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This cons t i t u tes  the F ina l  Report o f  work performed on the Marine Biomass Program 
by the General E l e c t r i c  Company and i t s  associates f o r  the  Gas Research I n s t i t u t e .  

An overview o f  work performed from 1976 through 1982 i s  provided as background f o r  
a de ta i l ed  discussion o f  the research and development tasks performed du r ing  1983. 
The background sec t ion  discusses previous major program a c t i v i t i e s  such as the 
Offshore Test Platform, Nearshore Test Farm p r o j e c t  a t  Goleta, and the  Hemidone 
experiment. A1 so discussed i n  t h i s  sect ion are the  anaerobic process development 
and anaerobic mic rob io log ica l  research tasks. A l i s t  o f  a l l  s i g n i f i c a n t  program 
pub l i ca t i ons  i s  given. 

A1 so provided i n  t h i s  F ina l  Report a re  d e t a i l e d  progress repor ts  on the 1983 
p ro jec ts  which inc lude the  development o f  a comprehensive Kelp Farm Model. 
This  work was performed by the C a l i f o r n i a  I n s t i t u t e  o f  Technology and Scripps 
I n s t i t u t i o n  o f  Oceanography under the  d i r e c t i o n  o f  the General E l e c t r i c  Company. 
This  sec t ion  discusses research tasks i n  k e l p  physiology t h a t  were performed i n  
order  t o  prov ide d e t a i l e d  i npu ts  f o r  the  model as w e l l  as d iscussing the  r a t i o n a l e  
f o r  cons t ruc t ion  o f  the comprehensive model. 

Marine Biomass, Kelp Farming, Methane from Marine Biomass, Nearshore Test Farm, 

Hemi dome, Anaerobic Digestion, Macrocys t i  s pyri fera 

Methane from Marine Biomass, Kelp Farming System Analysis, Kelp Farm Model 
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Advanced Energy Programs Department 

G R I  Contract Number: 5081-323-0452 

A.N. Tompkins 
Marine Biomass Program Manager 

Apri  1 1981 -Apr i  1 1984 
F ina l  Report 

To ob ta in  measurements o f  harvestabl e y i e l  d from adul t 
k e l p  p lan ts  under na tu ra l  as we l l  as a r t i f i c i a l l y  induced 
environmental cond i t ions  and t o  u t i l i z e  t h i s  data t o  
d e t e m i  ne the  commercial f e a s i b i l  i t y  o f  producing methane 
from a nearshore k e l p  farm. 

Kel p y i e l  d data from nearshore t e s t  f a c i l  i t i e s ,  together  
w i t h  associated data f o r  economic analys is ,  would a l l ow  
G R I  t o  assess the  p o t e n t i a l  o f  methane from marine 
biomass aga ins t  o ther  biomass p ro jec ts  and subsequently 
t o  determine whether there  was m e r i t  i n  cont inu ing  w i t h  
the  i n v e s t i g a t i o n  o f  the  o v e r a l l  marine biomass concept. 

Through ana lys is  o f  d e t a i l e d  s c i e n t i f i c  and engineering 
data, using conservat ive pro jec t ions ,  the resul  t s  o f  the  
Marine Biomass Program i n d i c a t e  t h a t  product ion of 
methane from Macrocyst is p y r i  f e ra  on commercial s ized 
farms i s  t e c h n i c a l l y  m s i b l e .  

Pro jec t ions  of product cos t  us ing  s ta te-o f - the-ar t  
product ion techno1 ogy ($1 3.50/MMBTU) as we1 1 as us ing 
reasonably o p t i m i s t i c  ext rapol  a t ions  o f  cu r ren t  
technology ($6.00/MMBTU) i n d i c a t e  t h a t  the c o s t  o f  gas 
produced on the commercial fawn conceptual ized would be 
h igher  than t h a t  produced from cu r ren t  convent ional 
product ion sources bu t  po ten t i a l  l y  compet i t ive w i t h  o ther  
sources o f  s u b s t i t u t e  na tura l  gas o r  unconventional 
na tura l  gas. 

System and product c o s t  can be reduced by u t i l i z a t i o n  o f  
improved methods o f  feedstock, product ion (genet ic  
se lec t i on )  and methane conversion (d iges t i on  system 
design). 

I n  a business and f inanc ing  sense, methane from k e l p  
systems may a1 so be more r a p i d l y  commercialized if 
by-product and co-product recovery are incorporated i n t o  
the system concept. Such systems may have an important  
r o l e  i n  c o m e r c i a l i z a t i o n  o f  f i r s t  o f  a k ind  f a c i l i t i e s  



Technical 
Approach 

P r o j e c t  
Imp1 i c a t i o n s  

through reducing c o s t  r i sks .  Improvements i n  such a 
f a c i l i t y  can then l ead  t o  second generat ion f a c i l i t i e s  
dedicated s o l e l y  t o  pipe1 i ne gas production. 

A major unknown i n  a1 1 p ro jec t i ons  i s  caused by the  f a c t  
t h a t  a l l  s tud ies  have been performed w i t h  w i l d  p lan ts .  
This  f a c t o r  has forced excessive conservatism on the  
e n t i r e  concept. For  example, improvement o f  crop y i e l d  
as func t ions  o f  p l a n t i n g  and harves t ing  st rategy,  var ious 
n u t r i e n t  management techniques, and the  p o s i t i v e  e f f e c t s  
o f  h y b r i d i z a t i o n  and genet ic  s e l e c t i o n  coul d n o t  be 
reasonably assessed. Any one o f  the  above parameters 
cou ld  have major upward impact on y i e l d  w i t h  consequent 
reduc t ion  i n  cost. Addi t i o n a l  ly, the  impact o f  genet ic  
se lec t i on  on p l a n t  morphologies b e t t e r  s u i t e d  from our  
engineering p o i n t  o f  view could lower farm costs 
dramat ica l ly .  The combined r e s u l t  o f  op t im iza t i on  o f  a l l  
o f  these parameters may we l l  y i e l d  a c o s t  compet i t ive 
system. 

The 1983 Marine Biomass Program had the major o b j e c t i v e  
o f  completing the  s p e c i f i c a t i o n s  which were used as the  
bas is  f o r  the Economic and Systems Assessment o f  the  

  he Ralph M. Parsons Co. under d i r e c t  con t rac t  to- GRI .  
Supporting data f o r  the  study was prepared and submitted 
t o  R.M. Parsons by the General E l e c t r i c  Company and i t s  
sub-contractors. The GE work i n  t h i s  area included: 

- System concept development 

- Preparat ion o f  speci f i c a t i o n s  

- I n t e g r a t i o n  o f  Parsons' a c t i v i t i e s  w i t h  o ther  Marine 
Biomass Program p a r t i c i p a n t s  and 

- Review and fol low-up o f  the  System Study 

I n  a d d i t i o n  t o  d i r e c t  support o f  the  System Study, GE 
provided technical  d i r e c t i o n  t o  the  Cal i f o r n i a  I n s t i t u t e  
o f  Techno1 ogy (CIT) and Neushul Mar icu l  t u r e  Incorporated 
(NMI) i n  support o f  k e l p  y i e l d  studies. (NMI was under 
d i r e c t  con t rac t  t o  GE through A p r i l  1983 a f t e r  which t ime 
NMI contracted d i r e c t l y  w i t h  G R I  ) . Anaerobic d iges t i on  
research was conducted a t  a minimal l e v e l  by GE. Other 
anaerobic d iges t ion  work dur ing  1983 was performed by the  
I n s t i t u t e  o f  Gas Technology under d i r e c t  c o n t r a c t  t o  GRI .  

The Marine Biomass Program, focused o r i g i n a l l y  on the  
kelp, Macrocystis, was the  f i r s t  major biomass t o  methane 
p r o j e c t  f o r  the Gas Research I n s t i t u t e .  It was i n i t i a t e d  
dur ing  a per iod  o f  unce r ta in t y  about gas suppl ies,  and 



was managed w i t h  an engineering perspect ive o f  producing 
near-term gas suppl ies.  During t h i s  time, i t  became 
increas ing ly  c l  ear t h a t  unconventional geol og ica l  sources 
o f  gas cou ld  f i l l  the vo id  between dep le t ion  o f  known 
convent ional reserves and a need f o r  s u b s t i t u t e  na tura l  
gas. Concurrent w i t h  t h i s  growing awareness was a b e t t e r  
understanding o f  the  tremendous need f o r  a b i o l o g i c a l  
approach t o  k e l p  biomass product ion and conversion, 
r a t h e r  than s t r i c t l y  an engineering approach. 

A1 though e a r l y  experiments encountered engineering 
problems, a tremendous amount o f  in fo rmat ion  was 
developed f o r  k e l  p. This  i nformation has subsequently 
been pub1 ished i n  some o f  the most prest igous i n t e r -  
na t iona l  s c i e n t i f i c  and engineer i  ng j ou rna l  s, a f t e r  
approval by r igorous  peer review. 

The major accompl ishment o f  the k e l p  program, from an 
i ndus t r y  p o i n t  o f  view has been a b e t t e r  understanding o f  
systems f e a s i b i l  i ty .  Actual successful y i e l d  and farm 
experiments, as wel l  as anaerobic d iges t i on  and 
engineering process designs have been used t o  est imate 
p i p e l i n e  qua1 i t y  gas costs from ke l  p. These s tud ies  now 
i n d i c a t e  t h a t  p r i c e  compet i t ive methane from k e l p  may be 
achievable w i t h  rea l  i s t i c  improvements i n  k e l p  c u l t i v a t i o n  
and bioconversion. Such systems may be poss ib le  w i t h  
k e l p  y i e l d s  ranging from 15-23 dry ash f r e e  tons/acre/yr 
and methane y i e l  ds o f  5.6-6.5 SCF/pound o f  vol a t i 1  e 
sol  i d s  added. Some o f  these goals have a1 ready been 
accompl ished i n  small experimental studies. 

The GRI Biomass Program has s h i f t e d  t o  a focus on l and  
based crops such as sorghum o r  nap ier  grass, as a s t rong 
a g r i c u l t u r a l  i n f r a s t r u c t u r e  a1 ready e x i s t s  f o r  t h e i r  
commercial i za t i on .  Analyses o f  the  marine systems 
s tud ies  have i nd i ca ted  a s t rong p o t e n t i a l  o f  a1 gal 
breeding and se lec t i on  f o r  inc reas ing  y i e l d s  and reducing 
farm engineering costs. Accordingly, the ke lp  biomass 
program has been redi rected,  reduced i n  scope, and 
t r a n s i  t ioned w i  t h  G R I  ' s  1 ong term biomass goal s, where 
the  emphasis w i l l  be on app l i ca t i ons  o f  b iotechnologies 
f o r  k e l p  t o  methane system improvenents. 



1.1 Overal l  P r o j e c t  Qbject ive 

The ove ra l l  ob jec t i ve  o f  the G R I  Marine Biomass P r o j e c t  

i s  t o  de f ine  i n teg ra ted  processes, i n c l  ud i  ng feedstock production, harvest ing, 

and conversion, t o  produce methane from seaweed i n  nearshore systems t h a t  a re  

cost-compet i t ive on a commercial bas is  w i t h  o ther  a l t e r n a t i v e  sources of 

energy. The techn ica l ,  economic and energy requirements o f  a prototype 

c o m e r c i a l  product ion system a re  t o  be determined so t h a t  t he  f e a s i b i l  i t y  o f  

producing cost-compet i t ive methane from nearshore marine biomass farms can be 

fu l  l y  establ  ished. 
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2. SUMMARY OF ALL WORK PREVIOUSLY PERFORMED 

The ob jec t i ve  o f  the Marine Biomass Program s ince i t s  i ncep t i on  has been 

t o  determine the technical  and economical f e a s i b i l i t y  o f  commercial product ion 

o f  nethane from marine biomass. A key element i n  developing the necessary 

data base f o r  c r e d i b l e  cos t  es t imat ion  was the  a b i l i t y  t o  determine the 

sustained y i e l d  from a managed k e l p  crop. This  data was n o t  a v a i l a b l e  on 

l a r g e  scale k e l p  stands. Previous e f f o r t s  had been conf ined t o  the  measure- 

ment o f  s i n g l e  p l a n t  growth. I t  was n o t  c e r t a i n  t h a t  s ing le  p l a n t  growth data 

coul d be unquestionably ex t rapo la ted  t o  p r e d i c t  y i e l d s  from 1 arge, managed 

stands. I n  add i t ion ,  o the r  q u a n t i t a t i v e  data had t o  be developed i n  the areas 

o f  n u t r i t i o n ,  (chemical and photosynthet ic requirements) , harvest ing, 

p lan t ing ,  o ther  elements o f  crop management and i n  conversion o f  feedstock 

i n t o  methane. As a1 1 o f  the  above data i s  i n t e r r e l a t e d ,  i t  was f e l t  by G R I  

and the General E l e c t r i c  Company t h a t  a systems ana lys is  approach was 

mandatory i n  order  t o  i n t e g r a t e  the  many 1 i nes  o f  research; t o  prov ide o rde r l y  

a c q u i s i t i o n  and u t i l i z a t i o n  o f  the data and t o  prov ide e f f e c t i v e  management o f  

budgets and schedules. A p re l  iminary systems study was performed e a r l y  i n  the  

program i n  order  t o  meet the  above object ives.  

The i n i t i a l  t h r u s t  o f  t he  program was t o  determine k e l p  y i e l d  and 

n u t r i t i o n a l  requirements on an o f fshore  t e s t  p la t fo rm (OSTP) which was moored 

approximately 5 m i l es  o f f  t he  C a l i f o r n i a  coast. Nu t r i en ts  were provided by 

a r t i f i c i a l  upwel l ing  from a 1500 f o o t  depth v ia  a f l e x i b l e  pipe. The t e s t  

p la t fo rm i s  shown i n  F igure 2-1. 

I n  para1 l e l  t o  the y i e l  d and n u t r i t i o n  study, work was being performed on 

anaerobic d igest ion.  This  work addressed the  c r i t i c a l  in fo rmat ion  needed fo r  

optimum design and operat ion o f  the basic  d iges t i on  system as we l l  as those 

elements associated w i t h  feedstock processing, both pre and pos t  d igest ion.  

The output  from these tasks inc luded data on n u t r i e n t ,  temperature and r a t e  

requirements f o r  bes t  d iges t ion  as we l l  as an examination o f  the  mechanical 
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and energy requirements f o r  feedstock prepara t ion  and post  d iges t i on  treatment 

and res idue disposal.  No e f f o r t  was expended on development o f  methane 

clean-up and compression techniques as these have been ex tens ive ly  s tudied by 

others. 

I n  1 i g h t  o f  the  data from the  OSTP, i t  was decided t o  pursue the y i e l d  

in format ion  v i a  two p a r a l l e l  s tudies.  One study inves t iga ted  y i e l d  under 

con t ro l  1 ed n u t r i t i o n  cond i t ions .  Th is  was conducted i n  a ke l  p containment 

device r e f e r r e d  t o  as t h e  Hemidone (F igure  2 -2 ) -  The Hemidome was used t o  

moni tor  t he  growth and y i e l d  o f  50 k e l p  p lan ts .  The p l a n t s  were i s o l a t e d  from 

t h e  ambient environment by the  t e s t  apparatus. Use o f  t h e  Hemidone al lowed 

c lose  moni to r ing  o f  t h e  i n p u t  and output  o f  n u t r i e n t s  and photosynthet ic  

a c t i v i t y  as we1 1 as a1 lowing p a r t i a l  c o n t r o l  o f  the temperature envi ronment. 

The Hemidow was i n s t a l l e d  and operated a t  Cata l ina  Is land.  

A second y i e l d  experiment had the  o b j e c t i v e  o f  determining y i e l d  from a 

l a r g e  number o f  p l a n t s  (7OQ), maintained i n  a nearshore envi  ronment, under 

sa tura ted n u t r i e n t  cond i t i ons  (F igu re  2-3). Th is  group o f  p l a n t s  was n o t  

enclosed. Associated support ing experiments on k e l p  physiology and 

c u l t i v a t i o n  were conducted i n  the  l abo ra to ry .  A1 so du r ing  t h i s  period, the 

program proceeded t o  develop anaerobic d i g e s t i o n  process design data. The 

process design a c t i v i t y  was an extension o f  t he  previous d i g e s t i o n  research 

and process devel opment pro jec ts .  



Figure 2-2. The Hemidome 
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F igure  2-3. Goleta T e s t  Farm Layout and Substrate  



H i  ghl i g h t s  o f  Key Results Obtained During the  1976-1 982 Programs 

A. Kelp Growth and N u t r i t i o n  

OSTP Studies 

Data provided by the OSTP showed t h a t  the  r e q u i s i t e  y i e l  d 

in fo rmat ion  cou ld  on l y  be obtained o f fshore  i f  a t e s t  p l a t f o r m  o f  

very l a r g e  dimensions was used, probably on the order  o f  one o r  

more acres. (The OSTP was l e s s  than 0.2 acres i n  area. ) The 

la rge-s ize  requirement was forced by the  i n t e r a c t i o n  o f  o f fshore  

cur ren ts  and 1 i g h t  w i t h  the  n u t r i t i o n a l  needs o f  t he  p lants.  

These negat ive envf ronmental impacts on the OST P were nagni f i e d  

by the small s i z e  o f  the fawn. Nu t r i en ts  cou ld  n o t  be dispersed 

evenly, and ambient cur ren ts  p u l l e d  the p lan ts  down, thus 

s i g n i f i c a n t l y  reducing ambient l i g h t .  I n  a much l a r g e r  farm, 

these i n t e r a c t i o n s  would have represented on ly  edge e f f e c t s  and 

affected on ly  a small p o r t i o n  o f  the  p lan ted  area. I n  the  case 

o f  the small, unenclosed p lat foni t ,  however, the e n t i r e  p lan ted  

area represented an edge. En1 argement o r  enclosure o f .  the 

o f f sho re  t e s t  p la t fo rm was n o t  f eas ib le  due t o  cos t  cons t ra in ts .  

Therefore, i t  was decided t o  pursue a l t e r n a t e  methods o f  

devel oping the  c r i t i c a l  y i e l  d data. 

S i g n i f i c a n t  r e s u l t s  from the OSTP experiment inc luded the  

observat ions tha t :  

Kelp can grow and reproduce on an o f fshore  s t ruc tu re  given an 

adequate n u t r i e n t  environment and t h a t  s u r v i v a b i l  i ty o f  j u v e n i l e  

k e l p  on the  OSTP exceeded t h a t  o f  j uven i l es  i n  na tura l  beds. 

Oceanographic s tud ies  t h a t  were associated w i t h  the  OSTP 

experiment l e d  t o  s i g n i f i c a n t  c o s t  reduct ions i n  the pro jec ted  

system costs. The oceanographic data showed t h a t  upwel l ing  depth 

cou ld  be ra i sed  from 1500' t o  300' f o r  a commercial o f fshore  farm. 



