l l  process steps 

were included. I n  Scenario 2, the  costs o f  raw k e l p  feedstock handl ing and o f  

per forming var ious operat ions are a l l oca ted  t o  the  a l g i n  p roduct ion  process, 

al though o ther  products such as mannitol ,  fucoidan, and others are a lso produced. 

S i m i l  a r l y ,  t he  costs o f  t he  s o l i  d-1 i q u i d  separat ion and suspended s o l i d s  removal 

processes i n  e i t h e r  o f  the two scenarios are a1 1 ocated t o  the  Iod ine  process. The 

cos ts  o f  t he  dewatering and washing processes f o r  t h e  s o l i d s  f r a c t i o n  are 

a l l oca ted  t o  the  L - f r a c t i o n  and no t  shared w i t h  the  b a c t e r i a l  p r o t e i n  product. I n  

t he  case where t h e  L - f r a c t i o n  was no t  recovered, one o f  the  op t ions  inves t iga ted ,  

the  costs o f  the  dewatering and the  washing processes f o r  the  s o l i d s  f rac t ion ,  

were assigned t o  the  b a c t e r i  a1 p r o t e i n  product. 

5.5.6 ECONOMIC ANALYSIS 

As s ta ted  e a r l i e r ,  the  key o b j e c t i v e  o f  t h i s  task i s  t o  determine how the 

recovery o f  var ious  chemicals and products f rom k e l p  o r  d iges te r  e f f l u e n t s  can 

a f fec t  t he  economics o f  the  gas product ion  process. To achieve tha t ,  ob jec t ive ,  

i t  i s  necessary t o  develop data on t o t a l  c a p i t a l  investment requirements, t o t a l  

opera t ing  cos ts  and expenses, and revenues a n t i c i p a t e d  from the  sa le  of the 

var ious products manufactured. 

Table 5.5-25 shows the bu i l dup  o f  t o t a l  c a p i t a l  requ i red  f o r  the  two scenarios 

from i n s t a l l e d  cos ts  o f  the  process equipment inc luded i n  Table 5.5-21. The 



factors  used for  s i t e  preparation, industrial  buildings, storage f a c i l i t i e s ,  
u t i l i t y  plant, auxiliary, and o f f s i t e  piping are typical of those for  chemical 
plants as reported by ~ u t h r i e . ' ~  The factors  for  contingencies, engineering and 
fee,  and working capital  are typical of those used i n  such analyses. No estimate 
for  land cost is included in the total  capital  investment requirements. 

Table 5.5-26 sumnarizes the annual plant operating costs fo r  the two 
scenarios. Using the operating requirements data developed previously (Tables 
5.5-24 and -25), and the unit prices and rates  i n  Table 5.5-27, annual costs f o r  
u t i l i t i e s ,  chemicals, and operating labor are calculated. The costs are based on 
365 dayslyear operation. Direct supervisory labor cost is estimated to  be 20 

percent of the direct  operating labor. The factors  for  labor overhead, plant 
mai ntenance, general p l  ant overhead, insurance and real es ta te  and property taxes 
are typical of those used in these analyses.23 The to ta l  operating cost 
estimates reported in Table 5.5-26 do not include costs fo r  the raw kelp i t s e l f .  

Tab1 e 5.5-28 sumnari zes the estimated annual production and sales  revenues of 
each product. The annual production estimates are based on 365 days per year 
operation. The sources for  the prices of these chemicals and products were 
discussed ear l ie r .  The three algin products are valued individually since the i r  
prices d i f fe r  over a factor of 2. Bacterial protein product i s  valued the same in 
Scenario 1 and 2, a1 though the protein concentration in the product from Scenario 

1, in which 100 percent of the farm production of kelp i s  anaerobically digested, 
i s  expected to  be somewhat higher. This difference i s  considered t o  be 
insignificant for  purposes of this analysis, par t icular ly since the gross revenues 
from i t s  sale  contribute only a small f ract ion,  2 t o  5 percent, t o  the overall 
gross revenues. 

The p ro f i t ab i l i t y  analysis of the two scenarios i s  shown in Table 5.5-29. In 

addition to  the d i rec t  and indirect manufacturing and plant operating costs, there 
are other expenses. Selling expense i s  the major one, par t icular ly for  a product 
such as algin which requires a substantial and constant e f fo r t  in applications 
development and customer service. L-fraction i s  c lass i f ied  in the same category 
as algin. To provide fo r  the se l l ing  expenses which include salesmens' wages and 
comnissions, warehousing, advertising, and customer service, 18 percent of the 
gross sales  are allocated. Research and development required to  develop new 
applications and products i s  another s ignif icant  item, and 4 percent of the gross 
sales  revenues are earmarked for  that  purpose. Administrative overhead which 



TABLE 5.5-26. SUMMARY OF AdiJUAL PLANT OPERATING COSTS 

Scenario 1 
(MM $1 

Scenario 2 
(MM $ )  

steam1 

~ l e c t r i c l t ~ l  

Fuel  o i l 1  

D i r e c t  Operat ing Labor 

Superv isory Labor (20% o f  d i r e c t  labor )  

Labor overheadZ (75% o f  opera t ing  + 
superv isory  l abo r )  

P lan t  Maintenance (6% o f  BLCC) 

General P lan t  overhead3 (1.5% o f  BLCC) 

Insurance and Real Es ta te  and 
Proper ty  Taxes (2% o f  T F I )  

To ta l  P l a n t  Operat ing Costs 

Inc ludes a 25% f a c t o r  over the opera t ing  requirements est imates made i n  Tables 
5.5-22 and 5.5-23. 

Labor overhead inc ludes f r i n g e  benef i ts ,  s h i f t  premiums, and overtime. 

Inc ludes purchasing, shipping, p l a n t  safety,  p l a n t  secur i ty ,  medical, 
j a n i t o r i a l ,  grounds maintenance, r a i l r o a d  swi tch ing  operator, e tc .  



TABLE 5.5-27. UNIT PRICE  AND RATE DATA 

* Water/Wastewater Charge 

* Steam 

* E l e c t r i c i t y  

* Fuel O i l  

* Sodium Carbonate 

- Calcium Ch lo r ide  

- HC1 

- Chlor ine  

- Formalin 

- Isopropy l  Alcohol 

- Propylene Oxide 

- S u l f u r i c  Ac id  

- Methanol 

* Operat ing Labor Rate 

$1.5O/lOOO ga l lons  

$4/MMBTU 

7$/KWHr 

$ l /ga l .  

$84/Ton 

$84/Ton 

$58/Ton 

$1 451Ton 

$200/Ton 

$1.85/gal. 

$0.46511 b. 

$6 1 /Ton 

$0.71 /gal.  

$11/Hr. 

- 
Ref: Pr ices of chemicals as repor ted  i n  Chemical Market ing Reporter, 

February 21, 1983 



TABLE 5.5-28. ESTIMATED ANNUAL PRODUCTION AND SALES REVENUES 

A1 g i  n 

- Granular,  $2.75/1b 

- Fibrous,  $4.5O/l b. 

- Propylene Glycol,  $5. 

Manni t o1  , $3/ l  b. 

Fucoidan, $3/lb. 

Iod ine ,  $7.25/1b. 

L i q u i d  C02, $35/ton 

L-Fract ion,  $1-311 b. 

Bac te r i  a1 Prote in,  $70/ton 

To ta l  Revenues 

Scenario 1 
Annual Sal es 

Product ion Revenue 
( t / y r )  (MM $1 

Scenario 2 
Annual Sales 

Product ion Revenue 
( t / y r )  (MM $1 



TABLE 5.5-29. PROFITABILITY EVALUATION OF BY-PRODUCTS/CO-PRODUCTS 

Gross Sales Receipts 

D i r e c t  and I n d i r e c t  Manufactur ing 
Costs (exc lus i ve  o f  dep rec ia t i on  
and feedstock cos ts )  

S e l l i n g  Expenses1 (18% o f  gross sales)  

Research and Qua1 i t  Cont ro l  
(4% o f  gross sales 1 

Admini s t r a t i  ve Overhead 2 

(3% o f  gross sa les)  

Amor t iza t ion  (10 Yrs, 12%, S t .  L i ne )  

Pretax P r o f i t s  (exc lud ing  k e l p  cost)  

R O I ,  % 

Operat ing Margi n3 be fore  taxes 

Scenario 1 
( W  $1 

Scenario 2 
(MM $1 

1 Inc ludes sa l  esmens' wages, commissions, warehousing, adver t i s ing ,  and customer 
serv ice.  

2 Inc ludes execut ives '  compensation, support f u n c t i o n s  such as Finance, 
Accounting, Re1 at ions,  Legal, computer services, and o f f i c e  expenses. 

3 Pretax P r o f i t  s/Gross Sal es Recei p t s  



i nc ludes  execut i  ves' compensation and other  major business support f unc t i ons  i s  

est imated a t  3 percent  of t he  gross sales. These fac to rs  are der ived  from those 

suggested i n  P e r r y ' s    and book'^, and were se lec ted  t o  be on the  h igh  s ide  o f  t he  

suggested ranges. P l a n t  l i f e  i s  assumed t o  be 10 years which i s  t y p i c a l  o f  

c e r t a i n  chemical manufacturing f a c i l i t i e s .  A s t r a i g h t  l i n e  dep rec ia t i on  method 

was assumed a t  an annual 12 percent  cos t  of c a p i t a l .  The pre tax  p r o f i t s  are 

c a l c u l a t e d  a t  $3.60-19.58 m i l l i o n  d o l l a r s  i n  Scenario 1 and a t  9.75-25.73 m i l l i o n  

d o l l a r s  f o r  Scenario 2. The range i n  t h e  p re tax  p r o f i t s  r e s u l t s  from whether t he  

L - f r a c t i o n  i s  valued a t  $ l / l b  o r  $3/lb. Table 5.5-29 a l so  shows values f o r  the  

r e t u r n  on investment ( R O I )  and ope ra t i ng  rnargi n. The produc t ion  o f  by-products 

and co-products appears t o  be very  a t t r a c t i v e  f rom a business v iewpoint  even if 

L - f r a c t i o n  was never t o  exceed $ l / l b .  A t  $3 / l b  o f  L - f rac t i on ,  t h e  R O I  values 

inc rease s e v e r a l f o l d  such t h a t  the payout t ime  f o r  Scenario 1 i s  j u s t  over a year 

and about 30 months f o r  Scenario 2. 

a. E f f e c t  on Gas Cost. I n  the i n teg ra ted  gas and chemicals p roduc t ion  system, 

ne t  revenues (p re tax  p r o f i t s )  may be used t o  reduce gas cos t  d i r e c t l y .  Table 

5.5-30 shows the  impact on gas cos t  f o r  Scenarios 1 and 2. Parsons has est imated 

a gas cos t  reduc t i on  o f  $5.94/MMBTU r e s u l t i n g  f rom 5 m i l l i o n  do1 l a r s  of 
1 by-product/  co-product revenues (p re tax  p r o f i t s )  . 

A l i n e a r  r e l a t i o n s h i p  was assumed as a f i r s t  order approximation based on t h i s  

data p o i n t  and i s  shown i n  F igu re  5.5-8. Using t h i s  r e l a t i o n s h i p  and Parsons' 

data on produc t ion  capac i t y  versus gas cos t  which i s  shown i n  F igu re  5.5-9, ne t  

gas cos t  i s  ca lcu la ted .  Only the  low end o f  t he  p re tax  p r o f i t s  range are 

considered, corresponding t o  $ l / l b  L - f rac t ion .  An a d d i t i o n a l  cos t  o f  1.2 m i l  l i o n  

d o l l a r s  i s  a l l o c a t e d  t o  Scenario 2 t o  account f o r  the  500 tons/day o f  raw k e l p  

used f o r  p roduc t i on  o f  var ious products.  Th i s  cos t  i s  based on k e l p  p roduc t ion  
1 cos t  est imates repo r ted  by Parsons . I n  Scenario 1, t h e  t o t a l  feedstock cos t  i s  

a l l o c a t e d  t o  gas alone. The c a l c u l a t e d  gas cos t  i s  $9,20/MMBTU f o r  Scenario 1 and 

$4.85/MMBTU f o r  Scenario 2. The recovery  o f  by-products and co-products thus  

o f fe rs  p o t e n t i a l  f o r  dramatic reduc t i ons  i n  gas cost; by  about 30 percent  i f  

by-products are recovered f rom d iges te r  e f f l u e n t s  alone, and by about 65 percent  

if about 15 percent  o f  t he  farm outpu t  i s  devoted e x c l u s i v e l y  t o  t he  produc t ion  of 

h igh  value chemicals i n  a d d i t i o n  t o  recover ing  by-products from the  d iges te r  

e f f  1 uents. 