2. Kelp Physiology Studies 

S i g n i f i c a n t  phys io log ica l  f i nd ings  acquired dur ing t h i s  per iod  

i n c l  uded determinat ion o f  the n i t rogen budget o f  Macrocysti s. 

This in fo rmat ion  al lowed the systems analysts t o  more accurate ly  

p r e d i c t  the  ni nimum n i  t rogen 1 eve1 s t h a t  were needed f o r  a c t i  ve 

p l a n t  growth. The data had major impact on reducing cos t  

requirements f o r  f u t u r e  experimental s tud ies  as we l l  as f o r  

reducing the  pro jec ted  product  cos ts  i n  commerci a1 farms. 

It was a l so  found, dur ing  t h i s  period, t h a t  n u t r i e n t  uptake ra tes  

i n  the  p lan ts  were s i g n i f i c a n t l y  decreased as a func t i on  o f  

depth. P l a n t  t i ssue  a t  30 f t  depth has 40% o f  the  n i t rogen 

uptake r a t e  o f  p lan ts  a t  the surface. This in fo rmat ion  was the 

f i r s t  obtained t h a t  provided a r a t i o n a l e  f o r  s e l e c t i o n  o f  

permissi  b l e  n u t r i e n t  and cu r ren t  environments i n  a managed farm. 

3. Kelp Engineering Studies 

In support of preparat ion of the  systems ana lys is  spec i f i ca t i on ,  

a number o f  t e s t s  were performed i n  o rder  t o  de temine.var ious  

physical  o r  engineering parameters o f  k e l p  p lants.  These s tud ies  

inc luded measurements o f  buoyancy and drag o f  i n d i v i d u a l  ke l  p  

p lan ts  as we1 1 as the hor izonta l  forces t h a t  would be requ i red  t o  

d is lodge p lan ts  o f  var ious sizes. These values were determined 

as funct ions o f  p l a n t  density,  length  and p l a n t i n g  depth. 

Buoyancy was re1 ated t o  cumul a t i  ve submerged f rond 1 ength 

(ca lcu la ted  from the  f rond s i ze  d i s t r i b u t i o n )  a t  s i x  p l a n t i n g  

depths f o r  t y p i c a l  p lan ts  (u 6-10 fronds).  The r e l a t i o n s h i p  

between buoyancy and submerged f rond l eng th  was found t o  be Y = 

0.3 + 0.005 X (where Y = buoyancy and X = f rond l e n g t h )  i .e. each 

foot  o f  Macrocyst is f rond l eng th  has approximately 0.005 l b  o f  

buoyant force. Drag o f  whole p l a n t s  was determined by means o f  

tow t e s t i n g  a t  sea. The r e l a t i o n s h i p  between drag and c u r r e n t  

v e l o c i t y  i s  shown graphical l y  i n  F igure  2-4. Subsequent buoyancy 

and drag measurements 'were made on instrumented p lants,  i n  place, 

a t  the Offshore Test Platform. The measurement techniques were 
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more r e f i n e d  than those described above, however, the r e s u l t s  

were i n  subs tant ia l  agreement. De ta i l ed  descr ip t ions  o f  these 

a c t i v i t i e s  can be found i n  the General E l e c t r i c  Program 

Informat ion Releases; U-1 K8-81-91-661, "Buoyancy Measurements on 

Macrocyst is p y r i  fe ra"  by John McGi nn, 1 O/8/8l; and 

U-F03-80-91-635, "Experiments w i t h  E l a s t i c  Tethers and Damping 

P la te "  by John McGinn, 5/20/80; and i n  "System Funct ional  

Requirements and Spec i f i ca t i on  f o r  a Nearshore Kelp t o  SNG 

Product ion F a c i l  i t y "  - Revision A, t h a t  the General E l e c t r f c  

Company prepared f o r  the  Gas Research I n s t i t u t e ,  October 8, 1982. 

The output  o f  these tasks was used i n  p rov id ing  design parameters 

f o r  the  Parsons/GRI Nearshore System Analys is  and was extremely 

valuable i n  d e f i n i n g  c r i t i c a l  system design requirements f o r  

the  p lan  ti ng subsys tern. Add i t iona l  s tud i  es d e t e m i  ned the  

n e t  longshore c u r r e n t  ( d l  Km/day) i n  an average dens i ty  
2 (1  -5 fronds/m ) k e l p  fo res t ,  ib id . ,  and the ho ld ing  power o f  

Macrocyst is ho ld fas ts  i n  sandy bottom. I n  the  l a t t e r  study, i t  

was found t h a t  the  fo rce  requ i red  t o  d is lodge the  h o l d f a s t  from 

the bottom ranged from a low o f  10 1 bs f o r  a 7 f rond p l a n t  t o  

more than 220 l b s  f o r  36 f rond p lants.  F igure 2-5 shows the 

r e l a t i o n s h i p  between p l a n t  s i ze  and the  ho r i zon ta l  f o rce  requ i red  

t o  dislodge the  ho ld fas t .  Also shown i s  the maximum hydrodynamic 

drag pro jec ted  f o r  the  systems ana lys is  design condi t ions.  This 

data was extremely valuable i n  t h a t  i t  al lowed s i g n i f i c a n t  

reduc t ion  i n  p ro jec ted  system cos ts  by s h i f t i n g  the  anchoring 

requi  rement f o r  adul t p l  ants from the system hardware t o  the 

p lan t .  The est imated requirement f o r  p l a n t  anchor s i z e  used - 
i n  the  form was there fore  reduced from 230 l b s / p l a n t  t o  

w10  1 b /p lan t  due t o  the  a c q u i s i t i o n  o f  t h i s  data. Note t h a t  on 

Figure 2-5, the  maximum hydrodynamic drag est imated t o  be 

experienced by a 200 f rond p l a n t  dur ing  20 f t  seas a t  a 20 second 

pe r iod  i s  ~ 2 0  lbs ,  w h i l e  a ho r i zon ta l  fo rce  o f  ~ 5 0  1 bs i s  

requ i red  t o  d is lodge the ho ld fas t .  A d e t a i l e d  d iscussion o f  t h i s  

work can be found i n  "Measurement o f  Hol d f a s t  Tearout Resistance 

o f  Macrocyst is angus t i f o l  i a  by R. Hoppmann and R. Berthold, 

General E l  e c t r i  c  Company, October 29, 1982. 
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Figure  2-5 .  Resistance o f  Macrocyst is  a n g u s t i f o l  i a  Hol d f a s t s  
to Tearout  by Hor i zonta l  Forces 



The data from the above t e s t s  al lowed the es t imat ion  o f  rea l  i s t i c  

design requirements f o r  the  conceptual system. Once the  physical  

c h a r a c t e r i s t i c s  o f  the  p lan ts  were determined i n - s i  tu,  former 

ove r l y  conservat ive design requi  rements cou ld  be adjusted t o  more 

rea l  i s t i c  1 eve1 s. Determi na t ion  o f  actual  buoyancy and drag 

values al lowed a b e t t e r  est imate o f  the  degrees t o  which 

photosynthesizing canopies woul d be p u l l  ed down by ambient 

cur ren ts  and the  l eng th  o f  t ime t o  which canopies would be 

exposed t o  added n u t r i e n t s  as a func t i on  o f  

4. Near Shore Test  Farm 

The Near Shore Test Fawn provided the f i r s t  

in t ra -bed currents.  

harvest  y i e l  d  val ues 

from a l a r g e  number o f  p l a n t s  t h a t  have ever  been obtained. 

The r e s u l t s  from t h i s  experiment provided the basis  f o r  v a l i d  

es t imat ion  o f  susta inable y i e l d  as a f unc t i on  o f  dens i ty  i n  a 

commercial farm. Such est imates were c r i t i c a l  t o  performance o f  

a c r e d i b l e  systems analys is .  The experiment a1 so y i e l  ded i n s i  gh t  

i n t o  s t ra teg ies  t h a t  may be used f o r  op t im iz ing  s i n g l e  p l a n t  

product ion rates. I n  add i t ion ,  t o  the  y i e l d  data, the  study 

determined t h a t  c e r t a i n  i n d i v i d u a l  p lan ts  w i t h i n  the general 

populat ion were capable o f  cons i s ten t l y  producing 3-4 t imes the  

amount o f  biomass, per  measuring period, as the popu la t ion  

average. These p lan ts  were i s o l a t e d  w i t h  the o b j e c t i v e  of 

producing a uni form populat ion o f  h igh producing p lants.  

Fur ther  i n s i g h t  was gained i n t o  s t ra teg ies  t h a t  may be used f o r  

inc reas ing  crop y i e l  d  through various p l  ant ing, o r  "crop 

arrangement" conf igurat ions.  For  example, a se r ies  o f  densely 

p lanted rows a t  widely  spaced i n t e r v a l s  may be more product ive 

than a un i fo rmly  p lan ted  crop. Also, v a r i a t i o n  i n  harves t ing  

i n t e r v a l s  may be requ i red  dur ing  d i f f e r e n t  growth cyc les o f  the  

crop. 



Overal l ,  t he  output  o f  t h i s  work was c r i t i c a l  t o  product ion o f  

the  system/economic ana lys is  and was a l so  v i t a l  i n  p rov id ing  data 

which cou ld  be used f o r  p r o j e c t i n g  c r e d i b l e  cos t  reduc t ion  

scenarios. 

5. Hemidome 

The Hemidome experiment f a i l e d  t o  s a t i s f a c t o r i l y  meet i t s  

o b j e c t i v e  of determining y i e l d  as a func t i on  o f  ambient n u t r i e n t  

l e v e l  and p l a n t i n g  densi ty .  Enclosure o f  the p lan ts  i n  the  t e s t  

apparatus (F igure  2-2) apparent ly  caused i n t e n s i f i c a t i o n  o f  l o c a l  

b i o l o g i c a l  and chemical e f f e c t s  w i t h i n  the  systern. These e f f e c t s  

l e d  t o  degradation o f  the p lan ts  w i t h i n  the  system i n  r e l a t i v e l y  

shor t  per iods o f  t ime (6-8 weeks). The planned experimental 

i n t e r v a l  was one year.  A1 though some usefu l  b i o l o g i c a l  i n f o r -  

mation was obtained, i t  was f e l t  t n a t  the  cos t  o f  mainta in ing the 

hardware was n o t  j u s t i f i e d  by the  resu l t s .  A l l  operat ions i n  the 

Hemidome were discont inued dur ing  the  f i r s t  quar te r  o f  1983. A 

rev ised experimental program was def ined f o r  the  balance o f  

1983. This program w i l l  be discussed i n  d e t a i l  i n  Sect ion 4 o f  

t h i s  repor t .  

6. Research M a t r i x  

During Apr i  1 1981 , a comprehensive review o f  a1 1 c u r r e n t  program 

needs was he ld  by the  Gas Research I n s t i t u t e  and the  So lar  Energy 

Research I n s t i t u t e .  A1 1 program technical  p a r t i c i p a n t s  

contr ibuted.  The o b j e c t i v e  was t o  re-examine a1 1 o f  the  data 

needs t h a t  would be requ i red  f o r  preparat ion o f  the comprehensive 

system/economic ana lys is  consider ing t iming,  val  ue, research 

budget, p r o j e c t  schedule and p r o j e c t  a c t i v i t i e s  i n  progress. As 

a resul  t of t h i s  review, a research m a t r i x  was developed which 

1 i s t e d  and p r i o r 1  t i z e d  a l l  data requirements, and the  tasks t h a t  

needed t o  be accomplished i n  o rder  t o  produce the  r e q u i s i t e  

information. The ranking system used f o r  p r i o r i t i z a t i o n  

incorporated consi derat ions o f  t im ing  and technical  value o f  the  

data. Timing considered the l eng th  o f  t ime requ i red  t o  produce 



the information, and also, when i n  the a n a l y t i c a l  cyc le,  the data 

t h a t  would be needed; e i t h e r  f o r  use i n  planning subsequent work 

o r  f o r  p rov id ing  d i r e c t  inputs  t o  the systems analysis. 

Technical Value ranking considered whether a given task was 

interdependent w i t h  o the r  speci f i e d  tasks, and also, the degree 

o f  c r i t i c a l i t y  o f  a given data i n p u t  t o  product ion o f  a c r e d i b l e  

systems study. I n  order  t o  cont ro l  the  scope and t o  a s s i s t  i n  

judging val  ue, the mat r ix  p a r t i c i p a n t s  were required t o  i d e n t i f y  

where i n  the planned program the spec i f i ed  data woul d be used. 

Further,  an assessment o f  where the work would be performed was 

inc luded i n  order  t o  provide ea r l y  i d e n t i f i c a t i o n  o f  any f a c i l -  

i t i e s  o r  technical  s k i l l s  t h a t  were n o t  c u r r e n t l y  ava i l ab le  t o  

the program. 

Table 2.1-1 shows the  completed Research Matr ix .  The Comments 

sect ion o f  the  t a b l e  provides a summary s ta tus  o f  the  given tasks 

and i n  most cases i d e n t i f i e s  a secondary reference f o r  more 

d e t a i l e d  information. Primary references can general ly  be found 

i n  the sources indicated.  The rankings i nd i ca ted  i n  the t a b l e  

were reached by consensus o f  a l l  the  technical  p a r t i c i p a n t s  i n  

add i t i on  t o  G R I  and SERI. 

Task Ranking System - - 

1. S t a r t  immediately i n  order  t o  meet program t ime schedul es. 

2. Can be s t a r t e d  l a t e r  w i thout  impacting program schedule. 

3. Timing w i l l  n o t  impact program schedule: 

o Data i s  ava i l ab le  or,  

o Data n o t  essent ia l  t o  basel ine system s p e c i f i c a t i o n  

o r  analys is  or, 



o Reasonabl e est imates can be ca l cu la ted  w i thout  

impact ing c r e d i b i l i t y  o f  system ana lys is  

Technical Val ue 

A. Data does n o t  e x i s t ;  con f i den t  est imates cannot be made 

and are  essent ia l  t o  product ion o f  c r e d i b l e  systems 

ana lys is  

B. Prel imina y data i s  a v a i l a b l e  and reasonably con f i den t  

p ro jec t i ons  can be made, essent ia l  t o  systems ana lys is  

C. Data i s  n o t  essent ia l  t o  the basel i n @  systems ana lys is  

Note: Tasks 8.3, B.4, and 8.7 have double e n t r i e s  e.g.; 3/1 
f o r  Timing and B/B f o r  Technical Value. I n  these cases, 

a group consensus cou ld  n o t  be reached; therefore,  

rankings show a d i f f e rence  o f  op in ion  w i t h i n  the group. 

A1 1 subsequent program p l  anning, budget a1 1 ocat ions and 

research a c t i v i t i e s  were based on the  Ma t r i x  rankings. Mote 

t h a t  a l l  tasks ranked 1 A were completed i n  t ime f o r  the 

systems analys is .  Exceptions are those i n v o l  v ing  operat ion o f  

t he  Hemidome f a c i l i t y .  These were implemented b u t  cou ld  n o t  

be completed due t o  f a i l u r e  o f  the  t e s t  system. 

B. Anaerobic Digest ion 

The 1976-1982 program met a l l  ob jec t i ves  o f  developing a data base 

f o r  the processing and anaerobic d iges t i on  o f  kelp. 

- Nut r ien ts  and l e v e l  o f  n u t r i e n t s  c r i t i c a l  t o  a c t i v e  d iges t i on  were 
determined. 

- Feedstock pretreatment requirements and methods were defined. 



- Pretreatment methods were tested a t  p i lo t  plant scale. 

- By the end of th i s  t e s t  period, di ges ti on stabil  i ty had been 
obtained a t  rates 20% higher than those achieved in the beginning 
of the project. 

- A data base was accumulated which served as the basis for l a t e r  
digestion process design, and subsequently, for cost estimation in 
the systems/econom~c study. 

- In para1 le l  w i t h  digestion process development, basic research was 
conducted i n  order to determine the microbiological and biochemical 
interactions occurring within the digester. The objective of th i s  
work was to  understand and optimize the digestion process in order 
to  provide cost reducing inputs to the systems analysis. These 
include; lower temperature digester operation, reduction i n  
digester s ize,  more stable process operation, and increase i n  
operating re l iab i l i ty .  This work was successful in characterizing 
the microorganisms and substrates c r i t i ca l  to the methane 
production process. In addi t ion, several potential ly competing 
organisms were identified (those which digest kelp b u t  do not 
produce methane). Overall, a1 though no single development from 
th is  basic research impacted process development, the usefulness 
of i t s  findings i n  assisting system development and analysis was 
material i n  regards to  suggesting potential process controls and 
new reactor configurations. 
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3. 1983 ACTIVITIES AND RESULTS 

3.1 Y i e l d  Studies 

1. Hemidome Experiment - ( C a l i f o r n i a  I n s t i t u t e  o f  

The Hemidone experiment resu l  t s  from 1982 were 

Techno1 ogy ) 

extensi  ve l y  reviewed 

by GRI ,  CIT, and GE. The conclusion reached was t h a t  i n  view o f  

the unresol ved fac to rs  negat ive ly  a f f e c t i n g  1 ong term ke l  p growth 

i n  the experiment enclosure, t h i s  experiment equipment would n o t  be 

operated i n  1983. Repeated ( th ree )  attempts t o  achieve s tab le  

operat ions w i t h i n  the Hemidome had f a i l e d  due t o  an apparent 

acce lera t ion  o f  competing b i o l o g i c a l  a c t i v i t y  w i t h i n  the enclosure. 

This a c t i v i t y  resu l ted  i n  pe r fo ra t i on  o f  the ke lp  blades, degra- 

da t ion  o f  the ho ld fas ts  and accelerated b u i l d  up o f  var ious species 

o f  macrobiota. ( A  complete desc r ip t i on  o f  these phenomena can be 

found i n  the  1982 Marine Biomass Program Annual Report). I t  was 

f e l t ,  on review, t h a t  t o  cont inue study o f  these fac tors - to -  

r e s o l u t i o n  would most 1 i k e l y  r e s u l t  i n  the  l o s s  o f  the y i e l d  and 

phys io log ica l  data t h a t  would be n o s t  usefu l  t o  the  Program. As a 

r e s u l t  o f  these considerat ions, the CIT work was res t ruc tu red  t o  

de le te  a l l  Hemidome operat ions and t o  perform a ser ies  of tasks 

t h a t  acquired phys io log ica l  data i n  a nearshore environment. 

These experiments were s t ruc tured i n  order  t o  meet two s p e c i f i c  

needs. I n  the  f i r s t  case, the  preparat ion o f  s p e c i f i c a t i o n s  f o r  

the  Systems Analysis had emphasized the need f o r  a comprehensive 

Kel p Growth Model. Pre l  iminary work i n  concept and s p e c i f i c a t i o n  

development showed t h a t  a too l  t h a t  could describe the i n t e r -  

r e l a t i o n s  among the many phys io log ica l  and oceanographic parameters 

a f f e c t i n g  k e l p  growth and development was required. I n  the absence 

o f  such a too l ,  the  Systems Analys is  would be s i t e  spec i f i c ,  and i n  

add i t ion ,  would n o t  be able t o  take f u l l  advantage o f  a l l  of the 

data t h a t  had been c o l l e c t e d  t o  date. A second major o b j e c t i v e  o f  

the res t ruc tured study was t o  prov ide i npu ts  t o  development o f  the 



model which woul d v e r i f y  key physi 01 og ica l  assumptions t h a t  had 

been used i n  the Systems Analysis. These included, assumptions on 

the v a r i a b i l i t y  o f  photosynthet ic r a t e  w i t h  depth; photosynthet ic  

a c t i v i t y  as a func t ion  o f  t i ssue  type, age and l oca t i on ;  carbon 

a l l o c a t i o n  s t ra teg ies ;  and the  e f f e c t  o f  n u t r i e n t s  o ther  than 

n i t rogen on carbon f i x a t i o n .  

The Kelp Growth Model (KGM) development a c t i v i t y  was per fomed by 

the Un ive rs i t y  o f  C a l i f o r n i a  - San Diego, Scripps I n s t i t u t i o n  

of Oceanography (SIO). Model development i s  a n t i c i p a t e d  t o  extend 

through 1984. The KGM w i  11 be based on two model s which had 

prev ious ly  been developed by SIO. These are  the Kelp P l a n t  Model ; 

which t r e a t s  growth and development o f  i nd i v idua l  Macrocysti s 

p lan ts  and the  Kelp Bed Model; which describes the i n t e r a c t i o n s  o f  

a l a r g e  k e l p  f o r e s t  w i t h  waves, cur ren ts  and nu t r i en ts .  Progress 

on the  Kelp Growth Model i s  described i n  d e t a i l  i n  Sect ion 4. 

Supporting l abo ra to ry  and f i e l d  experiments f o r  the  KGM were 

performed by the  Cal i f o r n i a  I n s t i t u t e  o f  Technology. The r e s u l t s  

o f  these studies are a l so  repor ted i n  Sect ion 4. 

Nearshore (Go1 e ta)  - -. . Test . - .. Farm - (Neushul Mar icu l  t u r e  Inc. ) - 
The 1983 o b j e c t i v e  f o r  the  Nearshore Test Farm was t o  conf i rm the  

y i e l d  r e s u l t s  o f  the  1982 experiment and t o  i nves t i ga te  methods f o r  

inc reas ing  average y i e l d s .  The 1983 t e s t  p l o t  consis ted o f  2 ha1 f 

acre p lo t s ;  one on which the 1982 experiment was t o  be repeated 

w i t h  the except ion t h a t  l o s t  p lan ts  were n o t  t o  be replaced. On 
the  second p l o t ,  h igh  dens i ty  p l a n t i n g  would be performed b u t  w i t h  

widely  separated rows i n  order  t o  increase the  a v a i l a b l e  subsurface 

1 i g h t  c l imate.  An add i t i ona l  a c t i v i t y  was t o  c u l t i v a t e  and measure 

the product ion o f  a number o f  h igh-y ie l  d ing  p lan ts  (3-4 t imes 

h igher  than populat ion average) which had been i s o l a t e d  dur ing  the  

1982 study. 

Severe storms occurred e a r l y  i n  1983 which precluded i n i t i a t i o n  o f  

the planned experiments u n t i l  the second quar ter .  Damage from the 

s t o m s  inc luded p a r t i a l  des t ruc t ion  o f  the  p i e r  from which the t e s t  



p l o t s  were t o  be serviced, sanding-in o f  the  t e s t  areas and exten- 

s ive  damage t o  the  main workboat. January through March were, 
therefore, dedicated t o  r e p a i r  and rep1 acement a c t i v i t i e s .  The 

experimental work was i n i t i a t e d  dur ing  the second quar te r  o f  1983 

under d i r e c t  con t rac t  t o  G R I .  Progress and r e s u l t s  w i l l  be 

repor ted separately by G R I .  

- (General E l e c t r i c  Company) 

During t h i s  period, GE provided support t o  G R I  and 

The Ralph M. Parsons Company, (RMP) f o r  p repara t ion  o f  the Systems 

Analysis. Key a c t i v i  t i e s  i n c l  uded i n t e g r a t i o n  between RMP and 

o ther  program pa r t i c i pan ts ,  a c q u i s i t i o n  and review o f  s c i e n t i f i c  

and engineering data and assistance t o  G R I  i n  reviewing i n t e r i m  

reports.  Other a c t i v i t i e s  inc luded p rov i s ion  o f  technical  

d i r e c t i o n  and moni tor ing o f  the  CIT and N M I  experiments. 
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4. WORK TASKS FOR THE CURRENT YEAR 

The key 1983 output  o f  the  Marine Biomass P r o j e c t  was the pub1 i c a t i o n  

by G R I  o f  en economic and systems assessment which was prepared by The 

Ralph El. Persons Company (Economic and Systems Assessment o f  the Concept o f  

Nearshore Kelp Farming f o r  Methane Production, F ina l  Report June 1982- 

May 1983 - Gas Research I n s t i t u t e ) .  This study was based on prev ious ly  

developed p r o j e c t  data and was supported by a l l  p r o j e c t  pa r t i c i pan ts .  The 

r e p o r t  represented a comprehensive examination o f  the  technical  and economic 

f e a s i b i l  i t y  o f  commercial product ion o f  methane on nearshore farms. Various 

scenarios were developed f o r  feedstock production, harvest ing, and gas 

production, These scenarios were subjected t o  d e t a i l e d  engineering, 

s c i e n t i f i c  and f i n a n c i a l  t r adeo f f s  and evaluated f o r  r e s u l t a n t  gas costs. I n  

add i t i on  t o  product gas cos t  est imat ion,  a s i g n i f i c a n t  ou tpu t  o f  the  study was 

i d e n t i f i c a t i o n  o r  v e r i f i c a t i o n  o f  the major technical  unce r ta in t i es  a f f e c t i n g  

product cost.  This  ou tpu t  def ined the  c r i t i c a l  elements o f  R&D which would be 

necessary i n  order  t o  reduce the i d e n t i f i e d  unce r ta in t i es  o r  t o  f i l l  gaps i n  

the  ex tan t  data base. These issues provided the  bas is  f o r  s t r u c t u r i n g  the 

balance o f  the 1983 program and f o r  the development o f  f u t u r e  data. 

I n  summary, the  r e p o r t  developed product gas cos ts  on a base1 i n e  system 

and an advanced sytem. The basel ine system parameters were founded on 

observed s c i e n t i f i c  and engineering data and produced gas a t  an est imated c o s t  

of $13.50/mil l ion BTU. The advanced system was based on reasonably o p t i m i s t i c  

ex t rapo la t ions  o f  the data base and produced a gas cos t  o f  $6.OO/mill i o n  BTU 

(both values represent l e v e l i z e d  costs) .  The reader i s  re fe r red  t o  the 

complete r e p o r t  f o r  a f u l l  t reatment o f  the f i n a n c i a l  and technical  analyses. 

The balance o f  the  1983 pro jec t ,  which was s i g n i f i c a n t l y  reduced i n  scope 

r e l a t i v e  t o  previous Marine Biomass a c t i v i t y ,  consis ted o f  a number o f  

i nves t i ga t i ons  which had been i d e n t i f i e d  by the  Systems Analysis as being 

c r i t i c a l  t o  increasing the s t rength  o f ,  o r  inc reas ing  the  range o f  u t i l  i z a t i o n  

o f  the publ ished study. These inc luded development o f  a Kelp Growth Model 

which would a l low p r o j e c t i o n  o f  the study r e s u l t s  t o  o ther  than the s p e c i f i c  



s i t e s  considered i n  the  systems ana lys is  and would a l so  prov ide ana lys is  o f  

the harvest  y i e l d  data accumulated dur ing  previous research. Addi t ional  1983 

work i n c l  uded those f i n a n c i  a1 and cont rac tua l  admin i s t ra t i ve  tasks t h a t  were 

requ i red  t o  b r i n g  the  in tegra ted  program t o  an o r d e r l y  completion. 

AS an ad junc t  t o  the  G R I  sponsored Systems Analysis, The General E l e c t i c  

Company performed an ana lys is  o f  the p o t e n t i a l  f o r  commercial product ion o f  

by-products and co-products from Marine Biomass. The GE ana lys is  examined 

several scenarios i n  which bu lk  chemicals were produced i n  p a r a l l  e l  w i t h  

methane produced from the  conceptual commercial system t h a t  was s p e c i f i e d  i n  

the  G R I  Systems Analysis. I n  one case, where a l l  o f  the ke lp  feedstock went 

i n t o  gas product ion, i t  was estimated t h a t  the  methane c o s t  cou ld  be reduced 

from $1 2.50/MMBTU t o  $1 1.30 through by-product r e t r i e v a l  . I n  a second case, 

where 15% o f  the  incoming raw k e l p  feedstock was used f o r  chemical recovery, 

methane cos t  was reduced from the base1 i n e  $1 3.50/MI.IBTU t o  $6.00/MBTU. Tne 

complete General E l e c t r i c  study i s  described i n  A Technical and Economic 

Evaluat ion o f  Product ion o f  Chemicals as By-Products/Co-Products o f  Methane 

Product ion from Kelp - GE-BIO-1868, General E l e c t r i c  Company - AEPD, 

King o f  Prussia, Pa., A p r i l  1983. 
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4.1 1983 Spec i f i c  Tasks 

Spec i f i c  tasks f o r  1983 inc luded the fo l l ow fng  items which are repor ted 

i n  t h i s  sect ion. 

A. Cata l ina Test F a c i l i t y  - (Hemidome) 

B. Nearshore Test Fac i l  i ty (Goleta) 

C. Engineering Support 

D. Kelp Growth Model Development 

1. Kelp Mode1 i ng 

2. F i e l d  Studies - Kelp Photosynthesis 

3. Fie1 d Studies - Measurement & P red i c t i on  o f  Marine Farm 
L i g h t  Envi ronments 

4. Laboratory Studies - Phosphorous and Growth o f  Juven i le  
Macrocysti s p y r i f e r a  (Phaeophyta) 
Sporophytes 

5. Laboratory Studies - Carbon A1 1 ocat ion  i n  Macrocysti s 
y r i f e r a  (L.) C. AG. 
-!!-T- n t r i n s i c  V a r i a b i l i t y  i n  Photosynthesis 

and Respi r a t i o n  



A. Cata l ina Test F a c i l i t y  (Hemidome) 

Operation o f  the Hemidome was terminated i n  January 1983 due t o  

combined b i o l o g i c a l  and techn ica l  problems t h a t  surfaced du r ing  the  

1982 operations. A review o f  t h i s  task determined t h a t  i t  would be 

more c o s t  e f f e c t i v e  t o  a l l o c a t e  resources from t h i s  task t o  an 

a1 te rna te  a c t i v i t y  (Kelp Modeling Development and support ing 

labora tory  and f i e 1  d s tud ies) .  

The Hemidome and a l l  support ing equipment was subsequently 

t rans fe r red  by G R I  t o  the  Un ive rs i t y  o f  Southern C a l i f o r n i a  Catal i n a  

Marine Sciences Center. Formal t r a n s f e r  t o  USC occurred i n  J u l y  1983. 

USC assumed a l l  r e s p o n s i b i l i t y  f o r  use o r  d i s p o s i t i o n  o f  t he  equipment 

a t  t h a t  time. The General E l e c t r i c  Company e f fec ted  d e t a i l s  o f  the 

t rans fer  i nc lud ing  formal n o t i f i c a t i o n  o f  shutdown o f  operat ions t o  

cognizant regu la tory  a u t h o r i t i e s .  



B. Nearshore Test F a c i l  i t v  - Goleta 

The Goleta f a c i l  i t y  was non-operational from January through 

March 1983. Severe w i n t e r  s t o m s  p r o h i b i t e d  experimental operat ions.  

The storms a l so  resu l t ed  i n  the need f o r  refurb ishment  o f  the t e s t  

p l o t s  and opera t ing  equipment. 

As o f  May 1, 1983, management o f  the Goleta f a c i l i t y  was undertaken 

d i r e c t l y  by GRI. Repairs and refurbishment o f  t h e  t e s t  f a c i l i t y  as 

we l l  as experimental work a f t e r  t h i s  t ime pe r i od  were performed under 

GRI's d i r e c t i o n  and w i l l  n o t  be repor ted  herein. 



C. Engineering Support 

The engineering support provided by GE dur ing  1983 consis ted o f  the 

f o l  1 owing: 

- Assistance t o  The Ralph M. Parsons Company. 

Deta i led  spec i f i ca t i ons  t o  be used i n  the  systems ana lys is  o f  a 

conceptual c o m e r c i a l  farm were provided. These s p e c i f i c a t i o n s  

inc luded the  d e f i n i t i o n  o f  chemical, physical,  and b i o l o g i c a l  

parameters which were used as a basis  f o r  the RMP engineering/ 

economic analysis.  

- Arrangements f o r  t r a n s f e r  o f  the  Hemidome f a c i l i t y .  

I n  t h i s  task, GE provided f o r  o r d e r l y  shutdown o f  operat ions and 

assured t h a t  the equipment was proper ly  secured u n t i l  t r a n s f e r  was 

effected. GE made i n i t i a l  contacts w i t h  USC regarding the  t r a n s f e r  

and ass is ted  G R I  i n  subsequent t r a n s f e r  negot iat ions.  I n  add i t ion ,  

a1 1 spares were accumulated and t ransported t o  USC, and outstanding 

engineering ac t i on  i tems were closed. 

- Program support f o r  C a l i f o r n i a  I n s t i t u t e  o f  Technology 

GE w i t h  G R I ,  def ined the a l t e r n a t e  Kelp Growth Model Development 

program and rea l  1 ocated resources f o r  i t s  imp1 ementation. A new 

work statement and program p lan  were developed and implemented t o  

support t h i s  task. 

- Offshore Test P la t fo rm Insurance Claim 

A l l  f i nanc ia l  and engineering data r e l a t i v e  t o  the  OSTP c la im  were 

t rans fe r red  t o  GRI . G R I  assumed f u t u r e  r e s p o n s i b i l i t y  f o r  p u r s u i t  

o f  t h i s  claim. 



D. Kelp Growth Model Development 

The k e l p  modeling task was i n i t i a t e d  dur ing  1983 fo l l ow ing  a program 

decis ion t o  d iscont inue studies a t  the  Cata l ina Test F a c i l i t y  

(Hemidone). The modeling task represented a new d i r e c t i o n  f o r  the 

program and consis ted o f  three phases: 

o Mathematical Model i ng 

o Fie1 d Studies Supporting Model i ng 

o Laboratory Studies Supporting Modeling 

A c t i v i t y  i n  the mathematical modeling phase was delayed by 

negot ia t ions  involved i n  acqu i r i ng  a lead i nves t i ga to r .  The 

program was extremely fo r tunate  i n  securing co l l abo ra t i on  by 

D r .  George A. Jackson o f  Scr i  pps I n s t i t u t i o n  o f  Oceanography. 

Dr. Jackson had had previous experience i n  k e l p  modeling, as we l l  as 

a good background i n  physical and chemical oceanographic s tud ies  of 

ke lp  beds. Kelp model i n g  a c t i v i t i e s  were i n i t i a t e d  i n  September and 

a re  o r i en ted  toward improving and expanding e x i s t i n g  models. The 

ob jec t i ve  i s  t o  develop a general model which can address p r a c t i c a l  

quest ions concerning s i t i n g  design and operat ion o f  ke l  p farms. 

Current a c t i v i t i e s  by Dr. Jackson's group inc luded r e f i n i n g  

in fo rmat ion  concerning the submarine 1 i g h t  f i e 1  d w i t h i n  ke lp  beds, 

incorpora t ing  recent  f i nd ings  regarding photosynthesis (PS) and 

r e s p i r a t i o n  ( R )  by k e l p  t i ssues  i n t o  the e x i s t i n g  Jackson model, and 

incorpora t ing  add i t i ona l  d e t a i l s  re1 a t i n g  t o  k e l p  morphology and 

t i ssue  d i  s t r i  b u t i  on throughout the water co l  umn. 

P r inc ipa l  e f fo r t s  dur ing  1983 invo lved developing a general 

mathema t i c a l  expression re1 a t i n g  blade area t o  p o s i t i o n  on the 

frond. Previous attempts by others had succeeded i n  d e f i n i n g  these 

re la t i onsh ips  by separat ing fronds i n t o  several s i ze  classes w i t h  a 

separate equat ion f o r  each s i ze  class. D r .  Jackson was ab le  t o  

improve on t h i s  approach s i g n i f i c a n t l y  by developing a s ing le  

mathematical expression t o  accompl i s h  the  task. V a r i a b i l  i t y  w i t h i n  a 



natura l  frond populat ion can be assessed by comparing morphometric 

measurements on actual  f ronds w i t h  p red i c t i ons  by D r .  Jackson's 

mathematical representat ion. Actual f rond measurements were der ived 

from a l a r g e  pre-ex is ing data base. 

Past k e l p  models have been se r ious l y  hampered by de f i c i enc ies  and 

inaccuracies i n  the  l a r g e  and d iverse  body o f  physical ,  chemical, and 

b i o l o g i c a l  in fo rmat ion  t h a t  underpin such model s. The 1983 

a c t i v i t i e s  inc luded considerable f i e 1  d and 1 aboratory research 

d i rec ted  toward prov id ing  the  most u rgen t l y  needed data f o r  our  

model i n g  a c t i v i t y .  This work inc luded review, organizat ion,  and 

preparat ion f o r  pub1 i c a t i o n  o f  e a r l  i e r  Marine Biomass Program 

labora tory  s tudies w i t h  relevance t o  the  in fo rmat iona l  base needed 

f o r  model i ng. 