TABLE 5.5-30. EFFECT ON GAS COST 

Scenario 1 Scenario 2 

Pretax P ro f  i t s  (exc lud ing k e l p  cost),  MM $ 3.60 9.75 

Annual Ke lp  Cost, F.OJI $ 0 1.2 

Pretax P r o f i t s  ( i nc l  ud i  ng k e l p  cost),  MM$ 3.60 8.55 

Estimated Gas Cost Reduction, $/MMBTU 4.27 10.15 

Basel ine System 
Gas Cost (No revenues from by-products 13.47 15.0 
co-products) $/MMBTU ( 3  MMSCFD) (2.6 MMSCFD) 

Net Gas Cost, $/MMBTU 9.20 4.85 

- Inc ludes revenues f rom 
by-products/co-products 

% Reduction i n  gas cos t  due t o  
by-products/co-products 



By-ProductslCo-products Revenues (Pretax P r o f i t s )  , M i  11 i o n  Do1 1 a r s  

F igure  5.5-8. By-Product/Co-Product Net Revenues Versus Gas Cost Product ion 

(Data Points from Parsons' ~ e ~ o r t l )  



Base1 i ne Sys tern Gas Production Capaci t y  , M i  11 i o n  SCFD 

F lgure  5.5-9. Gas Production System Capacity Versus Gas Cost 

(Data points from Parsons' ~ e ~ o r t l )  



b .  S e n s i t i v i t y  of L - f r a c t i o n  Cost. Of t he  chemicals and products considered, 
L - f r a c t i  on has the  most t echn i ca l  uncer ta in ty ,  f o l l  owed by fucoidan and b a c t e r i  a1 

p ro te in .  Fucoidan i s  a new product  f o r  which a  market has t o  be developed. The 
b a c t e r i  a1 p r o t e i n  product  has no t  been a c t u a l l y  t es ted  i n  an ima l lpount ry  feed 

d i e t s  f o r  a c c e p t a b i l i t y .  O f  the  three, L - f r a c t i o n  hs the  most economic impact on 

gas cost .  The s e n s i t i v i t y  o f  L - f r a c t i o n  t o  gas cos t  i s  analyzed by assuming a  50 

percent  increase i n  the  c a p i t a l  and opera t ing  costs  o f  recover ing  the  L - f rac t i on .  

The data on t h i s  case are shown i n  Table 5.5-31. The ne t  gas cos t  i s  est imated a t  

$12.03/MMBTU i n  Screnar io  1 (versus $9.20/MMBTU w i thou t  t h e  cost  increase),  and a t  

$7,32/MMBTU i n  Scenario 2 ( versus $4.85/MMBTU w i thou t  t h e  cos t  increase)  . These 

cos ts  correspond t o  va lua t i on  o f  the L - f r a c t i o n  a t  $ l / l b ,  t h e  low end o f  the  

range. A t  $ 3 / l b  o f  t h e  L - f r a c t i o n ,  enough p re tax  p r o f i t s  are r e a l i z e d  t o  cover 

the  gas produc t ion  costs  complete ly  and s t i l l  make some p r o f i t .  

c. Product P o r t f o l i o  ---- Select ion.  I n  a  mu l t i p roduc t  system such as i s  being 

analyzed i n  t h i s  study, i t  i s  necessary t o  examine the  costs  and the  b e n e f i t s  o f  

each of t he  products i n d i v i d u a l l y  t o  ensure t h a t  t he  lowest  ne t  gas cos t  i s  

achieved. Such an examination w i l l  a l so  he lp  understand the  s e n s i t i v i t i e s  o f  

var ious products i n d i v i d u a l l y  t o  t h e  o v e r a l l  system economics. The ana lys is  was 

c a r r i e d  ou t  f o r  L - f r a c t i o n ,  t h e  b a c t e r i a l  p r o t e i n  product,  and fucoidan which as 

mentioned ear 1 i er  have key u n c e r t a i n t i e s  associ ated w i t h  them. The r e s u l t s  of 

t h i s  ana l ys i s  are inc luded i n  Table 5.5-32. Selected key r e s u l t s  are a lso shown 

i n  F igu re  5.5-10. As shown i n  F igu re  5.5-10, t h e  lowest  gas cos t  i s  achieved when 

L - f r a c t i o n  i s  recovered. Furthermore, under the  cond i t i ons  selected, t he  recovery 

o f  e i t h e r  t h e  b a c t e r i a l  p r o t e i n  product  o r  f u c o i  dan tends t o  increase the  ne t  gas 

cos t  and gene ra l l y  d imin ishes the  investment a t t rac t i veness  ( lower  R O I  and 

ope ra t i ng  margin) .  

I n  Scenario 1, a  gas cos t  increase o f  approximately f i v e  percent i s  est imated 

if b a c t e r i a l  p r o t e i n  products were t o  be recovered along w i t h  i o d i n e  and carbon 

d iox ide.  However, when L - f r a c t i o n  i s  a l so  recovered along w i t h  these th ree  

products,  t he  ne t  gas cos t  i s  reduced by approx imate ly  22 percent. Considering 

the  t e c h n i c a l  and market ing u n c e r t a i n t i e s  i n  t h e  b a c t e r i a l  p r o t e i n  evaluat ion,  i t s  

e f f e c t  on t h e  gas cos t  can be considered o n l y  marginal .  The most a t t r a c t i v e  

product  p o r t f o l i o  i n  Scenar io  1 f rom an economic v iewpoint  thus may cons i s t  of 

iod ine,  carbon d iox ide,  and L - f r a c t i o n  w i t h  an est imated gas cost  reduc t i on  of 30 

t o  J!) p w c ~ t \ t .  I n  f a c t ,  the a n a l y s i s  cotrld bc extended t o  carbon d iox ide  also, 

w l  t h  t tw poss ib l e  uutcone tha t  o n l y  I od ine  and L - f r a c t i o n  need t o  be recovered i n  



TABLE 5.5-31. SENSITIVITY OF GAS COST TO L-FRACTION RECOVERY COSTS 

Basis: 50% increase i n  c a p i t a l  and operat ing cos ts  o f  recover ing L - f r a c t i o n .  -- 

Gross Sales, MM $ 

D i r e c t  and I n d i r e c t  Manufacturing 
Costs (w i thou t  raw k e l p  costs),  MM $ 

Feedstock Costs, MM $ 

S e l l i n g  Expense (18% o f  gross sales), MM$ 

Research and Qua1 i t y  Cont ro l  MM$ 

Admin is t ra t i ve  Overhead 
(3% o f  gross sales)  

To ta l  Cap i ta l  Requirement, MM $ 

To ta l  F ixed Investment, MM $ 

Amor t iza t ion  (10 Yrs, 12%, St. L ine) ,  MM $ 

Pretax P ro f  i t s ,  MM $ 

ROI ,  % 

Net Gas Cost, $/MMBTU 

Gas Cost Reduction, % 

Scenario 1 

17.97-39.28 

7.63 

- 
3.23-7.07 

0.72-1.57 

0.54-1.18 

28.51 

26.2 

4.64 

1.21-17.19 

4.2-60.3 

12.03 -* 
10.6 -* 

Scenario 2 

57.91-79.22 

24.65 

1.2 

10.42-14.26 

2.32-3.17 

1.74-2.38 

68.27 

62.8 

11 .ll 

6.47-22.45 

9.5-32.9 

7.32 -* 
51.2 -* 

*Net revenues (pre tax  p r o f i t s )  f rom by-products/co-products more than meet the  
cos t  o f  methane product ion. 



TABLE 5.5-32. EFFECT OF PRODUCT PORTFOLIO SELECTION ON SYSTEM ECONOMICS AND GAS COSTS 

Total Fixed 

Portfol  l o  

I r lodilne 
r Carbon Qlolrlde 

I 8.59 

r Carbon Dfoxlde 13.12 

Iodtne 
r Carbon Dtoxlde 
r Bacterial Protein 20.78 

L-Fraction, $11/lb 

Algin 
r Hannitol 42.3 
r Iodine 
r Carbon D i o x l L  . 

r Mannitol 
r Idlne 
r Carbon DIoxide 

iCENARIO 2 
r Algln 
r Hannltol 

Iodine 

Wknnltol 
a Iodine 
r Carbon Dioxlde 57.42 

Fucoldan 
Bacterial Protein 
L-Fraction, $ l / lb  

* Scenario 1: Parsons Baseline Gas Cost = $13.47/W4 BTU 
Scenario 2:  Parsons Baseline Gas Cost = $15.O/MM BTIJ 



Iod ine  - X X X 
co* - X X X 
P ro te in  - X X 
L- Fract ion - X 

Y x X X A lg in  ,. . . 
x x x x ~ a i n i t o l  
X X X x Iod ine  
X X X X co 

X X X ~ugo idan  
X X Prote in  

X L-Fraction 

F igure  5.5-10. E f f e c t  o f  Product P o r t f o l i o  Se lect ion  on Gas Costs and 
Investment C r i t e r i a  (L-Fraction a t  $l/l b)  

5.5-71 



order  t o  achieve the lowest gas cos t  and s imul taneously opt imize other  investment 

c r i t e r i a  such as; t o t a l  c a p i t a l  investment, R O I ,  and opera t ing  margin. 

S i m i l a r  r e s u l t s  are obtained f o r  Scenario 2 which show t h a t  the add i t i ona l  

recovery o f  f ucoi dan a1 ong w i t h  a1 gin, manni to1  , iodine,  and carbon dioxide, 

causes the net  gas cost  t o  increase by approximately 13 percent, from $6.76 t o  

$7.66 per  m i l l i o n  BTU. Adding b a c t e r i a l  p r o t e i n  t o  the  p o r t f o l i o  causes the  ne t  

gas cos t  t o  f u r t h e r  increase t o  $9,20/MMBTU, an add i t i ona l  20 percent increase. 

However, w i t h  the  L - f r a c t i o n  (valued a t  $ l / l b ,  t he  low end o f  t he  range), t he  net  

gas cost  decreases sharp ly  t o  $4.85/MMBTU which i s  a decrease o f  over 50 percent 

f rm the  $9.20/MMBTU cost. I t  seems the re fo re  t h a t  f o r  e i t h e r  t he  b a c t e r i  a1 

p r o t e i n  product  o r  fucoidan, unless the re  are dramatic decreases i n  t h e i r  recovery 

cos ts  o r  increases i n  t h e i r  values, t he re  i s  l i t t l e  economic i n c e n t i v e  t o  inc lude 

them i n  the  product  p o r t f o l i o s .  Taking i n t o  account t h e i r  techn ica l  and market ing 

unce r ta in t i es ,  i t seems more appropr ia te  n o t  t o  i nc lude  them. The opt imal 

p o r t f o l i o  thus i n  a l l  p r o b a b i l i t y  may cons i s t  o f  a lg in ,  mannitol ,  iodine, 

L - f r a c t i o n ,  and p o s s i b l y  carbon d iox ide  w i t h  an est imated gas cos t  reduc t ion  of 65 

t o  80 percent  from t h e  Scenario 2 est imated cost  o f  $15,00/MM BTU. 

d. By-Products Only Versus - By-products and Co-Products. The answer t o  t h i s  

quest ion l i e s  i n  whether the L - f r a c t i o n  i s  a h igh  value product  worth $3 / lb  and 

more o r  a re1  a t i v e l y  low value product  worth $ l / l  b o r  less.  Using Parsons' 

data, l  i t  can be ca l cu la ted  t h a t  i n  Scenario 1, 11.34 m i l  l i o n  d o l l a r s  i n  pretax 

p r o f i t s  are needed t o  complete ly  pay f o r  t he  cos t  o f  gas, and ne t  12.62 m i l l  i o n  

d o l l a r s  are needed i n  Scenario 2. As shown i n  F igu re  5.5-11 and Table 5.5-29, a t  

$3/ lb ,  the  product ion  o f  chemicals i n  e i t h e r  scenar io generates enough pretax 

p r o f i t s  t o  cover t he  cos t  o f  producing gas, and s t i  11 prov ide  r e t u r n s  on 

investment. A t  t h e  same time, c a p i t a l  investment requ i red  f o r  Scenario 2 i s  about 

3 t imes as much as t h a t  f o r  Scenario 1. The o v e r a l l  investment requirement and 

t h e  R O I  t h e r e f o r e  f a v o r  Scenario 1 f o r  a h igh  value L - f r a c t i o n  product. 