D r .  Val r i e  Gerard was the lead i n v e s t i g a t o r  superv is ing the  f i e l d  

s tudies which centered around a small' a r t i f i c i a l  k e l p  bed constructed 

o f f  Laguna Beach. In tens ive  measurements o f  submarine 1 i g h t  and 

i n - s i  t u  PS and R were conducted, as we1 1 as f requent  determinat ions 

o f  n u t r i t i o n a l  status, growth rates, morphometrics, and product ion 

f o r  the  experimental p lants.  The o b j e c t i v e  was t o  document a l l  

c r i t i c a l  parameters a f f e c t i n g  k e l p  growth and p r o d u c t i v i t y  over a 

s i g n i f i c a n t  t i n e  per iod  i n  order  t o  prov ide in fo rmat ion  f o r  gu id ing  

model design and f o r  t e s t i n g  model p red ic t ions .  A1 so examined were 

the  e f f e c t s  o f  s imulated canopy harves t ing  on the  k e l p  bed 1 i g h t  

c l imate  and on PS i n  the remaining t issues.  An exponential  

r e l a t i o n s h i p  was found between canopy dens i ty  and under ly ing  l i g h t  

i n t e n s i t y  w i t h i n  an a r t i f i c i a l l y  f i x e d  canopy. A complex system f o r  

measuring submarine ill umination, cons i s t i ng  o f  an a r ray  o f  sensors 

1 inked t o  a shipboard computer was developed f o r  t h i s  task. The 

system recorded s h o r t  term f l u c t u a t i o n s  i n  i r rad iance,  s t o r i n g  the 

data f o r  f u t u r e  analysis.  Using t h i s  system, the e f f e c t s  on PS and 

photo inh ib i  t i o n  o f  t i ssue  type and o f  acc l imat ion  by k e l p  blades 

t o  t h e i r  environment were assessed. The work developed PS vs I 



re la t i onsh ips  f o r  var ious blade types from i n  s i t u  s tudies.  -- 
Advantage was a lso  taken o f  a major E l  Nino cond i t i on  t o  document 

n u t r i t i o n a l  e f f e c t s  on PS. 

Drs. Steven L. Manley and K e i t h  E. Arnold es tab l ished ranges f o r  PS, 

R, and dark carbon f i x a t i o n  i n  t h e i r  l abo ra to ry  s tud ies  i n v o l v i n g  

various t i s s u e  types and ages. Considerable v a r i a b i l  i t y  was 

encountered, b u t  the  h ighes t  values determined dur ing t h i s  study, 

a t  the  upper ends o f  the ranges, represent ra tes  h igher  than any 

others prev ious ly  reported. Arnold and Manley found gradients i n  PS 

and R along the lengths o f  immature, mature, and senescent blades. 

These f i nd ings  suggested t h a t  caut ion  must be used when i n t e r p r e t i n g  

f ind ings o f  e a r l i e r  workers who general ly  assumed t h a t  a s ing le  

excised d isc  cou ld  be used as representat ive o f  an e n t i r e  blade. 

D i r e c t  re la t i onsh ips  were shown between PS and ch lo rophy l l  content.  

Ear l  i e r  1 aboratory s tudies i n v e s t i g a t i n g  k e l p  growth and phosphorus 

a v a i l a b i l  i ty were reviewed and prepared f o r  pub1 i ca t i on .  These 

studies r e l a t e  t o  a macronutr ient  t h a t  might  occas iona l ly  l i m i t  k e l p  

growth (n i t rogen  i s  probably growth-1 in i  t i n g  more f requent ly  than 

phosphorus). Luxury uptake, storage, and consumption o f  phosphorus 

were demonstrated. A P-content o f  0.2 percent d ry  weight appeared t o  

be the c r i t i c a l  1  eve1 f o r  j u v e n i l e  Macrocyst i  s, represent ing freedom 

from P-1 i m i  t ed  growth. 



Kel p Model i ng (by Dr. George A. Jackson) 

The goal o f  the model i n g  p r o j e c t  has been t o  develop a 

q u a n t i t a t i v e  desc r ip t i on  o f  seaweed photosynthesis and growth 

which can be used t o  p r e d i c t  y i e l d s  f o r  d i f f e r i n g  management 

s t ra teg ies .  The seaweed t h a t  i s  being worked w i t h  i s  Macrocyst is 

p y r i  fera. The model being developed w i l l  incorporate a 

desc r ip t i on  o f  the l i g h t  f i e l d  around a p lan t ,  morphological 

re la t i onsh ips  t h a t  describe the  d i s t r i b u t i o n  o f  biomass and 

photosynthet ic area a1 ong a frond, and phys io log ica l  re1 a t i o n -  

sh ips among 1 i g h t  i r radiance,  t i ssue  type, photosynthesis and 

resp i ra t i on .  A simp1 e r  model t o  descr ibe d a i l y  photosynthesi s, 

the k e l p  photosynthesis model (KPM), already ex is ts .  The KPM 

forms the  s t a r t  o f  the present work. 

The KPM t r e a t s  a ke lp  p l a n t  as a c o l l e c t i o n  o f  unconnected fronds 

of d i f f e r e n t  lengths. Photosynthet ic p rope r t i es  o f  the  fronds 

are  der ived from morphometric c h a r a c t e r i s t i c s  (e.g. blade area 

and biomass as a func t i on  o f  blade p o s i t i o n  and f rond l eng th )  and 

from physio l  og ica l  p roper t ies  measured i n  the f i e 1  d and labora tory  

(e.g. photosynthet ic  and r e s p i r a t o r y  ra tes) .  The 1 i g h t  f i e l d  has 

been described as a simple func t i on  o f  dens i ty  o f  vegetat ion a t  

the  sea surface, p l a n t  spacing, sun angle, and background l i g h t  

absorbance by the  water. A FORTRAN-coded computer rea l  i z a t i o n  o f  

the  KPM provides the v e r t i c a l  d i s t r i b u t i o n  o f  n e t  and gross 

photosynthesis as func t ions  o f  frond-length d i s t r i b u t i o n s  i n  a 

p lan t ,  and o f  p l a n t  densi ty .  

This  work i s  being done i n  cooperat ion w i t h  the Cal i f o r n i a  

Ins  ti t u t e  o f  Techno1 ogy. 

One func t i on  o f  the  Kelp Growth Model i s  t o  represent growth a t  

h igh  p l a n t  dens i t i es  where l i g h t  becomes l i m i t i n g .  Researchers 

a t  Neushul Mar i cu l t u re  Incorporated (NMI) have been conducting 



f i e l d  experiments a t  p l a n t  dens i t i es  where l i g h t  i r r a d i a n c e  

ra the r  than n u t r i e n t  concentrat ion o r  p l a n t  standing stock 

determine havested y i e l d  (NMI 1983). They found t h a t  stands o f  

p lan ts  a t  the  h ighest  dens i ty  studied, 1 plant/m2, had smal ler  

harvested y i e l d s  than p lan ts  a t  1 ower dens i t i es  and t h a t  the  

p lan ts  decreased i n  s i z e  over the  course o f  the  experiment by 

decreasing the n u d e r  o f  f ronds (F igure 4.1-1 ) .  P lan ts  a t  lower 

dens i t i es  increased t h e i r  average number o f  fronds. The r e s u l t  

was t h a t  wh i l e  the f rond dens i t i es  var ied  by a f a c t o r  o f  15 a t  

the s t a r t  o f  the  experiment, they were w i t h i n  a f a c t o r  o f  4 a t  
2 the end. P lan ts  t h a t  were p lanted a t  0.25 plants/m and a t  

1.0 plants/rn2 d i f f e r e d  i n  f rond dens i ty  by a f a c t o r  o f  4 a t  the 

s t a r t  of the experiment b u t  were w i t h i n  50 percent by the end of 

the experiment. The i m p l i c a t i o n  i s  t h a t  p lan ts  a d j u s t  the f rond 

dens i ty  t o  a value which i s  opt imal when l i g h t  l i m i t a t i o n  e x i s t s .  

I f  a k e l p  p l a n t  i s  rece i v ing  enough l i g h t  so t h a t  photosynthesis 

i s  greater  than resp i ra t i on ,  then i t  w i l l  add fronds and thereby 

increase i t s  se l  f-shading; i f  there i s  too much p l a n t  t issue,  

r e s p i r a t i o n  w i l l  exceed photosynthesis, i t  w i l l  shed fronds u n t i  1 

the sel  f-shading i s  low enough so t h a t  i t  can grow. I n  a wor ld 

where on ly  1 i g h t  i s  1 i n i t i n g ,  p lan ts  over a range o f  dens i t i es  

should increase o r  decrease i n  s i z e  u n t i l  the f rond dens i ty  i s  

such t h a t  there  i s  n e i t h e r  a surp lus nor  a d e b i t  o f  photo- 

syn the t ic  mater ia l .  The resul  t s  o f  the NMI experiments suggest 
2 

t h a t  a t  dens i t i es  o f  8 fronds/m , the p lan ts  a re  s t i l l  growing 
2 o r  have equ i l i b ra ted ;  a t  dens i t i es  o f  11.5 fronds/m , they a r e  

e i t h e r  reducing o r  have s t a b i l i z e d .  Thus, the f rond dens i ty  when 

r e s p i r a t i o n  and photosynthesis seem t o  balance i s  between 8 and 
2 11 f r o n d s h  . 

Such a balance between photosynthesis and r e s p i r a t i o n  i n  ke lp  
should be amenable t o  p r e d i c t i  on by model 1 ing. A t e s t  o f  the KPM 

suggests t h a t  models w i l l  be able t o  do so. When the KPM was run 

f o r  depth and p l a n t  dens i ty  cond i t ions  s i m i l a r  t o  those o f  the 



Figure  4.1-1 Frond d e n s i t i e s  as a funct ion  o f  t ime i n  experiments made by 
NMI (1983) .  P l o t t i n g  symbols i n  i c a t e  the  p l a n t  d n s i t i e s :  1 B H-1.0 plants/rn2; M-0.25 plants/m ; L-0.06 plants/rn . 



NMI experiment, r e s u l t s  showed t h a t  the  n e t  product ion (photo- 

synthesis - p l a n t  r e s p i r a t i o n )  per  u n i t  area should be a t  a 

maximum when the f rond dens i ty  i s  about 3 fronds/m2 and 0 a t  a 
2 frond dens i ty  o f  about 8 fronds/m (Figure 4.1-2). The f rond  

dens i ty  a t  which n e t  product ion i s  0 i s  t he  f rond dens i ty  a t  

which p l a n t  growth shoul d s t a b i l  ize.  The model p r e d i c t i o n  

o f  8 fronds/m2 i s  remarkably c lose  t o  the  value o f  
2 8-1 1 fronds/m t h a t  the f i e 1  d experiments suggest. 

It i s  important  t o  remember t h a t  the  o r i g i n a l  ke l  p photosynthet ic  

model i s  a very simple desc r ip t i on  o f  a complex b i o l o g i c a l  system. 

It does n o t  have the  means t o  inc lude the e f f e c t s  o f  harves t ing  

on the p lants.  Even so, the model p r e d i c t i o n  i s  w i t h i n  the  range 

o f  r e s u l t s  found i n  f i e l d  experiments. It i s  expected t h a t  more 

soph is t i ca ted  models w i l l  be very usefu l  i n  he lp ing  t o  exp la in  

the resul  t s  o f  f i e l d  work and t o  suggest new d i r e c t i o n s  f o r  

experimental study. 

The KPM i s  a usefu l  s t a r t  f o r  the modeling work b u t  has 

weaknesses t h a t  must be improved before i t  i s  incorporated i n t o  a 

growth model. At present, e f f o r t s  are being made t o  improve the  

l i g h t  descr ip t ion .  The work o f  NMI emphasizes the importance of 

1 i g h t  i n  determining seaweed product ion. 

F i e l d  experiments by D r .  V. Gerard show t h a t  the  1 i g h t  mode1 

needs more work. Dr. Gerard measured the  1 i g h t  sca la r  i r rad iance  

below k e l p  t i ssue  forming a canopy a t  the  surface. Her purpose 

was t o  measure the e f f e c t  o f  canopy dens i ty  on sub-surface l i g h t  

l eve l s .  By changing the  canopy densi ty ,  she was ab le  t o  determine 

the  e f f e c t  o f  d i f f e r e n t  surface canopy dens i t ies .  Her r e s u l t s  

showed t h a t  the  1 i g h t  one meter be1 ow the  canopy decreased 

exponent ia l l y  w i t h  the 1 amina area index (a measure o f  the  number 

o f  lamina l aye rs  cover ing the surface),  LAI. The simple 1 i g h t  

model o f  the  KPM pred ic t s  such an exponential decrease w i t h  

increas ing  LAI, b u t  i t  underestimates the  1 i g h t  f l u x .  One reason 

f o r  t h i s  flaw i n  the  KPM l i g h t  model i s  t h a t  i t  does no t  



2 F r o n d  density ( f  rondl rn  1 

F i  yure 4.1-2 Net product ion pred ic ted  by the  KPM as a  f u n c t i o n  of  
f r ond  densi ty .  The c a l  u l a t i o n s  were made f o r  a  p l a n t  5 dens i ty  o f  1.0 p l a n t d m  . Calcu la t ions  made f o r  t h e  
o the r  p l a n t  dens i t i es  shown i n  F igure  4.1-1 show 1  i t t l e  
d i f fe rence.  One ram o f  carbon i s  about equal t o  
2.5 grams o f  ash- ree dry weight o r  33 grams o f  wet 
wei gh t  ke lp .  
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incorporate the f a c t  t h a t  a seaweed i s  d i f f e r e n t  from a 

u n i c e l l u l a r  a1 ga, t h a t  two blades l y i n g  on top o f  each o ther  

a l l ow  more 1 i g h t  t o  pass than two non-overlapping blades, even 

though the LA1 i s  the same i n  the  two d i f f e r e n t  cases. A a new 

l i g h t  nodel f o r  the canopy i s  being formulated t o  account f o r  

t h i s  d i sc re te  nature o f  seaweeds. The discrepancy between node1 

p red i c t i ons  and f i e l d  measurements h i g h l i g h t s  the importance 

r e l a t i n g  the two. 

An important  p a r t  o f  the Kelp Growth Model i s  a good desc r ip t i on  

o f  a k e l p  p lant .  With the r i g h t  descr ip t ion ,  i t  i s  poss ib le  t o  

develop ru les  t o  determine the  d i s t r i b u t i o n  o f  photosynthet ic  

t issue,  t o  p r e d i c t  the  shading pat terns,  and t o  p r e d i c t  how the  

p l a n t  grows. Improvements have been made i n  the morphometric 

desc r ip t i on  o f  g i a n t  k e l p  t o  use i n  the  new k e l p  model s. Our 

data cons i s t  o f  measurements made by D r .  North on i nd i v idua l  

fronds taken from natura l  ke l  p stands o f f  Southern Cal i f o r n i a .  

Ways have been found o f  descr ib ing  fronds t h a t  a re  v a l i d  over 

l a r g e  ranges o f  f rond size. As an example, consider the 

d i s t r i b u t i o n  o f  blade area along the l eng th  o f  a k e l p  frond. A 
comparison o f  the  blade area as a func t i on  o f  p o s i t i o n  along 

a f rond shows t h a t  there i s  great  v a r i a b i l  i t y  among fronds 

(F igure 4.1 -3). This v a r i a b i l  i ty has several sources, i n c l u d i n g  

systematic changes o f  blade area w i t h  p o s i t i o n  along a frond, 

systematic d i f fe rences i n  blade s izes  f o r  d i f f e r e n t  s ized fronds, 

and natura l  v a r i a b i l  i ty along one frond. A good morphological 

description should account f o r  the systematic changes and average 

ou t  the  na tura l  v a r i a b i l i t y .  One technique f o r  averaging ou t  

na tura l  v a r i a b i l i t y  along a f rond i s  t o  examine a running sum of 

t o t a l  area along a frond. This has the e f f e c t  o f  smoothing o u t  
the  e f f e c t  o f  aberrant  blades. The cumulat ive blade area p l o t  

(F igure 4.1 -4) shows l e s s  v a r i a b i l i t y  than does t h a t  o f  

i n d i v i d u a l  blade areas (F igure 4.1-3). There i s  s t i l l  

v a r i a b i l i t y  caused by d i f fe rences i n  f rond s i ze  t h a t  i s  n o t  

accounted fo r .  This v a r i a b i l i t y  i s  reduced by normal iz ing the 

cumulat ive blade area us ing the t o t a l  blade area o f  a f rond and 
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Figure 4.1-3. Relationship between blade area and i t s  position 
on a frond, g iven  as node number from the apex. 
Blades get larger away from the apex, smaller near 
the base. Data are for 37 fronds, ranging in length 
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Figure  4.1-4. Cumulative blade area as a f unc t i on  of node 
number. The i n t e g r a t i o n  o f  b lade area g r e a t l y  
reduces t he  s c a t t e r  assoc ia ted w i t h  miss ing 
blades. Data shown are  f o r  the  37 f ronds 
p l o t t e d  i n  F igure 4.1-3. 



normal iz ing the blade number us ing the t o t a l  number o f  blades on 

a f rond (F igure 4.1-5). A power ser ies  f i t  t o  data i n  t h i s  

normalized form gives r e s u l t s  t h a t  a re  the  same f o r  d i f f e r e n t  

f rond lengths. There i s  a l so  a r e l a t i o n s h i p  between t o t a l  number 

o f  nodes on a f rond and the t o t a l  blade area (F igure 4.1-6). 

Thus, i t  i s  poss ib le  t o  der ive  power se r ies  curve f i t s  t h a t  

express much of the  v a r i a b i l i t y  i n  blade area along d i f f e r e n t  

s ized fronds. 

These re la t i onsh ips  can be used t o  c a l c u l a t e  the d i s t r i b u t i o n  o f  

area along a representat ive frond. Given the t o t a l  number o f  

nodes on a frond, one f i r s t  ca l cu la tes  the  t o t a l  blade area f o r  a 

p lan t .  Then, one ca l cu la tes  the normalized node number f o r  each 

node a1 ong the  frond. For  each normal i zed  number, one then 

ca l cu la tes  the  normalized cumulat ive area and, us ing  the value o f  

the  t o t a l  area, the  cumulat ive area a t  each node number. The 

actual  blade a t  a node i s  the d i f f e rence  between the  cumulat ive 

area a t  t h a t  node and the previous one. Thus, one can c a l c u l a t e  

representa t ive  blade areas a1 ong fronds o f  d i  f f e r e n t  s izes  w i t h  

two simple curve f i t s .  

These morphological re la t i onsh ips  are important  t o  determining 

the  d i s t r i b u t i o n  o f  t i ssue  a t  d i f f e r e n t  l o c a t i o n s  along a ke lp  

p l a n t  f o r  the ke l  p model. They make i t possi b l  e  t o  describe the 

v e r t i c a l  and ho r i zon ta l  d i s t r i b u t i o n  o f  photosynthet ic  t issue,  

se l  f-shading o f  ke lp  p lan t ,  k e l p  resp i ra t i on ,  and r u l e s  f o r  k e l p  

growth. A s e t  o f  these are  be1 ng b u i l  t f o r  the  ke l  p model . 

The k e l p  model i n g  p r o j e c t  i s  we l l  underway. E f f o r t s  a re  being 

made t o  describe k e l p  morphology i n  a compact way t o  use i n  the  

k e l p  models. Experience w i t h  d i f f e r e n t  f i e l d  measurements has 

shown areas where more work needs t o  be done, such as the 

d e s c r i p t i o n  o f  the l i g h t  f i e l d  around a k e l p  p lan t ,  as we l l  as t o  

show t h a t  the  model w i l l  be a usefu l  t o o l  t o  study k e l p  growth. 