A t  $ l / l  b  of L - f r a c t i o n ,  t h e  product ion  o f  co-products such as a l g i n  and 

manni to l  i s  necessary t o  achieve t h e  lowest  ne t  cost  o f  gas. I n  t he  extreme case 

( L - f r a c t i o n  of no value)  the  p roduc t i n  o f  a l g i n  and manni to l  co-products i s  o f  

even greater  economic s ign i f i cance.  With a low o r  no value f o r  L - f r a c t i o n ,  the  

gas cos t  reduc t i on  achievable becomes d i r e c t l y  t i e d  t o  the  farm k e l p  f r a c t i o n  t h a t  

i s  used e x c l u s i v e l y  f o r  a l g i n  and manni t o l .  



0 Net  Gas Cost, $/MM BTU 
r T o t a l  C a p i t a l  Required, M i l l  i o n  Do1 l a r s  

Annual Pre tax  P r o f i t s ,  M i l l i o n  D o l l a r s  
% R O I  

m e t  gag oomt 

tetel sapital 

tax proflto 

X WOI 

L- FRACTION $ l / l  b $ 3 / l  b $ l / l b  $3 / l  b 

SCENARIO 1 SCENARIO 2 

F igure  5.5-11. E f f e c t  of L-Fract ion Value on Gas Cost and Pretax P r o f i t s  
( a t  $ 3 / l b  o f  L-Fraction, Net Gas Cost i s  Zero) 



e. F i n a n c i a l  Analys is .  The s e n s i t i v i t y  of the p r o j e c t  f inances t o  mat te rs  such 

as debt /equ i ty  makeup, t h e  cost  of debt, investment t ax  c red i t s ,  a l t e r n a t i v e  
methods of deprec iat ion,  and income taxes have no t  been inc luded i n  the  above 

ana l ys i s  due t o  t he  l i m i t e d  scope of t h e  study. I n  order t o  s i m p l i f y  t he  
analys is ,  100 percent e q u i t y  f i n a n c i n g  and s t r a i g h t  l i n e  deprec ia t ion  method a t  a  

f i x e d  12 percent  annual r a t e  were assumed. P a r t i a l  debt f i n a n c i n g  o f  t he  p r o j e c t  

a t  an annual r a t e  less  than 12 percent would improve the  R O I  and f u r t h e r  decrease 

the  ne t  gas cost .  The i n c l u s i o n  of investment t a x  c r e d i t s  would f u r t h e r  enhance 

economic a t t rac t i veness  of the  p ro jec t .  

I t  i s  suggested t h a t  t h i s  economic ana l ys i s  be extended t o  inc lude the  ef fects  

o f  t he  var ious f i n a n c i a l  parameters mentioned above i n  a  f ash ion  which i s  

compatible w i t h  the  u t i l i t y  f i n a n c i n g  method o f  t he  gas produc t ion  system. 

S e n s i t i v i t i e s  o f  var ious parameter values se lec ted  

complete the  f i n a n c i a l  analys is ,  t he  e f f e c t s  o f  i n f  

p r o j e c t  should be f a c t o r e d  in ,  and a  d e t a i l e d  cash 

out. 

5.5.7 RECOMMENDATIONS: 

a. Based on the  r e s u l t s  o f  t h i s  study, t he re  i s  li 

should a l so  be evaluated. To 

l a t i o n  over t he  l i f e t i m e  o f  t he  

f l o w  ana lys is  should be c a r r i e d  

t t l e  doubt t h a t  the  produc t ion  

of by-products and co-products can e f f e c t  major reduc t ions  i n  gas cost  and 

d r a m a t i c a l l y  change the o v e r a l l  economics o f  t h e  gas produc t ion  system. Research 

on by-products and co-products there fo re  should be assigned a  h igh  p r i o r i t y  and 

pursued v igorously .  Recommended areas o f  i n v e s t i g a t i o n  inc lude:  

- Prepara t ion  o f  l a r g e r  samples o f  L - f r a c t i o n  from raw k e l p  and d iges te r  

e f f l u e n t s ;  d e t a i l e d  c h a r a c t e r i z a t i o n  and t e s t i n g  f o r  p o t e n t i a l  app l i ca t i ons  

i n  speci a1 t y  p l  as t i cs ,  adhesives, and c o n t r o l  led-re lease mater i  a1 s. 

- A c q u i s i t i o n  o f  t echn i ca l  and process data on co-product ion o f  manni to l  and 

a l g i n  from raw kelp. 

- A c q u i s i t i o n  o f  process data on the  recovery  o f  i od ine  f rom aqueous d iges ter  

e f f l u e n t s .  

Other p o t e n t i a l  areas o f  i n v e s t i g a t i o n  i nc lude  ga ther ing  process da ta  on the  

recovery and t h e  t e s t i n g  o f  t h e  b a c t e r i a l  p r o t e i n  product  from d iges te r  e f f l u e n t  

and the  coproduct ion o f  fucoidan ( w i t h  t h a t  o f  a l g i n  and mann i to l )  f rom raw kelp. 

Under t he  assumptions made, b a c t e r i a l  p r o t e i n  and fucoidan appear t o  be of 

marginal  va lue i n  terms o f  a b i l i t y  t o  reduce methane cost.  However, t h a t  would 



change if a bas is  cou ld  be developed t o  assign h igher  values t o  them. The t e s t s  

and the  da ta  on these products should be designed t o  reduce u n c e r t a i n t i e s  i n  t h e i r  

costs and values and t o  he lp  determine t h a t  t h e i r  p roduct ion  i s  economical ly 

j u s t i f i a b l e .  

b. The economic ana lys is  does no t  exp lore  the  e f f e c t  o f  v a r i a t i o n  o f  key elements 

o f  the  f i n a n c i a l  s t r u c t u r e  such as debt /equ i ty  r a t i o  o f  t he  investment, investment 

tax c r e d i t s ,  costs on a l i f e - c y c l e  basis,  i n f l a t i o n a r y  e f f e c t s ,  and income taxes. 

I t  i s  recommended t h a t  these parameters be fac to red  i n t o  f u t u r e  analyses 

cons i s ten t  w i t h  the  f i n a n c i a l  s t r u c t u r e  o f  the  gas product ion  p o r t i o n  o f  the  

system and t h a t  an i n t e g r a t e d  and complete economic ana lys is  be c a r r i e d  out. A 

more de ta i  1  ed s e n s i t i v i t y  ana lys is  i s  a1 so reconended. 



BIBLIOGRAPHY 

1. Brehany, J.J., "An Economic and System Assessment o f  the Concept of Nearshore 
Ke lp  Farming f o r  Methane Product ion",  F i n a l  Report prepared by Ralph 
M. Parsons Company f o r  G R I ,  Report No. 5082-511-0627, ( A p r i l  1983). 

2. Tompki ns, A. N., "Marine Biomass Program", Annual Report f o r  September 1980 
December 1982 prepared by General E l e c t r i c  Company f o r  G R I  and SERI , G R I  
Report  No. G I  81-0118. 

3. Hart ,  M.R., e t .  al., "Kelp Pret reatment  and Separat ion Processn, Annual 
Repor t  on t h e  Energy f rom Marine Biomass P r o j e c t  by t h e  WRRC, USDA, A1 bany, 
C a l i f o r n i a  f o r  t h e  AGA, A p r i l  1977 - June 1978. 

4. Saddington, A.W., "Product ion o f  Organic and Inorgan ic  Chemicals from Kelp," 
Contract  Report  f o r  General E l e c t r i c ,  February 1982. 

5. Absalom, S.T., " Iod ine" ,  i n  Minera l  Fac ts  and Problems, U.S. Department of 
the  I n t e r i o r ,  Bureau o f  Mines, 1980 Ed i t i on .  

6. Mazac, C.J., " I o d i n e  and I o d i n e  Compounds", i n  K i r k  and O l i v e r  Encyclopedia 
of Chemical Technology, Vol . 13, 649-677. 

7. Moss, J.R., "Essent ia l  Considerat ions f o r  E s t a b l i s h i n g  Seaweed E x t r a c t i o n  
Fac tor ies" ,  i n  the  Marine P lan t  Biosmass o f  the  Northwest Coast, by R.W. 
Krauss Ed. , Oregon S ta te  U n i v e r s i t y  Press, 301-314 (1977). 

8. H a l l ,  E.N., "The Ocean Resource Challenge", i n  t he  Marine P lan t  Biomass of 
t he  Northwest Coast, by R.W. Krauss Ed. , Oregon S ta te  U n i v e r s i t y  Press, 
357-376 (1977). 

9. M inera l  Inorgan ics  i n  Chemical & Engineer ing News, Page 9-13, Oct. 25, 1982. 

10. Searls,  J.P., "Potash", i n  Minera l  Facts and Problems, U.S. Department of t h e  
I n t e r i o r ,  Bureau o f  Mines, 1980 Ed i t i on .  

11. Sheldr ick,  W.F., and S t i e r ,  H., "World Potash Survey", World Bank Staff 
Working Paper No. 293, Sept. 1978. 

12. Dancy, W.B., "Potassium", i n  K i r k  & O l i v e r  Encyclopedia of Chemical 
Technology, Vol. 18, 912-950. 

13. Bal lou,  W.R., "Carbon Dioxide",  i n  K i r k  and O l i v e r  Encyclopedia of Chemical 
Technol ogy, Vol . 4, 725-742. 

14. P r i v a t e  communications w i t h  AIRCO Company, K ing  o f  Prussia, Pa. 

15. P r i v a t e  comnuni c a t i  ons w i t h  Cardox Company, Chicago, June 1982. 

16. Benson, F.R., "Polyhydic  AlcoholsN, i n  K i r k  & O l i v e r  Encyclopedia of Chemical 
Technol ogy, Vo1 . 1, 754-778. 



17. P r i v a t e  communications w i t h  I C I  Un i t ed  States, Inc .  March 1983. 

18. Gul hine, K.M., "Process P l  ant Es t ima t i ng  Eva lua t ion  and Cont ro l " ,  Craftsman 
Book Company o f  America, 1974. 

19. Ha l l ,  R. S., e t .  a l . ,  "Current  Costs o f  Process Equipment", Chemical 
Engineering, 80-116, ( A p r i  1 1982). 

20. P r i v a t e  communications w i t h  E. Renneburg & Sons Co. , Ba1 t imore, Md., (Oct. 
1982). 

21. P r i v a t e  communications w i t h  Nor th  American B r ine  Resources, Oklahoma City, 
Oklahoma (June - Oct., 1982). 

22. Perry,  J.H., Ed i to r ,  "Chemical Engineerst handbook1', 4 t h  Ed i t i on ,  McGraw 
H i l l ,  (1974). 





5.6 LOST TEST FARM 





5.6 LOST TEST FARM 

5.6.1 BACKGROUND 

On November 20, 1981, General E l e c t r i c  was informed by  the  Experiment Team 

from the  C a l i f o r n i a  I n s t i t u t e  o f  Technology t h a t  t h e  machinery buoy sec t i on  of t h e  

Of fshore Test P la t fo rm (OSTP) was miss ing  f rom i t s  moored pos i t i on .  The system 

had been i n  p l  ace s i  nce September 1978 i n  a l o c a t i o n  approximately f o u r  n a u t i c a l  

m i l e s  of fshore from Laguna Beach, C a l i f o r n i a .  A1 though no a c t i v e  t e s t i n g  was 

being conducted w i t h  t h e  OSTP a t  t h e  t ime o f  t he  disappearance, a l l  major hardware 

components were i n  good c o n d i t i o n  and were being mainta ined i n  a proper and t i m e l y  

manner, and serv iced as requ i red  by the  terms o f  t he  nav iga t iona l  permi ts  f o r  t h e  

system. A t  the t ime o f  the  loss, the  system was being evaluated by  G R I  f o r  f u t u r e  

open-ocean exper imenta t i  on re1  ated t o  the  Marine Biomass Program. 

A1 1 i n t e r e s t e d  p a r t i e s  i n c l u d i  

Energy Research I n s t i t u t e  (SERI); 

Counsel were i m e d i  a t e l y  i n f  ormed 

searches were conducted immediate1 

of the rnissi ng hardware was s i t e d  

the  or i g i  nal moor i ng . 

ng the  Gas Research I n s t i t u t e  (GRI); So lar  

U.S. Coast Guard; Insurance Car r ie rs ;  and Legal 

o f  t he  repo r ted  disappearance. Sea and ae r i  a1 

y f o l l o w i n g  the  repor ted  loss, bu t  no evidence 

over an area rough ly  n i n e t y  m i l e s  i n  r a d i u s  f rom 

General E l e c t r i c  personnel had l a s t  v i s i t e d  the  OSTP on November 4, 1981. A t  

t h a t  time, a f u l l  underwater and above water i nspec t i on  was conducted, 

navi  g a t i  onal l i g h t s  were checked and rep1 aced where necessary, and the  r o u t i n e  

rnai ntenance tasks were performed t o  a1 1 ow f o r  an add i t i ona l  t h r e e  t o  f o u r  weeks of 

unattended operat ion. There were no hardware anomalies uncovered du r ing  the  

November 4 t h  mai ntenance v i s i t .  

From sworn a f f i d a v i t s  o f  coas ta l  eyewitnesses, t h e  p rec i se  t ime o f  t h e  buoy's 

disappearance was bracketed between 8 a.m. on November 18th and 8 a.m. on 

November 19th. U.S. Coast Guard and Marine Coastal  S t a t i o n  weather logs  i n d i c a t e d  

t h a t  atmospheric cond i t i ons  f rom November 4 t h  t h r u  November 20 th  were mi ld ,  sea 

s t a t e  cond i t i ons  were re1  a t i v e l y  calm, and ocean cu r ren ts  were minimal i n  t h e  area 

of t h e  OSTP. Thus, t h e  envi ronmental ly  imposed loads dur ing  t h i s  t ime pe r iod  were 

orders of magnitude below the  design cond i t ion .  I n  p a r t i c u l a r ,  t h e r e  were no 

weather anomalies repor ted  f r o m  November 18 th  t o  November 19th and, i n  fac t ,  sea 

cond i t i ons  were approximately 50 percent  calmer on November 18 th  than du r ing  the  

preceding week. 



Af te r  thoroughly rev iewing t h e  data a t  hand and a f t e r  d e t a i l e d  techn ica l  

analyses of "probable causes", i t  was c lea r  t o  General E l e c t r i c  t h a t  the  buoy was 

1  os t  due t o  the  irnposi t i  on of some ex te rna l ,  non-environmental fo rce .  C lear ly ,  
i n t e r n a l  cable degradat ion from corros ion,  abrasion o r  f a t i gue  cou ld  no t  have 

un i fo rmly  weakened a l l  t h r e e  cable l egs  such t h a t  a l l  t h ree  cables would have 

par ted  a t  d i f f e ren t  l oca t i ons  over a  per iod  o f  one day under minima1 induced 

load ing  cond i t ions .  I n  t he  ja rgon o f  t h e  insurance wor ld and as s t i p u l a t e d  i n  our  
a l l  r i s k s  insurance coverage, i t  was obvious t h a t  the  buoy was l o s t  due t o  "an 

ex te rna l  cause". Therefore, on beha l f  o f  G R I ,  General E l e c t r i c  i n s t i t u t e d  a  c la im  

through our brokers f o r  f u l l  recovery o f  t he  $500,000 insured value of the  k e l p  

farm buoy. 

Throughout 1982, extensive nego t i a t i ons  were conducted w i t h  the  insurance 

"wor ld"  associated w i t h  our c la im.  The complexi ty  and i n t e r r e l a t i o n s h i p s ,  and 

sheer s i z e  of the "cas t  o f  characters",  who i n  one way o r  another have something 

t o  do w i t h  our c la im  are no l e s s  than i n c r e d i b l e .  A f l o w  cha r t  o f  t h e  insurance 

"wor ld"  we d i r e c t l y  or  i n d i r e c t l y  d e a l t  w i t h  i n  1982 would show t e n  d i f f e r e n t  

agents, brokers, admin i s t ra t i ve  underwri t e r  representa t ives  and techn ica l  

underwr i te r  representa t ives  as we l l  as n ineteen d i f f e r e n t  insurance companies, a l l  

i n t e r r e l a t e d  i n  one way or  another w i t h  respect  t o  our claim. Despi te our e f f o r t s  

i n  educat ing and re-educat ing the cas t  o f  characters w i t h  respect  t o  the  hardware 

system t h a t  was l o s t ,  and our e f f o r t s  i n  p r o v i d i n g  t h e  near endless stream of 

support documentation requested by the  insurance people, 1  i t t l e  progress has been 

made w i t h  respect t o  s e t t l i n g  our claim. The lead agency, Southern Marine and 

Avi a t  i on Underwr i ters and t h e i r  parent  company, Sedgwi ck O f f  shore Resources o f  

London, as we l l  as t h e  lead underwr i t i ng  insurance companies, Sovereign and Planet  

and t h e i  r techn ica l  representat ives,  t h e  London Sal vage Associ a t i  on have 

procras t ina ted ,  obfuscated and genera l l y  been extremely ob l ique w i t h  respect  t o  

our  claim. They have not  s p e c i f i c a l l y  r e j e c t e d  our c1 aim nor  have they  accepted 

it. The net  r e s u l t  i s  t h a t  they  have he ld  up paynent o f  t h e  $500,000 s ince March 

1982! I t  i s  becoming apparent t o  General E l e c t r i c  t h a t  the  insurance people w i l l  

cont inue i n  t h i s  p r o c r a s t i n a t i n g  non-commital ve in  u n t i l  such t ime as G R I ,  as t h e  

assured, i n s t i t u t e s  o r  a t  l e a s t  c l e a r l y  shows t h e i r  i n t e n t  t o  i n s t i t u t e  l e g a l  

a c t i  on t o  recover t he  f u l l  i nsurance proceeds p l u s  compensatory "bad f a i t h "  

damages from a1 1  the  underwr i te rs  and assurers i nvol  ved. 



5.6.2 TECHNICAL ANALYSES I N  SUPPORT OF CLAIM 

The f o l l o w i n g  analyses were conducted t o  i n v e s t i g a t e  the  probable cause o f  t he  

1 oss and t o  determi ne whether an i n t e r n a l  component f a i l u r e  could have been a 

c o n t r i b u t i n g  f a c t o r .  

5.6.2.1 U l t ima te  Load C a p a b i l i t y  o f  OSTP Moorinq Swivel 

The mooring swivel was analyzed t o  determine whether or  no t  i t  was the  weak 

l i n k  t h a t  cou ld  have been responsib le f o r  t h e  l o s s  of t h e  OSTP. 

The r e s u l t s  o f  the  analys is  i nd i ca ted  t h a t  the  mooring swivel  had a minimum 

cable load c a p a b i l i t y  o f  288,000 pounds. This  value i s  s u b s t a n t i a l l y  h igher  than 

the  198,000 pound breaking s t reng th  o f  1-1/2 diameter 6 by  19 IWRC cable. Ne i the r  

of these two loads i nc lude  any degradat ion due t o  immersion i n  s a l t  water f o r  

t h ree  years. 

A summary o f  the  c a p a b i l i t y  o f  o ther  p a r t s  o f  t he  mooring swivel i s  shown i n  

Table 5.6-1. 

5.6.2.2 F a i l u r e  Ana lys is  o f  the  OSTP Moorinq System 

Th is  sec t ion  presents analyses which address the  f a i l u r e  o f  t he  OSTP mooring 

system and the  r e s u l t i n g  l o s s  of t h e  OSTP i t s e l f .  The analyses are based on t h e  

f o l l o w i n g  observat ions a t  the mooring s i t e :  

a The OSTP was missing. 

A l l  t h ree  catenary 1 i nes between the  sp r ing  buoys 
and t h e  mech buoy had f a i l e d .  

8 Two catenary 1 i nes f a i l e d  a t  t he  mech buoy end and 
appeared t o  be tens ion  f a i l u r e s  i n  t h e  1-1/2 i n c h  cable. 

The t h i r d  catenary 1 i n e  f a i l e d  a t  the s p r i n g  buoy end 
i n  t h e  1-5/8 i n c h  cable; t he re  was no apparent rad ius  i n  
the  cable near the  break. 

a A l l  t h r e e  mooring l i n e s  between t h e  sp r ing  buoys and 
the ocean f l o o r  were i n t a c t .  

I t  i s  h i g h l y  unl  i k e l y  t h a t  a s i  ng1 e mooring 1 i n e  cou ld  become entangled w i t h  a 

passing body and f a i l  t h e  other  two mooring l i n e s  be fore  i t f a i l e d  i t s e l f .  

Therefore, i t  i s  assumed f o r  the purposes o f  these analyses t h a t  the  mech buoy 

i t s e l f  was the  1 oaded body and was p u l l e d  f r e e  o f  i t s  moorings by an unknown 

accident.  



TABLE 5.6-1. SUMMARY OF SWIVEL CAPABILITY 

I tern - Ultimate Load Capability* (w. 
2-1/2 in. Shackle I 

5OO,OOO 

Shackle Pin 

Lug Shear T.O. 

Lug Tension 586,600 

Joint Bolts 600,000 

Plate Bending 
Bolted Joint 

Bending + Axial LD @ 13.030 
Thru Flange @ 450 

. . Swivel capability without corrosion a1 lowance is 
288,000 Ib. ultimate. 

t Tension Load in Wire Rope 



There are th ree  analyses presented i n  t h i s  sect ion.  The f i r s t  i s  a  s t a t i c  

mooring ana lys is  o f  a  mooring l e g  t o  determine the  magnitude o f  load ing  cond i t i ons  

which cou ld  cause a  f a i l u r e  as described above. The second ana lys is  addressed a  

mode i n  which the  OSTP f a i l s  a t  t he  upper swive l  j o i n t  and loses i t s  f l o a t a t i o n ,  

thereupon, dropping u n t i l  stopped by the  catenary l i n e s  t o  the  sp r ing  buoys. The 

t h i r d  ana lys is  examines the dynamic loads generated i n  the  system by a  sh ip  o r  

barge s t r i k i n g  the  mech buoy a t  d i f f e r e n t  v e l o c i t i e s .  

a. S t a t i c  Mooring Analys is  

The s t a t i c  mooring ana lys is  models the OSTP as a  s i n g l e  l e g  mooring 
system as shown i n  F igu re  5.6-1 and Table 5.6-2. This  simulates the  case 
i n  which a load i s  s low ly  app l ied  t o  the mech buoy i n  plane w i t h  a  mooring 
leg. 