During the  nex t  year, mod i f i ca t ions  o f  the  KPM w i l l  be completed 

and w i l l  i nc lude the a b i l i t y  t o  s imulate k e l p  growth over per iods 

longer than a day. 
4-1 8 



Figure 4.1-5. Normalized blade area as a function normalized node 
number. This treatment of the data reduces most of 
the sca t te r  seen i n  Figures 4.1-3 and 4.1-4. The 
l ine drawn through the points i s  for  a fourth order 
polynomial f i t  to the data. 



Figure 4.1-6. Total blade area as a funct ion o f  t o t a l  number 
o f  nodes on a frond. The l i n e  drawn. through 
the points i s  f o r  a f ou r t h  order polynomial 
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F i e l d  Studies - Kelp Photosynthesis - (by D r .  V. Gerard) 

The r e l a t i o n s h i p  between l i g h t  and photosynthesis has been 

determined fo r  the  g i a n t  kelp, Macrocyst is p y r i f e r a  by a number 

o f  inves t iga tors .  Physio logical  d i f fe rences between po r t i ons  o f  

an i n d i v i d u a l  blade were amply demonstrated. Only one study 

(Zimmerman, R., 1983. Ph. D. Thesis, Un ive rs i t y  o f  Southern 

Cal i f o r n i a )  u t i l  i zed  -- i n  s i t u  photosynthesis measurements and 

natura l  1 i g h t  condi t ions,  b u t  t h a t  study concentrated on n u t r i e n t  

ef fects and d i d  n o t  attempt t o  de f i ne  the  r e l a t i o n s h i p  between 

photosynthesis and l i g h t  (P vs. I ) .  Other s tud ies  used photo- 

syn the t ic  determinat ions i n  the 1 aboratory under a r t i f i c i a l  1 i g h t  

condi t ions,  which are e a s i l y  con t ro l  1 ed b u t  may have a r t i  f ac tua l  

e f fec t s  on photosynthet ic  rates.  Comparison o f  photosynthesis 

under s t a n t  and r a p i d l y  f l u c t u a t i n g  1 i gh t ,  f o r  example, showed 

s i g n i f i c a n t  e f f e c t s  on a number o f  t e r r e s t r i a l  p l a n t  and 

phytopl ankton species. The ke l  p f o r e s t  1 i g h t  envi ronment i s  

character ized by great  v a r i a b i l i t y ,  and photosynthesis -- i n  s i t u  

may d i f f e r  s i g n i  f i c a n t l y  from 1 aboratory rates. Photosynthet ic 

ra tes  are  probably the  most important  parameters o f  the  k e l p  

product ion and y i e l d  model. Accurate p r e d i c t i o n  o f  biomass 

product ion must depend on accurate es t imat ion  o f  photosynthet ic  

ra tes  and on i n t e g r a t i o n  o f  i n d i v i d u a l  blade ra tes  t o  prov ide 

frond, whole-plant, o r  populat ion rates. The goals o f  t h i s  

research, therefore,  were t o  accura te ly  determine P vs. I 

re la t i onsh ips  f o r  var ious blade types o f  - M. p y r i f e r a  under 

na tura l  1 i g h t  condi t ions.  The resu l t s ,  b r i e f l y  described herein, 

w i l l  be used i n  the k e l p  product ion model, i n  con junc t ion  w i t h  

r e s u l t s  o f  1 aboratory esperiments designed t o  determine e f f e c t s  

of physical  f ac to rs  which are  d i f f i c u l t  t o  con t ro l  i n  the f i e l d  

(e .g. temperature). 

Photosynthet ic and resp i ra to ry  ra tes  were determined -- i n  s i  t u  

us ing  i n d i v i d u a l  ke l  p blades encl osed i n  c l  ear  polyethy lene 

bags. Blades from various p a r t s  o f  an a d u l t  sporophyte were 

d i v ided  i n t o  d i f f e r e n t  categor ies based on age and p o s i t i o n  i n  



the  water column (Figure 4.1 -7) .  Incubat ion procedures were 

s i m i l a r  t o  those described by Gerard (1982, J. Exp. Mar. B io l .  

Ecol. 62:211-224), and ra tes  were measured as change i n  d issolved 

O2 determined by Winkler ana lys i  s. Most o f  the  incubat ions 

used i n t a c t  blades, b u t  blades were detached from the s t i p e  and 

moved t o  d i f f e r e n t  depths o r  i n t o  open water f o r  incubat ions a t  

non-ambient i r radiances.  Mean i r rad iance  (PPFFR) was measured 

dur ing  each incubat ion  us ing  the  LDAS described by Gerard i n  

4.1 D-3 o f  t h i s  repo r t  e n t i t l e d  "Measurement and P r e d i c t i o n  o f  

the Marine Farm L i g h t  Envi ronments". Respi ratory ra tes  were 

measured i n  b lack bags, and incubat ions were c a r r i e d  o u t  between 

dusk and dawn t o  avo id  a r t i f a c t u a l  e f f e c t s  o f  recent  l i g h t  

h i s t o r y .  

P vs. I re la t i onsh ips  were s i m i l a r  f o r  d i f f e r e n t  blade types 

loca ted a t  s i m i l a r  depths i n  the  water column, i n d i c a t i n g  t h a t  

acc l  imat ion was more important  than ti ssue age i n  determi n i  ng 

photosynthet ic  rates. Tissues from canopy, subcanopy, and basal 

depths showed s i g n i f i c a n t  d i f fe rences i n  photosynthet ic  ra tes  

under s i m i l a r  l i g h t  condi t ions.  Canopy blades had the  h ighes t  

photosynthet ic  capaci ty  (Prnax) and showed no p h o t o i n h i b i t i o n  a t  

h igh  i r rad iances  (open water, 1  m depth). Deeper t i ssues  had 

1 ower photosynthet ic capac i ty  and reduced photosynthet ic  ra tes  a t  

h igh  i rradiances. Nocturnal resp i ra to ry  ra tes  were s i m i l a r  f o r  

a l l  blade types, except ap ica l  blades which have a h igh  propor t ion  

o f  ner is temat ic  t i s s u e  and showed h igher  r e s p i r a t i o n  on a dry  

weight basis. These resul  t s  can be used d i r e c t l y  i n  the kel  p 

product ion model . 

Two experiments tes ted  the e f f e c t s  o f  d i f f e r e n t  acc l  irnation 

cond i t ions  on photosynthet ic capaci ty .  Mature blades on j u v e n i l e  

fronds, detached and he ld  f o r  2, 7 and 11 days a t  subcanopy 

depths, showed s i g n i f i c a n t l y  h igher  ch lo rophy l l  content  and 

photosynthet ic  ra tes  a t  h igh  i rradiance than s i m i l a r  blades he1 d 

a t  basal depths. The p h o t o i n h i b i t i o n  response, therefore,  was 



DESIGNATION 

C A 
c2l 

CS 
CB 
S A 
SM 
SB 
J A 
JM 

FROND TYPE 

canopy.  . 

canopy 
canopy 
canopy 
subcanopy 
subcanopy 
subcanopy 
j u v e n i l e  
j u v e n i l e  

TISSUE TYPE 

apex 
mature 
subcanopy 
basa l  
apex 
mature 
basa l  

apex 
mature 

Frond type  

canopy frond - apex a t  surface  

subcanopy frond - apex i n  upper 
h a l f  of t h e  wa te r  column 

juven i l e  f rond - apex in lover 
h a l f  of the wa te r  column 

SPECIFICATIONS 

a p i c a l  50 a ' 
2-3 m from apex 
2-5 m below t h e  surface  
2 m above base  
( see  above) 

Figure 4.1 -7. Tissue Sampl e Nomenclature 
Revi sed 1 983 Version 



reduced by acc l imat ion  a t  increased l i g h t  l eve l s .  The second 

accl  ima t i  on exper inent  examined the e f f e c t  o f  harvest ing 

on photosynthesis by subcanopy blades. The canopy i n  one 

10 n e t e r  X 10 meter p l o t  o f  the Palos Verdes k e l p  f o r e s t  was 

harvested a t  1 meter depth, and the canopy remained i n t a c t  i n  

another p l o t .  A f t e r  7 days, photosynthet ic  capac i ty  was compared 

f o r  mature blades on subcanopy fronds c o l l e c t e d  from the two 

p lo ts .  Blades from the harvested p l o t  showed s i g n i f i c a n t l y  

h igher  Pmx. These r e s u l t s  suggest t h a t  the  k e l p  product ion 

model can assume simi l a r  photosynthet ic  c h a r a c t e r i s t i c s  f o r  a1 1 

mature blade types w i t h  s i m i l a r  accl  i m a t i  on h i  s to r i es .  Changes 

i n  the P vs. I r e l a t i o n s h i p  may then be pred ic ted  on the bas is  o f  

the l i g h t  environment dur ing  the  previous days o r  weeks. 

The in f luence o f  d iu rna l  l i g h t  h i s t o r y  on photosynthet ic  capac i ty  

was examined us ing mature blades from canopy fronds. Detached 

blades were he ld  a t  1 meter depth i n  open water o r  beneath the 

k e l p  canopy a t  Laguna Beach f o r  24 hours. Photosynthet ic ra tes  

under h igh  i r rad iance  were compared f o r  the two treatments dur ing  

the morning, before exposure o f  the open water treatment t o  h igh  

1 i gh t ,  and dur ing the 1 a te  afternoon. Photosynthet ic capac i t i es  

of the two t rea tnents  were s i m i l a r  i n  the  morning, b u t  d i f f e r e d  

s i g n i f i c a n t l y  dur ing the af ternoon incubat ion. S im i l a r  pa t te rns  

have been domonstrated f o r  o ther  a lga l  species (Ramus J., and 

G. Rosenberg, 1980, Mar. B i o l  . 56:21-28). I n  the case o f  

M. p y r i f e r a ,  the  demonstrated e f f e c t  i s  probably important  on ly  - 
t o  canopy blades which are  n o t  shaded dur ing  the morning per iod  

o f  h igh  l i g h t .  The e f f e c t  may be o f  l i m i t e d  s ign i f i cance,  

however, s ince a tagging exper inent  showed t h a t  very few 

ind i v idua l  canopy blades remain i n  the uppermost l a y e r  o f  t he  

canopy f o r  more than an hour a t  a time. 

The 1982-1983 El  Nino provided a na tura l  demonstration o f  the 

e f f e c t s  o f  n u t r i e n t  s t a r v a t i o n  on photosynthet ic  pigments and 

rates. During J u l y  1983, n i t rogen content  o f  mature, canopy 
blades was below the c r i t i c a l  l e v e l  (1% o f  dry weight, i n d i c a t i n g  



dep le t i on  o f  i n t e r n a l  reserves. Chl o rophy l l  con ten t  o f  those 

blades decreased s i g n i f i c a n t l y  between June and Ju ly ,  and 

photosynthet ic  capac i ty  decreased by a1 most 50% du r ing  t h a t  

pe r i od  (Gerard, manuscript submitted).. These r e s u l t s  emphasize 

the  importance o f  n u t r i e n t  supply, and f e r t i l i z i n g  under low 

n u t r i e n t  condi t ions,  t o  maintenance o f  opt imal biomass product ion 

rates.  These r e s u l t s  w i l l  be used t o  coup1 e the  photosynthesis 

and n u t r i t i o n a l  po r t i ons  o f  t he  k e l p  product ion nodel. 



3 .  F i e l d  Studies - Measurement and P red ic t i on  o f  Marine Farm L i g h t  

Envi ronmen t s  

Optimum product ion o f  biomass on a marine farm w i l l  occur when 

l i g h t  i s  the  primary f a c t o r  l i m i t i n g  k e l p  growth. Biomass 

production, therefore,  depends t o  a l a r g e  ex ten t  on the 1 i g h t  

envi  rsnment, and accurate p r e d i c t i o n  o f  the 1 i g h t  environment i n  

a k e l p  f o r e s t  o r  farm populat ion i s  c r i t i c a l  t o  a p r e d i c t i v e  

model o f  biomass y i e l d .  S i  te-speci f i c  surface i r rad iance  can be 

pred ic ted  f o r  d i f f e r e n t  seasons us ing weather data, and subsurface 

l i g h t  i n  open water can be est imated f o r  var ious sea s ta tes  and 

t u r b i d i t y  cond i t ions  us ing re la t i onsh ips  def ined by physical  

oceanographers. L i t t l e  in fo rmat ion  ex i s t s ,  however, on the  

shading e f f e c t s  o f  the k e l p  i t s e l f .  This i s  an important  fac tor ,  

s ince the e n t i r e  k e l p  p l a n t  i s  photosynthet ic,  and a l l  b u t  the 

uppermost canopy l a y e r  i s  sub jec t  t o  self-shading. Furthermore, 

the shading e f f e c t  depends a t  l e a s t  p a r t l y  on biomass dens i ty  and 

popu la t ion  s t ruc ture ,  so know1 edge o f  these re1 a t i onsh i  ps i s  

necessary f o r  se lec t i on  o f  the opt imal p l a n t i n g  dens i ty  f o r  a 

s p e c i f i c  s i t e .  Ear ly  attempts t o  p r e d i c t  opt imal dens i ty  us ing  a 

nathematical model c l e a r l y  demonstrated the inadequacy o f  a v a i l  - 
ab le  data descr ib ing  the  k e l p  f o r e s t  l i g h t  environment. The 

goals o f  t h i s  research, therefore,  were t o  examine the  1 i g h t  

environment i n  na tura l  and experimental ke l  p  populat ions and t o  

exper imenta l ly  determine re1 a t ionsh ips  between ke l  p densi ty ,  

populat ion s t ruc ture ,  and shading e f fec ts .  The resu l  ts,  b r i e f l y  

summarized herein, are now undergoing f i n a l  ana lys is  and w i l l  

u t l i m a t e l y  be used t o  help formulate and t o  t e s t  the l i g h t  

p o r t i o n  o f  the  ke l  p product ion model . 

L i g h t  was measured -- i n  s i t u  us ing the L i g h t  Data Acqu is i t i on  

System (LDAS) which consis ted o f  two quantrum meters, two 

spher ica l  underwater sensors, and a spher ica l  sur face sensor. 

Quantum i r rad iance  i n  the 400-700 nm range, o r  photosynthet ic 

photon f l u x  f l  uence r a t e  (PPFFR) , was recorded simul taneously f o r  



the three sensors on an IMS computer w i t h  specia l  i n t e r f a c e  

hardware. A1 1 hardware and appropr iate software were prov ided by 

Biospher ica l  Instruments, Inc. Response t ime o f  the  sensors was 

approximately 10 nicroseconds, and a 1 second i n t e r v a l  was used 

f o r  a l l  recordings. The underwater sensors were deployed a t  

var ious depths and conf igura t ions .  Most of ten,  one sensor was 

placed w i t h i n  a stand o f  ke lp,  and the  o the r  was placed a t  a 

s i m i l a r  depth i n  open water adjacent t o  the  k e l p  fo res t .  

Recording per iods ranged from 10 t o  200 min. 

PPFFR was recorded a t  1, 4, 7-8, and 11 m depths i n  two k e l p  

populations. A re1 a t i v e l y  homogeneous group o f  60 adul t 

Macrocyst is sporophytes, averaging 35-40 fronds per  

p lan t ,  was establ i shed o f f  Laguna Beach, Cal i f o r n i a .  P lan ts  were 

c o l l  ected from several sparsely populated s i t e s  and t ransplanted 

t o  a cen t ra l  l o c a t i o n  where they were at tached t o  concrete 

anchors w i t h  uni form 2 meter spacing. Monthly determinat ions o f  

p l a n t  and frond s i z e  d i s t r i b u t i o n s  and morphometric data de f in ing  

lamina area per  meter o f  f rond length  were used t o  est imate 

canopy densi ty  (blade area per  bottom area) f o r  t h i s  popu la t ion  

a t  var ious t imes dur ing A p r i l  -August 1983. The Laguna Beach 

populat ion was designed t o  approximate a marine farm i n  spa t i a l  

homogeneity o f  biomass. The second k e l p  populat ion used f o r  

PPFFR determinat ions was a na tura l  k e l p  f o r e s t  a t  Palos Verdes, 

Cal i f o r n i a .  The canopy o f  t h i s  f o r e s t  remained r e l a t i v e l y  dense 

through August 1983, when the canopies o f  most o ther  southern 

Cal i f o r n i a  populat ions had a1 ready disappeared due t o  anomalously 

h igh  surface temperatures and 1 ow n u t r i e n t  concentrat ions 

associated w i t h  the  1982-1983 E l  Nino. The Palos Verdes 

populat ion was more heterogeneous than the Laguna Beach 

populat ion i n  p l a n t  s i ze  and spacing. Mean PPFFR ranged from 

25 t o  1295 E ITI" S f o r  var ious depths and l oca t i ons  w i t h i n  the  

two forests. I n  o rder  t o  d i s t i n g u i s h  v a r i a t i o n  due t o  b i o t i c  

factors, such as canopy density,  from the in f luence o f  physical  



factors, such as i r rad iance,  t u r b i d i t y ,  and sea state,  PPFFR 

measured w i t h i n  the fo res ts  was expressed as percent penetrat ion,  

o r  percent of i rradiance a t  the  same depth i n  open water. 

An a r t i f i c i a l  k e l p  canopy was used t o  e m p i r i c a l l y  de f ine  the  

re1 a t i onsh ip  between canopy dens i ty  and 1 i g h t  penetrat ion.  

Apical  5 meter sect ions o f  k e l p  fronds were attached t o  a 

5 meter X 5 meter PVC frame which f l o a t e d  a t  t he  surface. The 

number o f  f ronds on the frame ranged from 26 t o  104, and canopy 

dens i ty  (blade area per  bottom area) ranged from 0.9 t o  6.2. 

PPFFR was recorded a t  1 meter depth below the a r t i f i c i a l  canopy 

and simultaneously a t  1 meter depth i n  open water adjacent  t o  the 

frame. The re1 a t i onsh i  p between k e l p  dens i ty  and percent  

penet ra t ion  was exponential .  L i g h t  penet ra t ion  through the  

a r t i f i c i a l  canopy was h igher  than pred ic ted  from l i g h t  

transmittance values f o r  i n d i v i d u a l  k e l p  blades, however, due t o  

the  uneven s p a t i a l  d i s t r i b u t i o n  o f  t i ssue.  Percent penet ra t ion  

through the  na tura l  k e l p  canopies a t  Laguna Beach and Palos 

Verdes was h igher  than pred ic ted  from r e s u l t s  o f  the  a r t i f i c i a l  

canopy experiments, again due t o  g reater  s p a t i a l  heterogenei ty  o f  

canopy t issue.  These r e s u l t s  show t h a t  accurate p r e d i c t i o n  o f  

the ke lp  canopy shading e f f e c t  cannot be based on canopy dens i ty  

and blade transmittance values a1 one b u t  requ i re  a r e l a t i v e l y  

complex model o f  t i ssue  d i s t r i b u t i o n .  The PPFFR measurements 

made a t  Laguna Beach and Palos Verdes can be used t o  t e s t  the 

accuracy o f  such a model. 