The analys is  was performed us ing  a  p lanar  f i n i t e  element mooring 
program (EBMOOR). A l a t e r a l  load o f  150,000 pounds was app l ied  t o  the  
mech buoy, and a  80,000 pound upward f o r c e  was app l ied  a t  the  attachment 
p o i n t  o f  t he  sp r ing  buoy (maximum buoyancy o f  sp r i ng  buoy) l i n e  t o  the  
mooring l i n e  ( t h e  i n t e r s e c t i o n  o f  l i n e s  A, B and C, i t em 10 connect ing 
p l a t e ) .  The breaking s t reng th  o f  t he  1-1/2 i nch  cable i n  the  mooring 
sytem was assumed t o  be 190,000 pounds, and the  breaking s t reng th  o f  the 
1-518 i nch  cable was assumed t o  be 225,000 pounds. The r e s u l t s  of the 
ana lys is  i n d i c a t e  t h a t  the 1-112 i nch  cable i n  the  mooring l e g  (D6 i n  
F igu re  5.6-1) w i l l  break be fore  the  1-1/2 i nch  cable i n  t he  catenary l i n e  
(A8 i n  F igure  5.6-1). The ana lys is  a lso  shows t h a t  the  requ i red  
d e f l e c t i o n  t o  generate a  s t a t i c  load o f  150,000 pounds a t  t he  mech buoy i s  
1,000 f e e t .  The r e s u l t s  o f  the  mooring ana lys is  are shown i n  F igures 
5.6.-2 and 5.6-3. F igu re  5.6-2 shows the  load developed i n  the  mooring 
l e g  versus the d is tance from the  mech buoy along the mooring leg. F igure  
5.6-3 shows the  deformed shape o f  t he  mooring l e g  requ i red  t o  generate the  
forces shown i n  F igure  5.6-2. Th is  ana lys is  i n d i c a t e s  t h a t  i f  the  1-112 
i nch  cables have the  assumed s t reng th  (190,000 pounds), a  s low ly  app l ied  
s t a t i c  load could no t  have f a i l e d  the system i n  the  manner described a t  
t h e  beginning o f  t h i s  sect ion,  b u t  ra the r ,  would have f a i l e d  the  l i n e  t o  
the  anchor. ( I t em D6 i n  F igure  5.6-1.) 

b. Dynamic Ana lys is  o f  a  F a i l u r e  o f  t h e  Upper Swivel J o i n t  

This  ana lys is  assumes t h a t  the  mode o f  f a i l u r e  was a  f a i l u r e  o f  the 
upper swivel  j o i n t .  Th is  would a l l ow  the  remainder o f  t he  OSTP ( t h e  arms, 
upwel l ing  p ipe  and 15,000 pound weight a t  the bottom o f  the upwe l l i ng  
p ipe ) ,  which weighs about 50,000 pounds wet, t o  drop through the  water 
u n t i l  the  motion i s  stopped by the  catenary l i n e s  and l i n e s  t o  the  sp r ing  
buoy ( l i n e s  A and B i n  F igu re  5.6-1). 

A computer model was created f o r  the  ana lys is  which ca l cu la ted  the  
speed a t  which the  system was dropping and the  f o r c e  generated i n  t he  
catenary l i n e  when the s lack i n  t he  l i n e  i s  taken up. 
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Figure 5.6-1. Single Leg Mooring System 
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TABLE 5.6-2. STATIC MOORING ANALYSIS 

1.0. 
Code** -- I tern -- 

Mooring Swivel Radius 

2-1/2 i n .  
Anchor Shackle 

2 i n .  Anchor Shackle 

1-1/2 i n .  I W R C  Cable 

2 i n .  Anchor Shackle 

5 L inks  2 i n ,  Chain 

2 i n .  Anchor Shackle 

1-5/8 i n .  IWRC Cable 

2 i n .  Anchor Shackle 

5 L i n k s  2 i n .  Chain 

2 i n .  Anchor Shackle 

2 i n .  Anchor Shackle 

Connecting P l  a te  

Length 

31 + 1.38" 

10.5 i n .  

7.75 i n .  

8.0 F t  

7.75 i n .  

28.7 i n .  

7.75 i n .  

300 F t  

7.75 i n .  

28.7 i n .  

7.75 in .  

7.75 i n .  

7.07 + 1.25 i n .  0.69 

U n i t  
wgt (*) 

- - 
101.69 

51.75 

3.OIFt 

51.75 

4 0 l F t  

51.75 

3.52/Ft* 

51.75 

4 0 l F t  

51.75 

51.75 

198.45 

T o t a l  
Wgt (*) 

- - 
101.69 

51.75 

24.00 

51.75 

95.60 

51.75 

1056 .OO 

51.75 

95.60 

51.75 

51.75 

66.15 

A Length between Mach Buoy & Mooring 320.95 
Drop L i n e  

* - Note: Weights per  f o o t  are i n  water. 
A l l  o the rs  a re  i n  a i r .  

** - Note: Refer  t o  F igu re  5.6-1 f o r  l oca t i ons .  



I .D.  
Code** I t em -- - 

TABLE 5.6-2. STATIC MOOR1 

- -- - >- &_____I___ 

NG ANALYSIS (Cont) 

20 Buoy Attachment 

18 2 i n .  Anchor Shackle 

18 2 i n .  Anchor Shackle 

14 5 L inks  2 in.Chain 

18 2 i n .  Anchor Shackle 

8 1-5/8 i n .  I W R C  Cable 

18 2 i n .  Anchor Shackle 

14 5 L i n k s  2 i n .  Chain 

18 2 i n .  Anchor Shackle 

18 2 i n .  Anchor Shackle 

10 Connecting P l a t e  

Length 

7.5 + 1.25 i n .  

7.75 i n .  

7.75 i n .  

28.7 i n .  

7.75 i n .  

43.0 F t  

7.75 i n .  

28.7 i n .  

7.75 i n .  

7.75 i n .  

7.07 + 1.25 i n .  

U n i t  T o t a l  
wgt (*)  wgt (*) 

B Length of Mooring Buoy Drop L i n e  53.10 

* - Note: Weights per f o o t  are i n  water. 
A l l  o the rs  are i n  a i r .  

** - Note: Refer t o  F igure  5.6-1 f o r  l oca t i ons .  



TABLE 5.6-2. STATIC MOORING ANALSIS (Cont) 

I.D. 
Code** I t e m  - 

Length U n i t  T o t a l  
Length ( F t )  Wgt (*) N9t (* I  

10 Connecting P l a t e  7.07 + 1.25 i n .  0.69 198.45 66.15 

18 2 i n ,  Anchor Shackle 7.75 i n .  0.65 51.75 51.75 

18 2 i n .  Anchor Shackle 7.75 i n .  0.65 51.75 5 1.75 

14 5 L inks  2 i n .  Chain 28.7 2.39 40/Ft* 95.60 

18 2 i n .  Anchor Shackle 7.75 i n .  0.65 51.75 51.75 

8 1-5/8 i n .  I W R C  Cable 43.0 F t  43.00 3.52/Ft* 151.36 

17 2-1/2 i n .  
Anchor Shackle 

10.5 i n .  0.88 101.69 101.69 

- - - - - - - - - - - - - 

C Anchor Cable Drop L i n e  Length 48.91 

4 3 in .  Anchor Shackle 13.0 i n .  1.08 178.0 178.0 

6 1-1/2 i n .  I W R C  Cable 1670 F t  1670.00 3.5/Ft* 5846.00 

4 3 i n .  Anchor Shackle 13.0 i n .  1.08 178.0 178.0 

D Anchor Cable Length 1672.16 

15 2 i n .  End L ink  7.75 ( E s t )  0.65 52.00 52.00 

16 2 i n .  Kenter  J o i n i n g  7.75 (Es t )  0.65 52.00 52.00 
Shackle 

3 2 i n .  Di-Lok Chain 1350 F t  1350.00 40/Ft* 54000.00 

? J o i n i n g  L i n k  6.0" (Es t )  0.50 52.00 52.00 

E Anchor Chain Length 1351.80 

* Note: Weiahts Der f o o t  are i n  water. - 
~ l l ~ o t h e k  are i n  a i r .  

* - Note: Refer  t o  F igu re  5.6-1 f o r  l oca t i ons .  



Figure 5.6-2. Tension vs. Mooring Leg Position with a 150.000 l b  
Force at the Mech Buoy 



Figure 5.6-3. Mooring Leg Shape with a 150,000 Ib .  Force a t  the Mech Buoy 



The f o l l o w i n g  assumption were made i n  the  generat ion o f  t h i s  computer model: 

1. The drag area o f  t he  system i s  173 f t2 (two arms not  fo lded)  

2. The o n l y  forces a c t i n g  upon the  system u n t i l  the  catenary l i n e  i s  
snapped are weight and drag 

3. The weight a t  the bottom o f  the  upwel l ing  p ipe  s t r i k e s  the  bottom 
a f te r  a drop of 200 fee t  

4. A s i n g l e  catenary l i n e  takes the  load o f  the  e n t i r e  system dropping 

The r e s u l t s  i nd i ca ted  t h a t  t he  system w i l l  r a p i d l y  reach a te rmina l  v e l o c i t y  
of 17.1 f t / sec  and drop a t  t h a t  r a t e  u n t i l  the  bottom weight h i t s  the  ocean 
f l o o r .  Then the  system w i l l  slow t o  a new te rmina l  v e l o c i t y ,  14.3 f t / s e c  before 
the  catenary 1 i n e  i s  snapped. The f o r c e  generated i n  a s i n g l e  catenary 1 i n e  when 
t h e  l i n e  i s  snapped by t h e  momentum o f  t he  dropping system on one end and t h e  
s t r u c t u r a l  and hydro-dynami c i n e r t i a  of the  sp r ing  buoy on the  o ther  end i s  
111,486 pounds. (See F igu re  5.6-4.) I f  the  weight at the  bottom o f  the  upwel l ing 
p i p e  d i d  no t  s t r i k e  the  ocean bottom, the  cable load would s t i l l  be l ess  than 
134,000 pounds. The s t rength  o f  the  catenary l i n e  i s  assumed t o  be 190,000 
pounds. Therefore, t h i s  type o f  acc ident  would no t  f a i l  the  system i n  t h e  manner 
described a t  t h e  beginning o f  t h i s  sect ion.  

c. Dynamic Ana lys is  o f  Mech Buoy beinq Struck by a Ship o r  Barqe 

Th is  analys is  addresses the accident  i n  which a sh ip  s t r i k e s  the  mech 
buoy and t h e  buoy becomes attached t o  t h e  sh ip  i n  some manner. The 
f 01 1 owi ng assumptions were made f o r  t h i  s  analys is :  

1. The c o e f f i c i e n t  o f  r e s t i t u t i o n  between the  mech buoy and the  sh ip  i s  
zero  

2. The sp r ing  buoy i s  submerged and has the  maximum s t r u c t u r a l  and 
hydrodynamic i n e r t i  a  

3. The propu ls ion  f o r c e  o f  the  sh ip  remains constant throughout t he  
acci dent 

A model was generated t o  so lve  f o r  the  peak load i n  the  catenary 1 i n e  versus 
sh ip  speed and weight. The r e s u l t s  o f  t h i s  analys is  are shown i n  F igure  5.6-5. 
The r e s u l t s  show t h a t  a sh ip  o f  1500 tons o r  g rea ter  moving a t  10 knots w i l l  f a i l  
the  catenary cable. A t  5 knots sh ip  v e l o c i t y ,  a  sh ip  i n e r t i a l  mass i n  excess of 
10 t imes t h i s  value would be requ i red  ( >20,000 tons) .  

d. Concl u s i  ons 

Of the th ree  modes o f  f a i l u r e  addressed i n  t h i s  repor t ,  t he  o n l y  method 
which w i l l  generate t h e  190,000 pound load requ i red  t o  f a i l  the  system i n  
t h e  catenary l i n e s  requ i res  the  i n t e r f e r e n c e  o f  a 1 arge outs ide  f o r c e  
( i  .e., a  l a r g e  sh ip  or  barge). 



Figure 5.6-4. Load in Catenary Line Versus Time 
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Figure 5.6-5. Ship Weight Versus Peak Catenary Load 



Based on design margins and worst case environmental loads (wind, waves 
and cu r ren t )  dynamic loads generated are i n s u f f i c i e n t  t o  cause cable 
f a i l u r e s .  

5.6.2.3 Est imated Spr inq  L i n e  Tension Due t o  OSTP Environment Dur inq  Per iod  of 
System Loss 

a. Sumnary o f  Resul ts  

The l oss  of the  OSTP machinery buoy occurred between the  morning of 
11/18/81 and t h e  morning o f  11/19/81. Sea s t a t e  i n  t h e  area was repo r ted  
runn ing  3 t o  4 f o o t  wave he igh t  w i t h  10 second per iod.  Wind du r ing  the  
day was 0 t o  3 knots  SW. Maximum (sur face l a y e r )  steady s t a t e  cur ren ts  
and t i d a l  cur ren ts  are est imated a t  0.6 knot  and 0.3 knot  respec t i ve l y .  
Under these condi ti ons, a conservat ive engineering est imate o f  drag and 
i n e r t i a l  loads i n d i c a t e s  t h a t  t he  maximum tens ion  i n  a s i n g l e  sp r ing  l i n e  
would have been i n  t h e  range 4800 t o  6800 pounds depending on assumptions 
used t o  est imate i n e r t i  a1 ef fects due t o  wave accelerat ions.  T h i s  
represents 2.5 t o  3.6 percent  o f  t he  breaking s t reng th  o f  a new 1-1/2 i nch  
I W R C  w i re  rope s p r i n g  l i n e  element. I f  i t  i s  f u r t h e r  assumed t h a t  t he  
buoy was p a r t i a l l y  f looded and f l o a t i n g  w i t h  the  weather deck awash, t h e  
load range s t i l l  o n l y  represents 2.6 t o  4.1 percent  o f  new cable st rength.  

It i s  a l so  noted t h a t  on t h e  morning o f  11/15/81, j u s t  f o u r  days p r i o r  
t o  the  buoy loss,  t h e  system surv ived seas o f  6 t o  8 f o o t  w i t h  11 second 
per iod .  Environmental loads on t h e  sp r ing  l i n e  under these cond i t i ons  are 
est imated t o  be 1-1/2 t o  2 t imes h igher  than those encountered on t h e  day 
o f  disappearance. 

b. Environmental Condi t ions 

Observations of sea and wind cond i t i ons  i n  t h e  area du r ing  the pe r iod  
11/11/81 t o  11/22/81 were obta ined f rom t h e  Newport Beach L i f eguard  
Sta t ion .  The s i t e  o f  the  wave observat ions i s  a t  a p o i n t  approximately 
1/2 m i l e  o f f  Newport Beach and i n  s u f f i c i e n t l y  deep water so t h a t  waves a t  
the  repor ted  he igh ts  are essent i  a1 l y  "deep water" waves. The observat ion 
s i t e  was approximately s i x  m i l e s  n o r t h  o f  t h e  OSTP mooring s i t e  so t h a t  
general sea cond i t i ons  a t  the  two s i t e s  are assumed comparable f o r  
purposes of t h i s  present  analys is .  

The maximum sea c o n d i t i o n  recorded on 11/18/81 was f o u r  f o o t  waves 
w i t h  10 second per iod .  Th i s  case was assumed f o r  the  load est imates 
below. Note t h a t  wave he igh ts  o f  up t o  e i g h t  f e e t  w i t h  11 second p e r i o d  
were recorded on t h e  morning o f  l l / l 5 / 8 l .  These wave cond i t i ons  would 
have r e s u l t e d  i n  wave-driven and hydrodynamnic drag loads on t h e  buoy 
hardware s i g n i f i c a n t l y  h igher  than those encountered w i t h  four  f o o t  sea 
cond i t i ons  on the  day o f  the  buoy loss.  A s e t  o f  l oad  est imates was a lso  
generated f o r  t h e  h igher  wave cond i t i ons  o f  11/15/81 i n  order  t o  compare 
o v e r a l l  drag loads and l i n e  tensions f o r  the  two cases. 



The l ogs  of t he  Laguna Beach L i f e g u a r d  S t a t i o n  were a l s o  checked f o r  
sea observa t ions  du r i ng  t h i s  pe r i od .  T h e i r  records i n d i c a t e d  somewhat 
lower  wave he igh ts ,  so t he  Newport Beach da ta  were used f o r  conservatism. 

Large s c a l e  "steady" c u r r e n t  values and peak t i d a l  cu r ren t s  were 
es t imated  from w e l l  documented h i s t o r i c a l  da ta  f o r  t he  area and c u r r e n t  
data acqui red by t h e  GE Company du r i ng  t h e  course o f  t h e  Mar ine Biomass 
Program. 

The da ta  i n d i c a t e  t h e  f o l l o w i n g  v e r t i c a l  d i s t r i b u t i o n  o f  these c o n t r i b u t o r s  t o  
t o t a l  cu r ren t :  

Depth Large  Sca le  T i  da l  
Range ( f  t )  Cu r ren t  ( f  ps )  Cur ren t  ( f p s )  

The l a r g e  s c a l e  c u r r e n t  i s  somewhat v a r i a b l e  i n  d i r e c t i o n  w h i l e  t h e  
t i d a l  c u r r e n t  i s  v a r i a b l e  i n  bo th  magnitude and d i r e c t i o n .  For  purposes 
of t h i s  loads  est imate,  these  c u r r e n t  components are assumed t o  be always 
a l i g n e d  i n  t h e  same d i r e c t i o n  f o r  conservat ism. I t  should be noted t h a t  
these  c u r r e n t  l e v e l s  are based p r i m a r i l y  on da ta  acqu i red  d u r i n g  t h e  
A p r i l - J u l y  t ime per iod ,  w h i l e  t h e  cu r ren t -da ta  summary f o r  t h e  area of 
i n t e r e s t  i n d i c a t e s  t h a t  sha l low c u r r e n t s  i n  t h e  Fa1 1  are g e n e r a l l y  
somewhat lower  than  those  i n  t h e  Sp r i ng  and Summer months which adds 
another degree of conservat ism t o  t h e  est imates. 

c. Wave O r b i t a l  and T o t a l  V e l o c i t i e s  

Wave o r b i t a l  v e l  o c i  t i  es a re  c a l  c u l  a ted  assuming c i  r c u l  a r  o r b i t s  which 
decay i n  magnitude w i th  depth. The decay w i t h  depth i s  es t imated  us ing  
l i n e a r  wave t h e o r y  s ince  t h e  wave he igh t s  are v e r y  smal l  r e l a t i v e  t o  water 
depths, i .e., t h e  waves are assumed t o  be s i nuso ida l ,  deep water waves. 
Assumpti on o f  a  more peaked wave f o rm  would r e s u l t  i n  lower  1  oads s i nce  
t h e  o r b i t a l  v e l o c i t i e s  f a l l  o f f  more r a p i d l y  w i t h  depth i n  those cases. 

Fo r  10 t o  11 second deep-water waves, t h e  wavelength was est imated t o  
be  500 f e e t .  The v a r i  a t i  on o f  wave o r b i t a l  v e l o c i t y  w i t h  depth used f o r  
t h e  p resen t  es t imates  i s  presented i n  Tab le  5.6-3. 



TABLE 5.6-3. WATER VELOCITY VERSUS DEPTH 

Depth Peak O r b i t a l  V e l o c i t y  ( f p s )  Peak T o t a l  Vel oc i  tp ( f  ps) 
Ift> 4 f t  Wave 8 f t  Wave 4 f t  Wave 8 F t  Wave 

* Sum of peak o r b i t a l  v e l o c i t y ,  1  arge-scale cu r ren t  and peak t i d a l  c u r r e n t  
a l l  a l igned and i n  phase. 

A1 though i t  i s  more l i k e l y  f o r  the  wave propagat ion and o r b i t a l  
v e l o c i t y  t o  be i n  a d i r e c t i o n  d i f f e r e n t  f rom the  steady-state and t i d a l  
currents,  the  conservat ive assumption i s  made i n  t h e  present est imates 
t h a t  these th ree  water v e l o c i t y  components are always i n  phase and a1 igned 
i n  the same d i r e c t i o n .  The t o t a l  maximum current ,  as a f u n c t i o n  o f  depth, 
i s  est imated by adding t h e  th ree  components and i s  a lso  shown i n  Table 
5.6-3. 

d. Load Est imates 

Load and cab le  tens ion  est imates were made f o r  the  f o l l o w i n g  assumed 
buoy condi t i  ons and wave condi t i  ons: 

1. Nominal, 18 f t  freeboard, f o u r  f o o t  waves 
2. Buoy f looded, zero freeboard, f o u r  f o o t  waves 
3. Nomi nal  , 18 f t freeboard, 8 f o o t  waves 
4.  Buoy f looded, zero freeboard, 8 foo t  waves 

Loads were est imated us ing  two d i f f e r e n t  techniques t o  account f o r  t h e  
e f f e c t s  o f  hydrodynamic loads due t o  t h e  wave o r b i t a l  acce lera t ions .  A 
maximum hydrodynamic drag was ca l cu la ted  us ing  a quasi-steady assumption 
which employs peak t o t a l  water v e l o c i t y  t o  c a l c u l a t e  t h e  drag a c t i n g  on 
each sec t i on  o f  t he  buoy. Standard drag c o e f f i c i e n t s  f o r  c y l i n d r i c a l  
sec t ions  (depending on Reynolds Number) were assumed and the  t o t a l  drag 
load determined by summing the  drag components est imated f o r  each p a r t  o f  
t he  machinery buoy, subs t ra te  and upwel l ing  pipe. The drag of t h e  s p r i n g  
l i n e  cable was est imated and found t o  be n e g l i g i b l e .  The diameter, 
length,  drag area, and drag c o e f f i c i e n t s  f o r  the  var ious components o f  t h e  
buoy system are presented be1 ow. 



Hardware Element Length (ft) Diameter (ft) Draq Area (~t2) 
D 

Buoy Upper Sect. 40 9 360/ 198* 1 .O 

Buoy Lower Sect. 15 6 90 1 .O 

Upwelling Hoses (3) x 30 1 9 0 1.5 

Steel Upwell Pipe 2 4 2.3 56 1.2 

Spider Poles** (6) x 50 1.3 (effective) 260 1.2 

PE Upwell Pipe 170 213 
( Upper Part ) 

PE Upwell Pipe 1300 2.3 
(Lower Part) 

* Only 198 ft2 of the total 360 ft2 are presented to the flow with 18 ft 
freeboard. 

** Total projected area of six poles normal to flow direction. "Effective" 
diameter used to account for pole stiffeners. 

The resulting quasi -steady maximum hydrodynamic loads are tabu1 ated in 
Table 5.6-4 for the cases indicated "a1'. 

A second load estimation technique was employed where a hydrodynamic 
load component was calculated using the sum of the large-scale 
steady-state current and the tidal current for the quasi-steady water 
velocity. An inertial drag force component due to the water accelerations 
associated with the waves was then added. The inertial component was 
estimated using the simp1 if ied methods for determination of wave force 
coefficients on circular piles. In determining the force contributions, 
only the depth-dependent orbital velocity of the wave was used to compute 
the inertial force component. The inertial load component was always 
significantly 1 arger than the quasi-steady hydrodynamic contribution using 
this method. These predicted loads are tabulated in Table 5.6-4 
identified as cases "bu. 

e. Cable Tension and Strenqth Margins 

The buoy load estimates were employed to estimate the cable tension 
due to the buoy and environmental conditions assumed. A single, 300 feet, 
1-5/8 inch IWRC wire rope catenary spring line was assumed at 5 Ib/ft. It 
was also assumed that both ends of the catenary were at the same depth of 
approximately 60 feet so that, with negligible cable drag load, the cable 
angle and tension were the same at either end. Cable tension and angle 
required to react the machinery buoy drag loads were then calculated and 
compared to the breaking strength for new wire ropes of 1-1/2 inch IWRC 
and 1-5/8 inch IWRC (a short length of 1-1/2 inch IWRC was used as a 
connecting element in the spring line). The results are presented as the 
last four columns in Table 5.6-4 where the tension values are also 
presented as a percentage of breaking strength for new wire rope. 