The nonuniform d i s t r i b u t i o n  o f  k e l p  p lan ts  and canopy t i s s u e  i n  

na tura l  f o res ts  resu l ted  i n  h igh  s p a t i a l  v a r i a b i l  i t y  i n  1 i g h t  

penetrat ion. A 20X range was measured a t  1 meter depth w i t h i n  a 
100 n2 area o f  the  Palos Verdes fo res t .  Predic tably ,  the  

shading e f f e c t  was greates t  immediately adjacent t o  a k e l p  p l a n t  

and diminished w i t h  increas ing  d is tance from the  nearest p lan t .  

The shading e f f e c t  deeper i n  the water column a l so  va r ied  w i t h  



prox imi ty  t o  i n d i v i d u a l  k e l p  p lan ts .  A t  4 and 7 meter depths, 

the  canopy accounted f o r  most o f  the shading e f f e c t  i f  the  

nearest p l a n t  was more than 1 meter away. Shading by deeper 

t i ssues  was sf gn i f i can t ,  however, adjacent  t o  a p lan t .  These 
r e s u l t s  i n d i c a t e  the importance o f  se l fshading t o  o v e r a l l  

product ion 

i n  op t im iz  

Short t e r n  

in f luence 

by a k e l p  p l a n t  and the  importance o f  p l a n t i n g  dens i ty  

ng biomass product ion on a marine fawn. 

temporal v a r i a t i o n  i n  1 i g h t  has been shown t o  

he photosynthet ic  e f f i c i e n c y  o f  p lants.  V a r i a b i l i t y  

i n  PPFFR recorded a t  1 second i n t e r v a l s  was h igh  i n  open water 

due t o  r a p i d  changes i n  surface r e f l e c t i o n  and r e f r a c t i o n .  Short 

t e r n  v a r i a b i l  i ty was g r e a t l y  enhanced, however, below a ke lp  

canopy. Continuous motion o f  ke l  p fronds and blades superimposed 

a f l u c t u a t i n g  shading e f f e c t  on the  already va r iab le  l i g h t  

environment. Short term peaks o f  beam rad ia t i on ,  equ iva len t  t o  

the  sunf lecks which are important  t o  photosynthesis i n  t e r r e s t r i a l  

fo res t  p lants,  occur f requent ly  i n  the k e l p  canopy b u t  d imin ish  

w i t h  increas ing  depth. The r e l a t i v e  importance o f  d i f f u s e  

r a d i a t i o n  increases a t  g rea ter  depths, and s h o r t  term v a r i a b i l i t y  

a t  7 meters was s i m i l a r  f o r  open water and k e l p  fo res t  measure- 

ments. Temporal v a r i a t i o n  i n  PPFFR averaged over 1 onger 

i n t e r v a l s  (>60 s)  d i d  n o t  correspond t o  changes i n  surface o r  

open water i r rad iance  b u t  was due t o  changes i n  the  s p a t i a l  

con f i gu ra t i on  o f  canopy fronds. These r e s u l t s  n o t  on ly  prov ide a 

t e s t  o f  the 1 i g h t  p o r t i o n  o f  the ke l  p product ion model , b u t  a1 so 

may prov ide the  basis  f o r  v a r i a b i l i t y  func t ions  i f  long t e r n  

average PPFFR data prove i n s u f f i c i e n t  f o r  p r e d i c t i n g  ke l  p 

p roduct i  v i  ty . 
4. Laboratory Studies - Phosphorus and the Growth o f  Juven i le  

Macrocyst is p y r i  f e ra  (Phaeophyta) Sporophytes 

(by Steven L. Manley and Wheeler J. North, 

Cal i f o r n i a  I n s t i t u t e  o f  Technology) 

(See pages 4-31 through 4-49) 
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ABSTRACT 

The effect of phosphate (Pi) supply on growth rate and tissue 

phosphorus content of juvenile Macrocystis wrifera (L.) C. Ag. 

sporophytes was examined. Sporophytes were batch cultured in 

aquaria with flowing recirculated seawater enriched by 30 $4 

nitrate, shown to be above growth saturation. Each aquarium was 

supplemented witha different seawater Pi concentration, 0, 0.3, 

1, 2, 3, and 6 IJM Sporophyte mean specific growth declined with 

time in all cultures presumably due to the normal developmental 

decrease in the proportion of meristematic tissue of each plant. 

Growth declines were more pronounced in cultures that were nutrient 

limited. Sporophyte growth was P-limited after 2-week exposure 

to Pi less than l p M ,  corresponding to a tissue P concentration 

of less than 0.20% dry wt. Plants cultured at 6 f l  Pi contained 

tissue P levels of 0.53% dry wt after 3 weeks. Lwury consumption 

and storage of P occurred. 

Key index words: growth rate, Macrocystis, nutrients, phosphorus, 

sporophyte. 



INTRODUCTION 

The growth o f  Macrocystis p y r i f e r a  i n  southern C a l i f o r n i a  

may, a t  t imes,  experience N-limited (6 ,7 ,13 ,14 ,18 ,19)  o r  Mm-limited 

(11) growth. N i t r a t e ,  usual ly  t h e  most abundant form of n i t r o g e n  

a v a i l a b l e  t o  Macrocystis,  and orthophosphate (Pi) e n t e r  ke lp  beds 

v i a  upwelling and runoff  and thus  d i sp lay  s i m i l a r  temporal m d  

s p a t i a l  concent ra t ion  p a t t e r n s  ( 7 , 1 4 ) .  The l a r g e  temporal 

v a r i a t i o n  i n  Pi c.oncentration of seawater  from Nactocys t i s  beds ,  

0.2 t o  1 . 3  pM ' (7), and f o r  P- levels  i n  Macrocystis t i s s u e ,  

O.l5-0.33% dry w t  ( 8 ) ,  r a i s e s  t h e  p o s s i b i l i t y  t h a t  P- l imi ted  

growth might a l s o  occur .  Examining t h e  p o s s i b i l i t y ,  we have 

def ined  P- l imi ted  growth of j u v e n i l e  M.  - p y r i f e r a  sporophytes based 

on t i s s u e  a n a l y s i s .  

MATERIALS AND METHODS 

Each of our  experiments u t i l i z e d  sporophytes of Macrocystis 

p y r i f e r a  ( L . )  C .  Ag. t h a t  were rope c u l t u r e d  from spores  ( 1 2 )  

obta ined  from sporophylls  c o l l e c t e d  from a  s i n g l e  p l a n t .  Juven i l e  

sporophytes were a t  a  s i m i l a r  developmental s t a g e  p r i o r  t o  

precondi t ioning  having a s i n g l e  lamina,  ranging i n  l eng th  from 

2 t o  5  cm, and ranging i n  f r e s h  weight from 50-200 mg. Seven 

p l a n t s  were he ld  i n  each 40-1 P l e x i g l a s  aquarium and precondi t ioned 

i n  continuously r e c i r c u l a t e d  (10-13 cm s - l )  o f f shore  s u r f a c e  

seawater ,  supplemented d a i l y  wi th  NaN03 and K2HP04 t o  produce 

concentrations of 15 and 1 ,uM, r e s p e c t i v e l y .  Water was replaced  

every o t h e r  day. P l a n t s  were grown under continuous i l l u m i n a t i o n  



(cool  white  f l u o r e s c e n t  lamps, 138 fl :m-2-s-1) which was above 

2 growth-sa tura t ing  l e v e l s  ( 1 . 1 ~ 1 0  f l * m - 2 .  s - l ,  Manley, unpublished) .  

Temperature ranged between 10-14'~. Experiments were begun 10 days 

a f t e r  the  precondi t ioning  pe r iod .  Mean s p e c i f i c  growth r a t e s  were 

computed from weekly measurements of  wet weight according t o  t h e  

equat ion ,  

100 W s p e c i f i c  growth r a t e  = t -(in-t) w o 

where Wo and Nt r ep resen t  wet weights before  and a f t e r  e l apsed  

time t i n  days. A f t e r  each weighing, 1 / 3  t o  1 / 2  of the  a p i c a l  

laminar t i s s u e  was trimmed f o r  t i s s u e  a n a l y s i s .  New s e t s  of 

j u v e n i l e  sporophytes were used f o r  each experiment. 

I n  a f i r s t  experiment, Pi concent ra t ion  was inc reased  co 

2 pY i n  a l l  aquar i a  a f t e r  t h e  precondi t ioning  per iod .  N i t r a t e  

concent ra t ion  was ad jus ted  i n  each aquarium t o  e i t h e r  3, 6 ,  15,  

o r  30 )1M and growth was followed f o r  38 days. 

The second experiment involved i n c r e a s i n g  n i t r a t e  concent ra t ion  

t o  30 pM ( a  concent ra t ion  above growth s a t u r a t i o n  found from the  , 

prevLous experiment) a f t e r  the  10-day precondi t ioning .  Phosphate 

c o n c e n t r a t i ~ n  was ad jus ted  t o  e i t h e r  0 .3 ,  1, 2,  3, o r  6 pM. 

Growth was followed f o r  4 weeks. 

For t h e  t h i r d  experiment, n i t r a t e  concent ra t ion  was inc reased  

t o  30 )1M and Pi concentrat ion ad jus ted  t o  e i t h e r  0 ,  0 . 3 ,  1, o r  2 ,dl. 

The i n i t i a l  Pi concent ra t ion  of su r face  seawater w a s  0 . 1  ; Pi 

became undetec table  a f t e r  a 1-day exposure t o  p l a n t s .  Growth was 

followed f o r  3 weeks. 



i J i t r a t e  and Pi seawater  c o n c e n t r a t i o n s  were ana lyzed  by t h e  

methods o f  S t r i c k l a n d  and Parsons (17 ) .  T i s s u e  a n a l y s i s  w a s  

p e r f o m e d  by G a l b r a i t h  Labora to r i e s  (Knoxvi l le ,  TN) on t h e  e x c i s e d  

t i s s u e  d r i e d  a t  8 0 ' ~  f o r  2 days and p u l v e r i z e d  through a 40-mesh 

s c r e e n  (18 ) .  T o t a l  t i s s u e  N (% dry wt)  was determined u s i n g  a 

n i t r o g e n  a n a l y z e r  (Car la  E r Z a  1400).  Analys i s  i s  based  on t h e  

c o q l e  t e  combustion o f  t h e  sample fo l lowed by thermal  c o n d u c t i v i t y  

d e t e c t i o n .  T o t a l .  t i s s u e  P (% dry  wt) w a s  determined by a modi f i -  

c a t i o n  o f  s t a n d a r d  method used on sediments  and s l u d g e  ( I ) .  The 

sample was r i g o r o u s l y  d i g e s t e d  and Pi determined calorimetrically . 
Triphenylphosphine (2-6 mg) w a s  used a s  a c o n t r o l  s t a n d a r d .  

T i s sue  (5-40 mg, corresponding t o  approximately  400 p g  P) w a s  

p l aced  i n  a.50-ml v o l  f l a s k  (wi th  b o i l i n g  c h i p s ) ,  and 20 m l  o f  

1% W / V  Na2Mo04 s o l u t i o n  con ta in ing  12.5% v / v  HN03, 67.5% v / v  H2S04, 

and 7.5% v / v  HC104 w a s  added. The mix ture  was b o i l e d  u n t i l  on ly  

H2S04 remained,  a t  which time t h e  bubbl ing ceased .  A f t e r  c o o l i n g ,  

t h e  t o t a l  voLume w a s  a d j u s t e d  t o  25 ml w i t h  H20, 5 m l  o f  0.25% 

w/v NH4V03 s o l u t i o n  i n  2% v/v HN03 w a s  added,  and t h e  s o l u t i o n  

mixed. A 5% w/v (NH4)2M004 s o l u t i o n  was then  added,  t h e  t o t a l  

volume a d j u s t e d  t o  50 ml w i t h  H20, and t h e  c o n t e n t s  mixed. 

Absorbance w a s  r e a d  a t  460 nm a f t e r  30 n i n .  

RESULTS 

A t  t h e  end of  p r e c o n d i t i o n i n g ,  mean s p e c i f i c  growth r a t e s  

from each aquarium were never  s i g n i f i c a n t l y  d i f f e r e n t  w i t h i n  an 

experiment (Figures 4.1-8A, 4.1-9A). A f t e r  31 days of  growth (10 days 
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Figure 4.1-8. G r m h  of juvenile sporophytes cultured i n  different  

n i t r a t e  cmcentrations. Bars represent 957. confidence intervals  

(n = 6 ) .  A) Specific growth ra te  vs culture time, t - 0 a f t e r  

2 weeks p r e c o ~ d i t i o ~ i n g  in  15 ).at4 n i t r a t e .  1 ).at4 Pi. Experimental 

[pi] ' - 2  yM. Experimental F i t r a t e ) :  o-• = 30 )1M, x---x = 

15 ,uM, 8 . .  .A - 6 pM, and=-- -.-a= 3 pM. Note: i n i t i a l  points 

a t  t = 0 offset  for  c la r i ty .  B) Specific growth ra te  v s  

seawater n i t r a t e  concentration. Days a f t e r  preconditioning: 
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F igu re  4.1-9. Growth of Juvenile sporophytes cultured in different  Pi 

comcentxaeioas. Bars represent 95% confidence intervals  (n = 6 ) .  

A) S p e c i f i c  growth r a t e  -a edtarsre time, t = 0 a f t e r  2 weeks 

preconditioning fn 15 9 niecate,  1 pH Pi. Experimental 

F i t r a t e ]  - 30 JIM. Experimental [pi] : o-• = 2 yM, x---x = IN. 

8 . .  .A = 0.3 ,uM, %a--:.-a= 0 yM. A r r o w  indicates addition of Pi 

to '  2 yM. Note: ini t ia l .  points a t  t = 0 offse t  for  c l a r i t y .  

B) Specific growth ra te  vs external Pi concentration. Days 

a f te r  preconditioning (15 pt-l nitrace,  1 pM Pi) : o-• = 7 days, 

X- - - x = 14 days, o---o = 2 1  days. 



precondi t ioning  and 3 weeks exper imenta l ) ,  a l l  of t h e  s i n g l e -  

bladed juven i l e s  had undergone t h e i r  f i r s t  primary d i v i s i o n  wi th  

enlargement of s t i p e  and h o l d f a s t .  

. Mean s p e c i f i c  growth 

r a t e s  always decreased wi th  time i n  a l l  aquar i a  (Fig.  4.1-8A). The 

r a t e  of decrease was more pronounced as  the  e x t e r n a l  n i t r a t e  

concent ra t ion  decreased. E f f e c t s  of e x t e r n a l  n i t r a t e  concent ra t ion  

on growth became more pronounced as  exposure time inc reased  

(Fig.  4.1-8B). ~ r o w t h  w a s  . s a t u r a t e d  between 6-15 IJM n i t r a t e .  P l a n t s  

exposed t o  3 and 6 JIM n i t r a t e  became no t i ceab ly  p a l e  a f t e r  3 weeks 

compared t o  p l a n t s  a t  h igher  n i t r a t e  concen t ra t ions .  

Growth vs e x t e r n a l  phosphate concent ra t ion .  Both experiments 

involving p l a n t s  c u l t u r e d  i n  d i f f e r e n t  Pi concent ra t ions  y i e l d e d  

s i m i l a r  r e s u l t s .  We he re  p resen t  da ta  r e l a t i n g  growth t o  var ious  

parameters from t h e  second Pi experiment ( F i g .  4.1-9 & 4.1-10). 

Mean s p e c i f i c  growth r a t e s  decreased wi th  time i n  a l l  aquar ia  

(Fig.  4.1 -9A). Phosphorus- l i m i t e d  growth occurred a f t e r  2-week 

exposure t o  l e s s  than  1 $4 Pi (Fig.  4.1-98) corresponding t o  a  t i s s u e  P 

l e v e l  of l e s s  than 0.20% dry w t  (Fig.  4.1-1OB)Tissue Pi was high . 

(0.32% dry wt) i m e d i a t e l y  a f t e r  precondi t ioning  and remained 

high i n  those p l a n t s  exposed t o  2 pM Pi (Fig.  4.1-10A, 8 ) .  

Tissue P dec l ined  i n  the  o t h e r s .  Tissue  P was hyperbo l i ca l ly  

r e l a t e d  t o  e x t e r n a l  Pi concent ra t ion ,  ranging from 0 .12% t o  

0 .53% dry  w t  ( F i g .  4.1-11).  Analyses from the  f i r s t  Pi experiments 

i n d i c a t e d  t h e r e  was no s i g n i f i c a n t  d i f f e rence  (p  = 0 .05 )  i n  t i s s u e  N 
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Figure 4.1-1 0. Specific growch rate (n = 6 )  vs t i ssue P (n = 4 ) .  

Bars represent 957. confidence intervals.  A) = a t  end of 

preconditioning, x = 7 days a f ter  precmditiouing. B> o = 

14 days after  preconditioning. L% = 2 1  days a f ter  preconditioning. 



External phosphate ( p ~ )  

F igu re  4.1-11. Tissue P (n = 4 )  vr seawater Pi concentration for  tissue 

after 3 weeks culturing from preconditioning period. Bars 

represent 95% confidence interval. x = data from f i r s t  Pi 

experiment. s+ = data from second Pi experiment. 



between p l a n t s  i n  t h e  5 d i f f e r e n t  aquar i a  a f t e r  3 weeks. Percent  

dry w t  t i s s u e  N f o r  20 p l a n t s  analyzed was 3.120.1 (mean 295% CI) . 

Plan t s  deprived of  Pi f o r  3 weeks were n o t i c e a b l y  p a l e  wi th  

abnormally t h i n  b lades .  Some p l a n t s  sloughed t i s s u e .  Growth r a t e  

increased  a f t e r  e x t e r n a l  Pi concent ra t ion  was r a i s e d  t o  2 pM f o r  

a  week (Fig.  4.1-9A) i n d i c a t i n g  t h a t  p l a n t  growth was p rev ious ly  

P- l imi ted .  The d i s t a l  P-starved blade t i s s u e  even tua l ly  d i s i n t e -  

g r a t e d  leaving  a  zone wi th  a  g ranu la r  s u r f a c e .  The b l a d e ' s  basa l  

zone r e t a i n e d  a normal appearance. 

P lan t s  c u l t u r e d  f o r  2 weeks i n  6 pM Pi were much darker  than 

t h e  remainder. Some, however, su f fe red  n e c r o s i s  of t h e  b a s a l  c l e f t .  