TABLE 5.6-4. LOAD AND CABLE TENSION RESULTS 

Case - 

Buoy 
Free % Break Strenqth 3 

Wave Board Load ' Hydro I n e r t i a l  Total  Ca b l  e Cable 1 112 in .  1 5/8 in. 
Height (ft] ( f t )  Assumption Load ( l b )  Load ( I b )  Load ( l b )  Tension ( l b )  Angle (deg) IWRC IWRC 

4 '1 8 H Only 4768 - 4768 4827 8.9 2.5 2.1 

4 0 H Only 491 0 - 491 0 4967 8.7 2.6 2.2 

4 0 H + I  2064 5709 7773 7809 5.5 4.1 3.5 

8 18 H Only 8005 - 8005 8040 5.4 4.2 3.6 

8 18 H + I  1938 11 524 13462 13483 3.2 7.1 5.6 

8 0 H Only 7662 - 7662 7699 5.6 4.1 3.4 

8 0 . H + l [  2064 141 05 161 69 161 86 2.7 8.5 7.2 

Notes: 1 H Only = Quasi-steady maximum hydrodynamic loads analysis 

H + I = Steady hydrodynamic + wave-driven i n e r t i a l  loads analysis 

2 Spring l i n e  depth equal a t  both ends, cable angles equal and measured down from hor izonta l .  

3 Break Strength - 1 112" IWRC = 190000 l b  

- 1 518" KWRC = 525000 l b  



f. Conclusions 

The most probable c o n d i t i o n  on the  day o f  t he  buoy l o s s  corresponds t o  
case l a  or 1b i n  Table 5.6-4. Even w i t h  t he  more conservat ive o f  t he  two 
methods f o r  es t ima t i ng  loads, t he  cable tens ion  due t o  t he  environment 
should have been no g rea te r  than  3.6 percent  o f  t he  breaking s t reng th  of a  
new 1-1/2 i n c h  s p r i n g  l i n e  element. Even i n  the  worst case p red i c ted  f o r  
t he  f o u r  f o o t  sea c o n d i t i o n  w i t h  t h e  f looded buoy, t h e  tens ion  was o n l y  
s l i g h t l y  g rea ter  than 4 percent o f  breaking st rength.  The r e s u l t s  f o r  
cases 3a and 3b i n d i c a t e  t h a t  t h e  system probably  surv ived  loads i n  t h e  
range of 4.2 t o  7.1 percent  breaking st rength,  i.e., 1.7 t o  2.0 t imes as 
high, dur ing  the  h igher  sea cond i t i ons  o f  11/15/81, f o u r  days p r i o r  t o  t h e  
buoy 1 oss. 

5.6.3 FORM4L POSITION OF THE GENERAL ELECTRIC COMPANY AS CURRENTLY FILED WITH THE 

INSURERS 

On November 1, 1982, General E l e c t r i c  t r ansmi t t ed  a  p o s i t i o n  paper t o  t he  

i n s u r e r s  s t a t i n g  a l l  t h e  background and r e l e v a n t  f a c t s  w i t h  respect  t o  t h e  

insurance c la im  f o r  the l o s t  buoy. Th i s  p o s i t i o n  paper, which was approved by 

G R I ,  has never f o r m a l l y  been addressed nor have t h e  p o i n t s  been accepted o r  

re fu ted  by the  insurers .  The o n l y  response came i n  a  t e l e x  on November 30, 1982 

when t h e  i n s u r e r s  again d i d  no t  accept or r e j e c t  our c l a im  bu t  s imply s a i d  t h a t  

". . . . . . GE has no t  t o  date submi t t e d  evidence t o  prove beyond a reasonable doubt 

t h a t  t h e  buoy was 1  os t  as a  r e s u l t  o f  an ex te rna l  cause. . . . . . ." I t  was a f t e r  

r e c e i p t  of t h i s  t e l e x  t h a t  General E l e c t r i c  advised G R I  t o  communicate d i r e c t l y  

w i t h  t h e  i nsu re rs  t h e i r  i n t e n t  t o  i n s t i t u t e  l e g a l  ac t i on  t o  recover t he  f u l l  va lue 

of the  insurance p l u s  associ ated compensatory damages. 

The f o l l o w i n g  s e c t i  on presents t h e  p o s i t i  on paper t h a t  General E l e c t r i c  f i l e d  

w i t h  the i nsu re rs  on November 1, 1982. 

5.6.3.1 P o s i t i o n  Paper on F i l e  w i t h  I nsu re rs  

"TO: Sedgwick Group L td .  November 1, 1982 
Sedgwick Of fshore Resources, London, England 

ATTN: Paul Riches/Simon Boxa l l  

RE: Gener 
Ke lp  : 

Pursuant 
re-statement  
o f f e r  t h e  f o  

1  E l e c t r i c  Company 
par Buoy - Los t  November 20, 1981 

t e l e x  f rom Ken F r a n c i s  (SMU&A) on 10/11/82 and 10/18/82 reques t ing  
t o  Underwr i te rs  o f  c l a i m  i n fo rma t i on  and probable cause o f  loss,  we 
1  owing: 



( a )  The buoy was l a s t  observed in place on Wednesday, 11/18/81 a t  8 a.m. by 
Mr. Bruce Baird, Chief of Marine Safety  (Senior Lifeguard), Ci ty  of Laguna 
Beach, Cal i fornia .  Mr. Baird s ta ted  t h a t  the buoy was not on s i t e  on 
Thursday, November 19, 1981. The buoy was a lso  reported missing t o  the  
Coast Guard on November 19, 1981 by Mr. Dennis Sull ivan.  Mr. Sull ivan i s  
a local res ident  of I rv ine ,  Ca l i fo rn ia  who has s t a ted  t h a t  he regu la r ly  
viewed the  buoy via  a spyglass through his l iv ing  room window. General 
E l ec t r i c  was not i f ied  on November 20, 1981 t h a t  the buoy was missing by 
Dr. Valrie Gerard of Cal-Tech. Dr. Gerard i s  a principal  experimenter who 
was conducting kelp biomass research w i t h  the aid of the  Kelp Spar Buoy. 
General E lec t r i c  was subsequently no t i f i ed  by the  Coast Guard t h a t  the  
buoy was reported missing by Mr. Dennis Sull ivan.  

Routi ne maintenance visits to  the  buoy were scheduled a t  seven t o  fourteen 
day in te rva l s .  Actual v i s i t s  were a function of weather conditions and 
needed maintenance actions.  During the two months p r io r  to  the  l o s s  of 
the buoy, maintenance v i s i t s  were made on 11/4, 10/22, 9/29, 9/19, and 
9/2/81. In addition t o  actual maintenance v i s i t s ,  the  buoy was rou t ine ly  
observed " i n  place1I by Cal-Tech personnel as pa r t  of t h e i r  experimentation 
a c t i v i t i e s .  

( b )  As s ta ted  above, the  s i te  of the buoy was v i s i t ed  by Cal-Tech personnel on 
November 20, 1981. Later t h a t  day, General E lec t r i c  personnel v i s i t ed  the  
s i t e  t o  confirm loss  and inspect  remaining mooring hardware. 

( c )  Documentation has been provi ded t o  Southern Marine and Aviation 
Underwriters Inc. verifying t h a t  the policy warranties as set f o r t h  i n  
Paragraph No. 10 of Cover Note 58531 have been complied w i t h .  These 
warrant i es are: 

10 ( a )  - That the United S t a t e s  Coast Guard i s  
notif  i ed and i n s t a l  1 a t i  on marked on 
navigation char ts .  

10 (b )  - London Salvage Association and/or 
Uni ted S t a t e s  Salvage Associ a t ion 
approve 1 ocati  on and arrangements. 

10 ( c )  - All United S t a t e s  Coast Guard reg- 
u la t ions  complied w i t h .  

General E l ec t r i c  Company again s t a t e s  t h a t  t he  above warranties as re1 ated 
t o  the insured Kelp Spar Buoy have been f u l l y  complied w i t h .  

(d )  General E lec t r i c  a l leges  and f irmly believes t h a t  the insured Kelp Spar 
Buoy was l o s t  due t o  'external  cause1.  This a l l ega t ion-has  c l e a r l y  been 
General E l e c t r i c ' s  posi t ion s ince  our December 2 ,  1981 meeting with 
Underwriters' representa t ive ,  Mr. R. McIntosh. Our posit ion i s  based on 
the  preponderance of evidence a t  hand, some of which i s  summarized below: 



( 1 )  Weather c o n d i t i o n s  a t  t h e  l o c a t i o n  o f  t h e  Ke lp  Spar Buoy were calm 
d u r i n g  t h e  p e r i o d  o f  t ime  f r om t h e  l a s t  maintenance v i s i t  (11/4 /81)  
and t h e  da te  t h e  buoy was r e p o r t e d  m iss i ng  (11/20/81). No storms 
were noted by  l o c a l  weather m o n i t o r i n g  s t a t i o n s .  Winds were no t  
excess ive,  and sea s t a t e s  (waves and c u r r e n t s )  were normal. More 
s p e c i f i c a l l y ,  weather and sea s t a t e  c o n d i t i o n s  were ve r y  calm between 
8 a.m. November 18, 1981 when t h e  buoy was observed b y  Mr .  Bruce 
B a i r d  and November 20, 1981 when Dr. Gerard noted t he  buoy miss ing .  
Cal-Tech personnel  were conduc t ing  exper iments i n  t h e  ocean ( a t  
l o c a t i o n s  o t h e r  than  t h e  Ke lp  Spar Buoy) d u r i n g  t h i s  pe r i od .  

( 2 )  Du r i ng  t h e  November 4 t h  maintenance v i s i t  t o  t h e  Ke lp  Spar Buoy, a  
complete above wate r  and below water  i n s p e c t i o n  was conducted. A1 1 
hardware down t o  t h e  depth o f  t h e  mooring sw i ve l  was inspected.  (The 
mooring sw i ve l  was t h e  p h y s i c a l  at tachment p o i n t  of t h e  buoy t o  t h e  
t h r e e  anchor legs.  ) A1 1 hardware was r e p o r t e d  normal. There was no 
evidence o f  equipment a b n o r m a l i t i e s  ( i  .e. t e a r s  o r  k i n k s  i n  t h e  
moor ing cables,  excess ive  wear a t  moving j o i n t s  o r  hardware 
c o r r o s i o n ) .  

The buoy was l o s t  when t h r e e  mooring cables par ted .  Two cables were 
1-1/211 i n  d iameter  and p a r t e d  near  t h e  mooring sw ive l ,  and one cab le  
was 1-5/8" i n  d iameter  and p a r t e d  near t h e  at tachment t o  t h e  anchor 
l i n e .  The system was designed t o  w i t hs tand  t h e  env i ronmenta l  loads 
imposed by a  f i f t y  year  s torm ( f o r t y  f o o t  waves and two kno t  
c u r r e n t s )  w i t h  o n l y  one o f  t h e  t h r e e  mooring cables i n t a c t .  That i s ,  
even if two o f  t h e  t h r e e  cab les  par ted,  t h e  system would s t i l l  be "on 
s t a t i o n "  ( b u t  w i t h i n  a  l a r g e r  watch c i r c l e )  w i t h  o n l y  one cab le  
i n t a c t .  Model t e s t s  were used t o  v e r i f y  t h i s  design. C l e a r l y ,  t h e r e  
was no weather c o n d i t i o n  approaching t h e  des ign cond i t i ons .  

( 4 )  V i sua l  i n s p e c t i o n  o f  t h e  t o r n  ends o f  t h e  recovered cab les  r e i n f o r c e  
t h e  v iew t h a t  an ou t s i de ,  e x t e r n a l  f o r c e  f a i l e d  t h e  cables.  

( 5 )  The buoy was f a b r i c a t e d  w i t h  foam f i l l e d  compartments i n  o rde r  t o  
p r o v i d e  excess buoyancy and assure f l o t a t i o n  i n  t h e  event t h a t  t h e  
i n t e r n a l  work space o f  t h e  buoy f i l l e d  w i t h  water.  I f  the  mooring 
cab les  p a r t e d  w i t h  no s p e c i f  i c a l  l y  a p p l i e d  e x t e r n a l  f o r c e  invo lved,  
t h e  buoy would be a d r i f t  i n  t h e  open ocean o r  beached somewhere on 
t h e  West Coast. I n  e i t h e r  event  a f t e r  t e n  months, a  s i g h t i n g  would 
p robab l y  have occurred.  (Two a e r i a l  searches s h o r t l y  a f t e r  t h e  
r e p o r t e d  l o s s  were conducted b y  General E l e c t r i c  - 11/21/81 and 
11/23/81 - w i t h  no s i g h t i n g s . )  However, i f  t he  cables p a r t e d  due t o  
an e x t e r n a l  f o r ce ,  t h a t  e x t e r n a l  f o r ce  would drag and submerge t he  
buoy and assoc ia ted  hardware. Submersion o f  t h e  assembly t o  a  
c r i t i c a l  depth c o u l d  have caused t h e  foam t o  c o l l a p s e  and 
subsequent ly  reduce t h e  rese rve  buoyancy. Water e n t e r i n g  t h e  
i n t e r n a l  work space would be s u f f i c i e n t  t o  s i n k  t he  buoy. 