A f t e r  3  weeks, t h e  e n t i r e  b a s a l  c l e f t  w a s  destroyed on t h e s e  p l a n t s  

and o the r s  con t rac ted  t h e  d isease .  Necrosis plagued a l l  p l a n t s  

i n  t h i s  6 pM Pi aquarium a f t e r  4 weeks. S u b s t a n t i a l  r educ t ions  

and wide v a r i a t i o n s  i n  growth r e s u l t e d .  These p l a n t s  d id  n o t  surv ive  

the  f i f t h  week. High e x t e r n a l  Pi concentrat ion o r  high e x t e r n a l  Pi 

and n i t r a t e  was d e l e t e r i o u s  t o  the  sporophytes.  We d i d  n o t  determine 

whether n e c r o s i s  and r e s u l t i n g  growth dec l ines  were d i r e c t  t o x i c  

responses o r  b a c t e r i a l l y  mediated. 

DISCUSSION 

A s tandardized  c u l t u r i n g  methodology must be used t o  reduce 

v a r i a b i l i t y  i n  growth among p l a n t s  i n  the  same aquarium and t o  

a s su re  uniform c u l t u r i n g  condi t ions when determining e f f e c t s  of 

n u t r i e n t  concent ra t ions  on growth of juven i l e  Macrocystis sporo- 

phytes .  E s s e n t i a l  f e a t u r e s  of such a  methodology a r e  a s  fo l lows:  



an unchanging source  of seawater should be used t o  ensure t h a t  

growth e f f e c t s  can be a t t r i b u t e d  t o  t h e  n u t r i e n t  under i n v e s t i g a t i o n ;  

a c t u a l  t e s t i n g  should be preceded by one t o  two weeks of  precondi- 

t i o n i n g  i n  a cons t a t  environment t o  encourage uni formi ty  of  

growth r a t e s  and t i s s u e  chemistry among the  p l a n t s ;  r e p l i c a t e  

p l a n t s  should be as  g e n e t i c a l l y  uniform as  p o s s i b l e  and a t  s i m i l a r  

developmental s t a g e s  (same age) ; l i g h t  i n t e n s i t y  should be above 

growth-saturat ing l e v e l s  t o  minimize e f f e c t s  from changes i n  

l i g h t  i n t e n s i t y  due t o  l i g h t  source v a r i a b i l i t y  and " se l f - shad ing , "  

occurr ing  when laminae over lap .  

Our method f o r  computing growth lumped slow o r  nongrowing 

t i s s u e s  wi th  r a p i d l y  growing (meristematic) por t ions  of  t h e  p l a n t .  

Proport ions of r a p i d l y  growing t i s s u e s  i n  j u v e n i l e  

decrease wi th  time during normal development. This  slow change 

may, i n  p a r t ,  e x p l a i n  the dec l in ing  growth r a t e s  w e  observed,  

although weekly trimming of lamina1 apices  removed a l a r g e  f r a c t i o n  

of the slowly growing t i s s u e s .  Apical por t ions  of laminae do n o t  

seem c r i t i c a l  f o r  growth and development. They a r e  o f t e n  l o s t  i n  

n a t u r e  during storms o r  may be sloughed during per iods  of warm 

water  o r  low n u t r i e n t s .  Removal of these  d i s t a l  p a r t s  d i d  reduce 

t o t a l  photosynthe t ic  a reas  of t h e  p l a n t s .  This presumably minor 

e f f e c t  would be s i m i l a r  f o r  a l l  i nd iv idua l s  i n  an experiment ,  

permi t t ing  within-experimental  comparisons. 

The P d i s t r i b u t i o n  along the  l eng th  of a s i n g l e -  o r  double- 

bladed juven i l e  Macrocystis sporophyte was n o t  determined. The 



t i s s u e  P concent ra t ion  showed an i n s i g n i f i c a n t  t o  s l i g h t  decrease 

from the  lamina base t o  t i p  of  Laminaria hyperborea ( 4 ) ,  L .  - d i g i t a t a  

( 5 ) ,  and Macrocystis (mature b l a d e ,  Manley, unpublished) . Such 

t i s s u e  P g rad ien t s  have been a t t r i b u t e d  t o  in t r a l amina  t r a n s l o c a t i o n  

(5) and probably do n o t  r e f l e c t  d i f f e r e n c e s  i n  P growth k i n e t i c s  

between basa l  and a p i c a l  t i s s u e .  

Growth was apparent ly  s a t u r a t e d  between 6 and 15 @I e x t e r n a l  

n i t r a t e  concent ra t ion .  A s i m i l a r  range was obta ined  f o r  Laminaria 

sacchar ina  ( 2 ,  2 0 ) .  Wheeler and North (18) found t h a t  growth d id  

no t  s a t u r a t e  up t o  30 yM n i t r a t e ;  however, the  c u l t u r i n g  methodology 

mentioned previous ly  was n o t  followed. Data t7ere combined from 

ba tch ,  continuous,  and f i e l d  grown j u v e n i l e  sporophytes ,  and 

c u l t u r i n g  condi t ions were n o t  m i f o m .  Precondi t ioning  parameters 

were d i f f e r e n t  f o r  t h e  two c u l t u r e s ,  and p l m t s  - obta ined  from the  

f i e l d  a t  d i f f e r e n t  seasons were probably of d i f f e r e n t  g e n e t i c  s tock .  

Also,  the  da ta  were combined from sporophytes batch c u l t u r e d  f o r  

d i f f e r e n t  per iods of time (1-29 days) .  Thus a  p a r t  of  t h e  decrease 

i n  growth r a t e  a t t r i b u t e d  t o  a  decrease i n  t i s s u e  N may a c t u a l l y  

have been a developmental e f f e c t .  It i s ,  t h e r e f o r e ,  n o t  s u r p r i s i n g  

t h a t  they d id  n o t  f i n d  s i g n i f i c a n t  N-saturated growth and correspond- 

ing  surp lus  c i t r o g e n  accumulation. The r e l a t i o n s h i p  between t i s s u e  

N and juven i l e  sporophyte growth should be r e i n v e s t i g a t e d .  Adult  

sporophytes do accumulate su rp lus  n i t rogen  ( 6 , 1 4 , 1 9 )  i f  growth i s  

s a t u r a t e d  above the  t i s s u e  11 l e v e l  of 1 .5% dry w t ,  a s  suggested by 

Gerard ( 6 ) .  



Fronds among adult  sporophytes a r i s e  from basal  meristems 

(frond i n i t i a l s )  and elongate by the un i l a t e ra l  division of the 

apical  scimitar .  Apical and basal  meristems are rno~phologically 

very s imilar  to  single- and double-bladed juveniles ( 9 ) .  They 

are probably physiologically comparable being primarily composed 

of young meristematic t i s sue .  Growth by basal and apical  meristems 

(and thus frond i n i t i a t i o n  and growth) i s  probably saturated above 

a t i ssue  P level  of 0.20% dry w t  s imilar  to  juvenile sporophytes. 

Juvenile sporophytes can only obtain nutr ients  from the surrounding 

water. Meristems on an adult  plant  can also obtain P from other  

t issues  of the parent plant  v ia  translocation.  Translocation to  

meristems of N ,  as amino acids (16) , and P ,  as organic P and Pi (10) , 

main~ains  high ra t e s  during short  periods of low external  

n i t r a t e  and Pi concentrations. Adult Macrocystis can maintain 

growth for  2 weeks on in te rna l  N reserves (6). Phosphate storage 

probably also allows f o r  s imi la r  growth maintenance. 

The concentration of Pi i n  seawater of the P t .  Loma, CA, 

kelp bed was below 0 . 6  p?! in  the upper 4 .5  rn (where most of the 

canopy resides) f o r  an en t i r e  year (1975) while the concentration 

between 4 . 5  and 9 m was greater  than 0.6 @I f o r  1 month of the 

year (7).  Nitrate (NOg f NO 2 ) concentration, however, was never 

above 10  ~ 3 4  (7 ) .  Another study of the sane area from 1975-76  showed 

s imilar  r e s u l t s ;  concentrations of Pi and n i t r a t e  i n  the t o p  1 . 4  m 

of the water column were never above 0 . 8  and 4 91, respect ively (8) . 

It seems possible tha t  adult sporophytes may become nut r ien t  

limited by N and/or P. North -- e t  a l .  (14) have indicated tha t  N 



probably becomes growth l i m i t i n g  t o  Macrocystis before  P because 

inshore  water  can conta in  0.35 (mean) Pi when n i t r a t e  concent ra t ion  

i s  undetectable  (40.05 y6.i). 

The p r e f e r r e d  method of determining the  n u t r i e n t  s t a t u s  of  an 

a l g a  i s  by t i s s u e  a n a l y s i s  ( 3 ) .  If t h e  r e l a t i o n s h i p  between t h e  

t i s s u e  concent ra t ion  of a given n u t r i e n t  and growth i s  known, 

t i s s u e  a n a l y s i s  of f i e l d  m a t e r i a l  can determine whether a l g a l  

growth - i s  n u t r i e n t  l imi ted .  I t  i s  d i f f i c u l t  t o  determine r e l a t i o n -  

sh ips  between growth and i n t e r n a l  n u t r i e n t  concent ra t ion  f o r  a d u l t  

Macrocystis sporophytes because of t h e i r  l a r g e  s i z e  and the  

ex i s t ence  of mul t ip le  meristems and t i s s u e  types .  A s tudy r e l a t i n g  

growth of  a s i n g l e  a d u l t  sporophyte t o  t i s s u e  N has been done ( 6 ) .  

The only publ ished t i s s u e  P d a t a  f o r  a d u l t  sporophytes i s  

f r o z  monthly elemental  analyses  of  homogeneously mixed samples - 

of d r i e d  fronds ( 8 ) .  Tissue P l e v e l s  were below t h e  l e v e l  of  

0.20% dry w t  f o r  5  months of the  y e a r ,  reaching minimum values  of 

0.15% dry w t  i n  August and December and suggest ing P- l imi ted  growth. 

( I t  i s  p o s s i b l e ,  however, t h a t  mer is temat ic  t i s s u e  may have been 

above c r i t i c a l  l e v e l s  r e l y i n g  on t r a n s l o c a t i o n  from o the r  t i s s u e s . )  

For 3  of these  5  months, t i s s u e  N was below 1.5% dry w t .  Assuming 

t h a t  t h i s  r ep resen t s  the  c r i t i c a l  t i s s u e  N l e v e l  (6 )  and t h a t  t h e r e  

i s  no simultaneous N and P growth l i m i t a t i o n ,  then P- l imi ted  growth 

was ind ica ted  f o r  a t  l e a s t  2 months--December (P = 0.15: dry wt ,  

N = 1.56% dry w t )  and January (? = 0.17: dry w t ,  ?? = 1.52X dry w t ) .  

Phytoplankton growth i s  r egu la ted  by the  n u t r i e n t  i n  s h o r t e s t  

supply;  the re  i s  no simultaneous N and P growth l i m i t a t i o n  ( 1 5 ) .  
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There a r e  no comparable experiments performed on macroalgae. 

There i s  no compelling phys io log ica l  reason,  however, t o  presume 

t h a t  a t  the  c e l l u l a r  l e v e l  Macrocystis should d i sp lay  m u l t i p l e  

n u t r i e n t  l i m i t a t i o n .  

The e n t i r e  a d u l t  sporophyte wi th  meristems a t  d i f f e r e n t  depths ,  

exposed a t  times t o  d i f f e r e n t  n u t r i e n t  concent ra t ions  and r a t i o s ,  

could conceivably experience mul t ip le  n u t r i e n t  l i m i t a t i o n  because 

the  var ious  meristems might be l i m i t e d  by a  d i f f e r e n t  n u t r i e n t .  

This would be a  t r a n s i e n t  phenomenon l a s t i n g  u n t i l  t r a n s l o c a t i o n  

could equal ize  n u t r i e n t  r a t i o s  among t h e  growing t i s s u e .  In such 

a  scenar io ,  whole p l a n t  growth would be considered l i m i t e d  by 

mul t ip le  n u t r i e n t s ,  but  a given meristem would be  l i m i t e d  by a 

s i n g l e  n u t r i e n t .  
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ABSTRACT 

Measurements o f  n e t  pho tosyn thes i s  (02 evo lu t i on )  , dark 

r e s p i r a t i o n  (02 consumption),  and l i g h t  and dark carbon f i x a t i o n  

14 ( C) were conducted on whole b l a d e s ,  i s o l a t e d  b lade  d i s c s ,  

sporophyl l s  , a p i c a l  s c i m i t a r s ,  and r e p r e s e n t a t i v e  p o r t i o n s  of  

s t i p e  and h o l d f a s t  o f  t h e  g i a n t  ke lp  ~ r i f e r a  L. 

C .  Ag. Macrocyst is  t i s s u e  discs can be used t o  a s s e s s  photo-  

s y n t h e s i s  (PS) and r e s p i r a t i o n  (R) i f  t h e  p a r e n t a l  b l ade  i s  

c o l l e c t e d  and handled c o r r e c t l y  and i f  t h e  d i s c s  a r e  used w i t h i n  

one t o  cwo hours a f t e r  exc i s i on .  

On P dry weight  b a s i s ,  h i g h e s t  pho to syn the t i c  rates w e r e  

observed i n  a p i c a l  sc$mitaz segments and whole b lades  (3 .81 and 

3.07 mgC-g dry wt- '=h-l ,  r e s p e c t i v e l y ) ,  fo l lowed by spo rophy l l s  

(1.42 mgC.g dry wt-l-h- ')  and  s t i p e  segments (0.15 .mgC.g dry 

w t - l - h - l ) .  No pho to syn the t i c  c apac i t y  w a s  observed in h o l d f a s t  

m a t e r i a l .  Dark r e s p i r a t i o n  r a t e s  showed similar rank ing  rang ing  

from 1.22 mgC.g dry w t  - l - h - l  f o r  a p i c a l  s c i m i t a r  t o  0.18-0.22 mgC-g 

dry wt- l -h- '  f o r  h o l d f a s t  m a t e r i a l .  Tremendous w i t h i n  b lade  

v a r i a b i l i t y  i n  bo th  PS and R w a s  a l s o  found. . S t e e p e s t  PS and R 

g r a d i e n t s  on both  an a r e a l  and weight  b a s i s  were found w i t h i n  

immature b lades  fo l lowed by senescen t  and mature b l ade  m a t e r i a l .  

Highest  PS r a t e s  were a s s o c i a t e d  w i t h  t h e  b lade  t i p s  rang ing  from 

6.46-10.09 mgC.g dry w t  - l - h - l  f o r  innnature and mature b l a d e s .  

Highest  r a t e s  of  R g e n e r a l l y  occur red  towards t h e  b a s a l  p o r t i o n s  

o f  b lades  and ranged from 1.03-1.80 mgC-g dry wt-'.h-l f o r  immature 



blades .  The v a r i a b i l i t y  w i t h i n  and between blades  was h i g h ,  wi th  

c o e f f i c i e n t s  of  v a r i a t i o n  approaching 50%. The observed p a t t e r n s  

can be r e l a t e d  t o  t h e  decreas ing  proportionment o f  pho to syn the t i c  

t o  s t r u c t u r a l  t i s s u e  from t h e  b lade  t i p  t o  t h e  b lade  base .  Rates 

of  l i g h t  carbon f i x a t i o n  r evea l ed  similar l o n g i t u d i n a l  p r o f i l e s  

f o r  t he  d i f f e r e n t  b lade  t ypes ,  w i t h  t h e  abso lu t e  rates be ing  

s l i g h t l y  lower,  wh i l e  p a t t e r n s  o f  dark carbon f  ixa t iow (DCF) 

were l e s s  e a s i l y  I n t e r p r e t e d .  Highes t  r a t e  o f  DCF (0.04-0.06 mgC.g 

1 dry wt-'.hw ) occurred  a t  t h e  b a s a l  po r t i ons  o f  immature and 

senescent  b lades .  Longi tud ina l  p r o f i l e s  of  t o t a l  ch lo rophy l l  

(5 + - C) on both  an a r e a l  and weight  b a s i s  were very  similar t o  

t h e  p r o f i l e s  o f  PS. Normalized t o  ch lo rophy l l  a, PS d i sp l ayed  an 

muual l o n g i t u d i n a l  p r o f i l e  in immature t i s s u e ;  however, such 

p r o f i l e s  f o r  mature and senescen t  t i s s u e s  w e r e  similar t o  t hose  

f o r  PS on an a r e a l  b a s i s .  

I n  t h i s  s t udy ,  i t  can be c l e a r l y  demonstrated t h a t  i t  i s  

d i f f i c u l t ,  i f  n o t  imposs ib le ,  t o  s e l e c t  s i n g l e  t i s s u e  p lugs  t h a t  

a r e  r e p r e s e n t a t i v e  o f  whole b l a d e s ,  a s  has been done i n  many 

r e cen t  s t u d i e s  . F u r t h e w o r e ,  t he  observed metabo l ic  l o n g i t u d i n a l  

p r o f i l e s  r e v e a l  a  c h a r a c t e r i s t i c  developmental p a t t e r n ;  t h e  

previous working d e f i n i t i o n s  o f  immature, mature ,  and s enescen t  

b l ades ,  based on morphology and f rond  p o s i t i o n ,  have now been 

shorn t o  have a phys io log i ca l  b a s i s .  

Keywords : carbon a l l o c a t i o n ,  dark carbon f i x a t i o n ,  k e l p ,  Macrocys t i s  , 

metabol ic  v a r i a b i l i t y ,  pho to syn the s i s ,  r e s p i r a t i o n .  



INTRODUCTION 

The g i a n t  k e l p ,  Macrocyst is  p y r i f e r a  (L . )  C .  Ag. i s  one of  

the  more important  primary producers i n  shal low,  ha rd  bottom 

c o a s t a l  wa te r s  o f f  sou thern  C a l i f o r n i a .  L i t t l e  i s  known about  

r e l a t i o n s h i p s  among growth, development, and p r o d u c t i v i t y  o f  t h e  

na tu r e  sporophyte.  A t t e  t s  t o  r e l a t e  b a s i c  a spec t s  of photo- 

s y n t h e t i c  and r e s p i r a t o r y  carbon metabolism t o  growth have been 

incomplete and very  specu l a t i ve  (Sargent  and Lan t r i p  1952, 

Clendenning 1971, Wheeler 1978). Es t imates  o f  Macrocyst is  photo- 

syn thes i s  (Sargent  and Lan t r i p  1952, Clendenning 1971, Towle arid 

Pearse  1973, h o l d  1980, Willenbrink -- e t  a l .  1979, 

Wheeler 1 9 8 b )  a r e  extremely varf a b l e ,  ranging om a weight  basis 

from 0.11-3.51 mgC-g dry  we -'-h-' and on an a r e a l  b a s i s  (one s i d e  

of  blade) from 0.004-0.482 g ~ . d 2 * h - 1 .  This  appears  to be .  a 

r e s u l t  of both  t h e  d i f f e r e n t  sampling and i ncuba t i on  methods 

employed as  w e l l  as a r e f l e c t i o n  of n a t u r a l  i n t r i n s i c  v a r i a b i l i t y  

both w i th in  f ronds  and between f ronds  of  d i f f e r e n t  p l a n t s .  