(6 )  Extensive f a i lu re  analysis via detailed computer models, has shown 
that  only a large, dynamically applied external force impacting on 
the Kelp Spar Buoy could have caused f a i lu re  of f i r s t  one, then the 
other two, buoy mooring cables i n  sequence. Even in the unlikely 
event that  the upper part of the buoy (with the foam buoyancy 
chamber) separated from the 1 ower steel structure (with no buoyancy) 
such that  the steel structure was f ree  fa1 1 i ng, the one and one-half 
inch cable would not f ai 1. Even if the force generated by t h i s  f r e e  . 

f a l l i ng  body was instantaneously applied to  only one of the three 
cables ( a  physical impossibility), the cable would not f a i l .  
Further, i f  the system did separate, the f loat ing upper part w i t h  the 
foam buoyancy chambers would be adr i f t  in the ocean and would have 
been sighted. 

( 7 )  The probability of a 1 arge vessel colliding w i t h  the Kelp Spar Buoy 
and/or entangling with one or more of the three mooring l ines  i s  very 
real .  Extremely 1 arge vessels have been sighted in the general area 
of the buoy, and i t  i s  conceivable that  submarines have also passed 
nearby due to the close proximity of the Naval Base in San Diego. 

Mr. Dennis Sullivan, the private ci t izen who reported the buoy 
missing, ( r e fe r  to  item ( a )  above), has stated that  during the week 
in and around the disappearance of the buoy, a large cable laying 
vessel was sighted in the area of the buoy. In general, a l l  of the 
members of General Elec t r ic ' s  team who have been involved in 
experimentation on the Kelp Spar Buoy have, on occasion, sighted 
large cargo vessels, tankers, and work boats in the general area of 
the buoy. 

Although the exact form of the "external cause1' can never be specif ical ly  
ident i f ied,  the preponderance of evidence clear ly supports an external 
force as the cause of loss of the Kelp Spar Buoy. I t  i s  General 
Elec t r ic ' s  belief that  the external force was applied by a large tanker or 
by a large submarine. 

General Electr ic  i s  agreeable to having Underwriters conduct tes t ing of the 
recovered cables. I t  i s  understood that  the cost of t h i s  tes t ing will be borne by 
Underwriters. General Electr ic  must caution Underwriters that  the cables have 
been out of the water fo r  over ten months, and i t  i s  questionable tha t  
metallurgical tes t ing of the b i t t e r  ends and/or strand-by-strand analysis of 
fa i led  sections will be useful. A t  t h i s  point, t ens i le  t e s t s  appear to be the 
only useful procedure to employ. In any event, whatever procedures Underwriters 
decide t o  employ, i t  must be clear ly stated, and agreed to  by - a l l  pa r t i e s ,  as to  
how and against what c r i  t e r i  a the resul t s  of these t e s t s  wi 11 be used in respect 
to General Elec t r ic ' s  claim. Cable tes t ing i s  destructive in nature, and evidence 
will be consumed as part  of the tes t s .  General Electr ic  must have assurance from 
al l  of the Underwriters and insurance companies involved i n  Cover Note 58531 that  
the resul ts  will be accepted in determining whether our loss was due to  external 
cause. 

General Electr ic  and our customer, the Gas Research Ins t i tu te ,  are anxious to  
resolve t h i s  matter as expeditiously as possible, and our e f for t s  over the past 
ten months have been clear ly supportive of t h i s  desire. Upon receipt of t h i s  
telex, we will expect a clear and defini t ive statement as to  Underwriters position 
in th i s  matter." 





ACHIEVEMENTS, PROBLEMS AND CONCLUSIONS 









7 MAJOR TECHNICAL PROBLEMS 

Problems relat ing to  the overall operation of the Marine Biomass Program and 

corrective actions which ei ther  have been or will be taken are summarized within. 

a. The second experimental attempt to  measure biomass production and yield in 
the hemidome located a t  Santa Catalina Island was frustrated by extensive 
disease problems which were exacerbated by warm summertime temperatures. 

Canopy density declined s teadi ly due to  reduction of frond ini t ia t ion.  
Sumertime canopy losses are also common in natural kelp beds. The 
application of f e r t i l i z e r  helped to  some extent, and i t  was suggested 
tha t  further work in t h i s  area may al leviate  the extensive kelp losses 
that  occur during t h i s  warm period. 

b. Experimentation i n  the hemidome was abruptly terminated by a storm-caused 
tear  in the bag l a t e  i n  October. Continued storm-related problems 
throughout the l a t e  f a l l  and early winter of 1982, exacerbated by fat igue 
of submerged pump parts that  had been in continuous use for  nearly a year, 
brought on a decision l a t e  i n  1982 for  cessation of experimental work a t  
the hemi dome. The hemidome data was evaluated and a revised program was 
in i t ia ted .  The revised program was designed to  circumvent the deleterious 
enclosure effects  observed in the f i r s t  experiment by running shorter 
t e s t s  emphasizing the collection of physiological response rather than 
yield data. 





8 CONCLUSIONS 

As can be seen from the findings previously discussed in this report, marine 
farming is a complex, multi-discipl ined undertaking. The researchers who have 
contributed to this work program have, through their efforts, developed the means 
with which to address the many unanswered questions within the program. 

The year 1982 represented a milestone for the Marine Biomass Program. Kelp 

yield data was obtained from four harvests at the Goleta Nearshore Test Facility. 
The Catalina Test Facility was installed and operated, yielding key data on 
nutrient utilization and light effects. 

In support of the central objective of obtaining measurements of harvestable 

yield from adult plants, a significant body of supplementary data was derived from 
both test facilities. This included: evaluation of the growth capabilities of 

individual plants with subsequent identification and selection of high yielding 
plants; insight into the relationship between kelp productivity, water 

temperature, solar radiation and nutrition; successful demonstration of planting 
techniques that can be developed into high rate planting systems; determination of 
effects of pulse versus continuous fertilization of kelp; and critical preliminary 

data on the effect of nutritional history on tissue levels of the highly 

biodegradable kelp constituent mannitol. The data base was incorporated into a 
comprehensive system specification which was submitted for independent cost 

estimation. As a result of the 1982 work, the Gas Research Institute was provided 
with a credible bottom line cost for the production of methane from kelp obtained 

in nearshore commercial cultivation systems. 

A corollary product of the research was the identification of system 
sensitivities and their potential impacts on commercial production of methane. 
Identification of subsystem sensitivities and their resultant gas cost impacts has 
given GRI a solid basis for prioritization of future research expenditures in 
system development. The results of the economic study were used directly to 
provide the foundation for the 1983 program which has the objective of testing and 
refining key technical assumptions which were used in development of system 
economics. 





9. WORK PLAN FOR 1983 





9 WORK PLAN FOR 1983 

As shown in the previous sections, significant progress was made during 1982 

toward the objective of determining the technical and economical feasibility of 
producing methane from kelp. It is evident, however, that additional work is 
necessary to verify and supplement the yield and productivity data obtained during 
the current year. 

A major goal, therefore, during 1983 will be to verify the yield results 
obtained in 1981-1982, as well as to demonstrate how kelp yield might be enhanced 
by cultivation. 

In addition to the yield verification and enhanced cultivation tasks, a 

computer-based model wi 11  be developed integrating physiological functions in 
Macrocystis that are critical to productivity and yield. This mathematical model 
should predict yields for various site locations and seasons, harvest frequencies 
and modes, planting depths, planting densities, and fertilization schedules. 

Listed below are the major areas of endeavor which are to be advanced during 
the 1983 Contract Period: 

9.1 YIELD AND BIOLOGICAL STUDIES - CALIFORNIA INSTITUTE OF TECHNOLOGY 
a. Field Work Supporting Modeling 

1. Activities 

(a) Objective - Assess effects of biomass density and depth on kelp 
productivity and yield to provide detai led information needed for 
model development. 

(b) Descri tion - Measure 1 ight, temperature, tissue composition, 
&h rates, in situ photosynthesis and respiration, plant 
size, frond initiati-mortality, and hapteral growth among 
three groups of kelp transplants moored at two depths and in two 
density configurations. 

b. Mathematical Modeling 

1. Activities 

(a) - Objective - Develop a computer-based model integrating 
p h y s m i c a l  functions in Macroc stis that are critical to 
productivity and yield. The -* mo e s ould predict yields for 
various site locations and seasons, harvest frequencies and 
modes, planting depths, planting densities, and fertilizing 
schedules. 



(b) Descri tion - Compute inputs for photosynthesis, respiration, 
n*take, and tran,slocation to kelp plant growth, taking 
account of tissue type, tissue location, plant size, and 
environmental factors (1 ight, temperature, ambient nutrients, 
water movement, depth, day length, and surrounding plant 
density) . Simul ate a variety of harvesting and regrowth cycles. 

c. Laboratory Studies 

1. Activities 

(a) Objective - Study kelp nutrition, photosynthesis, respiration, 
and factors affecting the chemical composition as needed for 
model development, supplementing and clarifying field data. 
Continue studies of kelp photosynthesis, respiration, and 
nutrition, adding to similar work from the preceding year. 
Processing samples from field studies. 

9.2 KELP BIOMASS PRODUCTION - NEUSHUL MARICULTURE INCORPORATED 
a. Yield Verification and Enhancement Studies 

1. Activities 

(a) Monitor the growth and frond production of sample kelp plants 
grown on planting lines in densities of: 

(b) Fertilize the one-half acre verification plot when needed. 

(c) Plant 300 kelp plants in rows on the enhanced-yield plot, and 
hand-harvest alternate rows of kelp every six weeks. 

(d) Fert i 1 ize the one-half acre enhanced-yield plot when needed. 

b. Farm Maintenance 

1. Activities 

(a) Maintain line and perform farm protection work; involving weekly 
survey dives and inspection of anchors, 1 ine-terminations and 
fastenings. 

(b) Perform farm planting-1 ine management and surveys, checking for 
abrasion, pl ant-tang1 ing, sloughing, grazing-damage and general 
plant health. 

(c) Maintain farming equipment 

- Work-boat maintenance, painting, cleaning and routine repairs, 
and safety equipment maintenance. 



- Harvester maintenance, anti-rust lubrication, and safety 
equipment checks. 

- Pier and greenhouse facility maintenance, pipe cleanouts, pump 
checkouts, storage tank cleanouts and general maintenance and 
repair. 

- Laboratory and fabrication-facility maintenance. 
(d) Maintain diving equipment, compressor, air-tank, and regulator 

maintenance and checkouts. 

c. Environmental Monitoring - 
1. Activities .. 

Continue to make weekly and daily measurements of major 
environmental variables at the farm site. 

Instal 1, test, and operate an automated environmental monitoring 
system that will collect data and store it on a micro-computer 
disc for incorporation into the overall project data-base. 

Continue to make plots of environmental conditions for each of 
the four growing periods. 

Periodically measure the light levels in the farm. 

Document the Chinese method of farm fertilization with 
measurements of fertilizer levels, residence time and dispersion. 

d. International Coo~erative Proaram 

1. Activities 

(a) Foreign Technology Assessment 

(1) Host avisit to theNMI farmandfacilities, and to the 
Marine Botany Laboratory at the University of California, 
Santa Barbara, by members of the Japanese Marine Biomass 
Program. 

(2) Attend the World Mariculture Society meetings, Washington, 
D.C.) and present paper on kelp growth and yield. 

(3) Attend the International Seaweed Symposium Quingdao, China 
and present paper on the effects of light on kelp growth and 
yield. Visit Chinese marine biomass farms and support 
facilities. 

(b) Foreign Techno1 ogy Exchange 

(1) Work with Professor X.G. Fei through May 1983 on kelp 
photomorphogenesis. 



( 2 )  Develop a program with Cao Shuli of the Yellow Seas 
Fisheries Research Institute, on kelp gametophyte 
cultivation, cooperatively with the UCSB Marine Botany 
Laboratory. 

( 3 )  Host a visit by Dr. Y. Sanbonsuga of the Hokkaido Regional 
Research Laboratories, Japan. 