Measured r a t e s  of photosynthes is  (PS) and r e s p i r a t i o n  (R) 

o f  Macrocyst is  a r e  dependen.t upon t i s s u e  type  ( a p i c a l  s c i m i t a r ,  

b l ades ,  sporophyl l s  , s  t i p e ,  h o l d f a s t )  , t i s s u e  age ,  phys io log i ca l  

s t a t e  ( n u t r i t i o n a l  and l i g h t  h i s t o r y ) ,  and phys i ca l  i n j u r y  

(abras ion,  s loughing,  ep iphy tes ,  e t c . ) .  Rates of  PS and R have 

been determined on d i f f e r e n t  t i s s u e  types :  Sargent  and L a n t r i p  

( l 952 ) ,  b lade  and s t i p e ;  Clendenning ( l 9 7 l ) ,  s t i p e ,  p n e m a t o c y s t ,  

sporophyl l ,  and b lades  of va r ious  ages; Willenbr ink e t  a l .  (L979), 



young and old blades ; and Wheeler (1980a), blades of various ages. 

In a l l  cases,  only "representative" t i s s u e  segments (discs)  were 

incubated. To da te ,  only Towle and Pearse (1973) and 

Arnold (1980) have incubated whole blade samples. 

- Two fac tors  m u s t  be assessed when using t i s s u e  discs:  the 

e f f e c t s  of t i s s u e  excision (wounding) and v a r i a b i l i t y  within a  

t i s s u e  type. None of the previously mentioned authors assessed 

the possible  e f f e c t s  of wounding on photosynthetic and resp i ra to ry  

performance. A possible  wounding e f f e c t  i s  increased osrygen 

consumption due t o  re lease  and oxidation of phenolic corr~potwds 

('Ragan and Jensen 1977, S i e b m t h  1968, Dromgoole 1978, 

Arnold 1980) . Hatcher (1977) obsemed t h a t  i n  f r e s h l y  cut  

blade discs  of the kelp Laminaria l o n p ; i c m i s ,  even a f t e r  12 h 

of acclimation, r e sp i ra to ry  r a t e s  were 1 .8  times t h a t  of whole 

p l a n t s ;  a  second e f f e c t  of cu t t ing  w a s  t o  increase the  v a r i a b i l i t y  

among rep l i ca tes  f o r  both re sp i ra t ion  and photosynthesis.  Both 

Hopkins and Kain (1978) and Hawthorne -- e t  a l .  (1981) have found 

s i n i l a r  r e sp i ra to ry  increases following wounding of the kelp 

Laminaria and the green siphonous a lga  Caulema 

s i m l i c i u s c u l a ,  respect ive ly .  

Although the  blades of kelps a r e  the primary s i t e  of PSI 

t h e i r  large surface area to  volume r a t i o  amd t h e i r  high photo- 

synthe t ic  r a t e  make i t  d i f f i c u l t  t o  incubate the whole blade (or  

frond) under optimal ( L i t t l e r  1 9  79) conditions.  Hence, many 

inves t iga tors  have chosen t o  conduct physiological measurements on 



i so la ted  t i s sue  d iscs  punched from blades.  Both Hatcher (1977) 

and Johnston et &. (1981) have expressed the d i f f i c u l t y  i n  se lec t ing  

" t ru ly  representative" t i s s u e  segments from L a m i ~ a r i a  sp .  

blades because of the wide va r i a t ion  of PS a d  R r a t e s  within a  

tha l lus  . Similar  large within-blade v a r i a b i l i t y  of photosynthet ic  

p e r f o a r i c e  has been found by K-pers and Kremer (1978) f o r  three  

addi t ional  species of L a i n a r i a .  It can t h e r e f o r e  be a n t i c i p a t e d  

t h a t  sampling problems would be extreme in Macrocpstis s ince  

la rge  mature p lants  can bear up t o  60 o r  more fronds,  each of 

which can bear more than 100 blades of various ages (Clendenning 

1971) . 

The blades of Macrocystis, l i k e  those of Laminaria spec ies ,  

can be considered ''gglpjvhg b e l t s  of tissue" (Mam 1972) because 

younger t i s s u e  i s  produced a t  the  basa l  meristean of the blade 

pushing older  t i s s u e  d i s t a l l y  where i t  c o ~ n l y  erodes.  Light 

and e lec t ron  microscopical observationsJ (Parker 19711 have revealed 

la rge  s t r u c t u r a l  differences (-on the basis  of cross sec t ions )  

between the yowg and o l d  portions of Macrocystis blades.  The 

e n t i r e  blade i s  cove?ed with three t o  e ight  lay;== (Parker 1971) 

of m e r i s t o d e m l  c e l l s ,  which i n  o ther  kelp species have been 

shown (Kremer 1980) t o  contain most of the photosynthetic pigments 

and carboxylating enzymes. The t i s s u e  i s  th i cke r  near  the  blade 

base (Parker 1971) as compared t o  the  apex because of the  r e l a t i v e  

increase i n  the nonphotosynthetic s t r u c t u r a l  and t r anspor t ive  

t i s sues  of the cortex and, medulla. Rates of PS and R per  unit  

weight should, therefore ,  vary down the cen t ra l  axes of a  b lade ,  



and these p r o f i l e s  should also be af fec ted  by blade age. Clendenning 

( 1 9 6 4 ,  1 9 7 1 )  was the f i r s t  t o  inves t iga te  t h i s  in t rablade  v a r i a b i l i t y  

using what he considered a mature blade. He found a marked increase 

i n  PS and R from blade base t o  blade t i p  on a weight bas is  ( f resh  

weight),  while on an a r e a l  bas i s ,  R decreased from base t o  t i p  

a i d  PS remained r e l a t i v e l y  constant.  Unfortunately, because h i s  

methods are  not  s t a t e d  i n  grea t  d e t a i l  and because i n  many cases 

the data  a re  presented on a r e l a t i v e  bas i s ,  S t  i s  d i f f i c u l t  t o  

accurately i n t e r p r e t  h i s  r e s u l t s .  

High r a t e s  of l i g h t  independent carbon f ixa t ion  o r  dark carbon 

f ixa t ion  (BCF) have been associated with young nneristematic t i s s u e  

of kelps ,  and as a r e s u l t ,  d i s t i n c t i v e  tha l lus  p r o f i l e s  of DCF agld 

phosphoenolpyruvate carboxykiaase (PEP-CK; EC 4.1.1.32) a c t i v i t y ,  the  

enzyme responsible f o r  DCF, have been observed f o r  various species of 

Laninaria (Weiher  and Kiippers 1973, Kiippers and Kremer 1978, 

Rremer and Markham 1979, Kremer 1979) . Blade p r o f i l e s  of Macrocvs t i s  

DCF have not  been determined. Rates of DCP by Macrocystis pyr i f e ra  

and Macrocvstis have been determined on i s o l a t e d  discs 

from mature blades and apica l  scimitars  (Willenbrink et &. 1979). 

W e  f e e l  t h a t  much of the previous research on photosynthesis 

and resp i ra t ion  i n  the giant  kelp Macrocystis has been ca r r i ed  out 

without adequate consideration of methodological problems associated 

with (1) incubation 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 .  Thus attempts t o  model growth 

and product ivi ty  i n  a re  severely l imi ted  by the  lack of 



accurnte  q u a n t i t a t i v e  desc r ip t i ons  of the  important  aspec t s  of  

carbon a l l o c a t i o n  (PS,  R ,  and DCF) f o r  the  p l a n t  as  a whole.  We 

have, t h e r e f o r e ,  reexamined i n  g r e a t e r  d e t a i l  v a r i a b i l i t y  i n  PS,  R, 

and DCF due t o  t i s s u e  type and age, and the  incrab lade  v a r i a b i l i t y  

( l ong i tud ina l  p r o f i l e s )  o f  t he se  metabol ic  p rocesses .  S p e c i a l  

a t t e n t i o n  w a s  given t o  t h e  methodological problems a s s o c i a t e d  w i t h  

photosynthet ic  and r e s p i r a t o r y  measurements of  intact blades  and 

i s o l a t e d  blade discs. 



MATERIALS AND METHODS 

Exberimental mater ia l .  Fronds of Macrocystis p y r i f e r a ,  represent ing 

various s tages of maturity,  were col lec ted  from shallow sub t ida l  

hab i t a t s  (.v-10 m r e l a t i v e  t o  m a n  lower low water) o f f  Corona del  

Mar, Cal i fornia .  Experimental mater ia l  (whole small f ronds,  whole 

blades,  and la rge  representat ive sect ions of s t i p e  and holdfas t )  

was col lec ted  i n  the morning (9:OO-11:OO a . m . )  during the summer, 

f a l l ,  and ea r ly  winter .  A l l  mater ia l  was se lec ted  t o  be r e l a t i v e l y  

f r ee  of obvious epiphytes. As suggested by Johns ton -- e t  al. (19 81) , 

great  care was taken not t o  expose the tha l lus  mater ia l  to  d r a s t i c  

changes i n  s a l i n i t y  and temperature, and t o  p ro tec t  the  t i s s u e  from 

" l igh t  injury."  A l l  mater ial  was transported t o  the  laboratory 

(within 30 a n  of co l lec t ion)  i n  l a rge ,  l i g h t  t i g h t ,  i n su la ted  

polyethylene containers .  P r io r  t o  experimentation, ma te r i a l  (whole 

blades and la rge  representa t ive  sect ions of s t i p e  and holdfas t )  was 

s tored  a t  ambient temperature (17-20°C) amd s a l i n i t y  (34.5 o/oo) i n  
4 

1 e i t h e r  the l i g h t  (100 h- ) f o r  photosynthesis experiments o r  

i n  the da rk  f o r  dark carbon f ixa t ion  and r e s p i r a t i o n  measurement. 

Preincubation rout ine ly  l a s t ed  1 h  t o  reduce the e f f e c t s  of any 

possible endogenous gas exchange t r ans ien t s  (Drorngoole 1979). 

Blade types were characterized by appearance a ~ d  pos i t ion  on 

nonteminated canopy fronds: juveni le  blades - below a p i c a l  

sc imi tar  to  2 m; mature blades - 2 t o  5 m from ap ica l  sc imi ta r  

and more r i c h l y  pigmented as compared t o  juveni les  ; senescent 

blades - grea te r  than 5 m from apex, l e s s  pigmented and showing 

signs of t i s s u e  decay; sporophylls - basal  blades growing above the 



frond i n i t i a l s  usually without a pneumatocyst. These terms a r e  

meant to  be merely operat ional .  More thorough de f in i t ions  can be 

found i n  the  excel lent  revtew by Lobban (1978). 

. A l l  incubations were performed i n  l a rge  

walk-in environmental charnbers adjusted t o  temperatures corresponding 

t o  those of co l l ec t ion  (17-20°C) which were found t o  be optimal 

(Fi.g.4.1-l2A)for mature blade photosynthesis. -For  photosynthesis 

experiments, Cool-White f luorescent  l i g h t s  were located perpendic-alar 

t o  the s ides  and tops of Incubation chambers and of fered  a photon 

f l u x  density of 200 ~ . ~ E - r n - ~ - s - ~ ,  which was previously determined 

(Fig 4.1-128)to be above l i g h t  sa tu ra t ion  f o r  mature blades.  

Incubation vesse l  volume varied (0.08 t o  8.5 1)  depending on 

the  tha l lus  s i z e ,  expected h c u b a t i o n  time, and metabolic a c t i v i t y  

according t o  predetermined l i n e a r i t y  runs.  For the most metabol ical ly  

ac t ive  t i s sues  (mature blades) ,  t i s s u e  weight: incubation volume 
b 

r a t i o s  were l e s s  than 0.3 g dry w t  per  l i t e r  f o r  1 h incubations (see 

Fig.  4.1-13j.Incubation times f o r  photosynthesis experiments ranged 

from 1 - 2  h  while those f o r  dark r e s p i r a t i o n  and dark carbon f ixa t ion  

ranged from 2-4 h. Chambers were s t i r r e d  constant ly  throughout. 

the incubation period by magnetic s t i r  bars powered by e l e c t r i c  

s t i r r e r s .  Discs were suspended i n  vesse ls  on brass swivels which 

allowed f r e e  r o t a t i o n  and exposed both s ides  of the d i sc  t o  

i d e n t i c a l  l i g h t  f i e l d s  while preventing any damaging in te rac t ion  

with the s t i r  bar (see Fig.4.l-14 f o r  details). To minimize hea t  

t r a n s f e r ,  cork insula t ion  was provided between the chambers and 
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Figure 4.1-1 2. A. PRocos~thesis-temparature relationships for mature 

blade discs taken 19 an f r o m  the blade base. Means f standard 

deviation for three replicates. B. Net photosynthesis-irradiance 

relationships for m t u e  blade discs (taken as above) . Horizontal 

line dram through the average rate of net photosynthesis for 

determinations above 80 sec-l. Initial rates determined 

least-squares linear regression (see Arnold and Murray 1980). 

Each different symbol represents dif ferent blade disc samples. 

P, = 3.5 mgC.g dry wt-l.h-l, compensation intensity (Ic) = 

12 ~ . i ~ . s e c - ~ .  satuzacion ineensity (Ik) = 80 @.m'2-sec-1. 
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Figure 4.1-1 3. Net photosynthes i s - th  course runs tor mature blade 

discs  sampled 19 cm above the blade  base .  Different rrpbols 
2 represent different sample plugs. Disc s i z e  was 7 9 . 7  cm . 



Pop View 

1 tissue disc 

3 stir bar 
4 stirrer 

5 02 electrode 
6 attachment swivel and line 
7 light fixture and s tand  
8 fluorescent tube  

Figure 4.1 -1 4. Experimental setup for measuring photosynthesis of 

i s o l a t e d  blade d i s c s .  



s t i r r i n g  motors. A l l  incubations were performed i n  f i l t e r e d  

seawater (Ni l l ipore  type HA, 0.45 pm) which was col lec ted  offshore 

from the kelp beds and s tored  i n  the dark u n t i l  used. F i l t r a t i o n  

under vacuum resu l t ed  i n  water being O2 undersaturated by 10-202. 

Therefore, a i r  was b&bLd through water 4 h p r i o r  t o  use t o  

insure sa tura t ion .  

For i so la ted  incubation of blade discs  i n  O2 experiments, the  

e f fec t s  of wounding and preincubation on photosynthesis and 

resp i ra t ion  were assessed i n  four  d i f f e ren t  experiments. In  the  

2 f i r s t  w o  experiments, s i x  i s o l a t e d  (10 .5  cm ) discs  were each 

taken down the c e n t r a l  axes of two mature blades.  One s e t  of s i x  

discs  was immediately incubated i n  the  l i g h t  and one s e t  i n  the  
\ 

dark to  measure i n i t i a l  r a t e s  of photosynthesis and r e s p i r a t i o n  

during a 1 h incubation. Upon termination of incubation, t h e  d iscs  

were removed and held under constant conditions of l i g h t  o r  

darkness f o r  d i f f e ren t  periods o f  time and then reincubated f o r  

fu r the r  metabolic measurements. The r e s u l t s  from these experiments 

(Fig 4.1-15) show t h a t  both photosynthesis (PS) and r e s p i r a t i o n  (R) 

decrease with time a f t e r  i n i t i a l  plug excision with an average 

decrease of 16% i n  PS and 53% i n  R a f t e r  50 h. In the  next two 

experiments, 1 2  d iscs  were each taken from the c e n t r a l  por t ion  of 

2 1 2  d i f f e ren t  mature blades.  S ix  d iscs  (10.5 an ) each were incubated 

f o r  1 h to  measure PS and R immediately a f t e r  excision from the  

parental  blade. The parenta l  blades i n  t h i s  and the previously 

mentioned experiment were preincubated f o r  1 h t o  the experimental 

conditions before plug excis ion.  Af ter  the i n i t i a l  PS and R 



Figure 4.1-1 5. The effects of wornding on net photosynthesis and dark 

respiration of mature blade discs taken down the longitudinal 

axis of a single reatuxe blade. Times are given in hours after 

the discs were excised from the parental blade. Different blades 

were used for the photosymthesis and respiration experiments. 



readings were recorded, addi t ional  wounding was created by s l i c i n g  

the discs  s i x  times perpendicularly t o  the center  of the d i sc .  

The discs  were then reincubated f o r  various periods of time t o  

examine the e f f e c t s  of excessive wounding on PS and R. Beween 

incubations,  d iscs  were held i n  e i t h e r  constant darkness (R) o r  

constant l i g h t  of 100 pE.m-2.s-1 (PS),   able' 4.1-1 shows t h a t  excessive 

wounding of d iscs  had r e l a t i v e l y  l i t t l e  ismediate e f f e c t  on e i t h e r  

PS o r  R ,  and only a f t e r  two days did discs  exh ib i t  a l a rge  (82%) 

reduction i n  photosynthetic capacity.  Our o v e r a l l  conclusion, as 

w i l l  be discussed i n  more d e t a i l  l a t e r ,  i s  t h a t  t i s s u e  d iscs  can 

be used with confidence during short-term metabolic experiments i f  

they a re  not  preincubated f o r  long periods of t i m e .  

Ownen measurements. Net p h o t o s y ~ t h c s i s  and dark r e s p i r a t i o n  were 

measured by assessing changes i n  dissolved oxygen using the  l igh t /da rk  

b o t t l e  technique of Caarder and Cran (1927). Oxygen exchange was 

monitored using YSI Model 57  oxygen electrodes (Clark- type) and 

amplif iers  using the techniques of Arnold (1980) . Electrodes 

were ca l ib ra ted  i n  a i r - sa tu ra ted  d i s t i l l e d  water and gave a l i n e a r  

response (Fig 4.1-l6)ovar the rarige of oxygen tensions encountered. 

Upon termination of incubation, t h a l l i  mater ia l  was gent ly  removed; 

dry weights (80'~) and area were ca lcula ted  from d i sc  diameter o r  

determined with a Li-Cor area meter (Model LI-3100, Lambda I n s t r ~ l e n t s ,  

Lincoln, NE).  Calculations of PS and R were done according t o  the 

procedures as out l ined  i n  St r ick land (1960) assuming a PQ (photo- 

synthe t ic  quot ient ;  moles O2 evolved/moles C02 fixed) of 1 .0  and a 

RQ ( respi ra tory  quot ient ;  moles C 0 2  evolved/moles of O 2  taken up) 



Table  4.1-1.  The e f f e c t s  o f  excess ive  wounding and preincubaeion on photosynthesis  and dark 
respirat ion o f  mature blade plugs i n  t lacrocystfs  pyr i f era .  Mean values of  6 r e p l i c a t e s  
*95% confidence l i m i t s .  

Photosynthesf s 

Before excess ive  wounding 

Immediately a f t e r  
excessf  ve wounding 

2 days l a t e r  

Respiration 

Before excess ive  wounding 0.7B9r0. 062 0 0 -03410. 002 0 

Immediately after  
excess ive  wounding 0.612*0.037 9117 0.029k0.001 +Y7 



Figure  4.1-16. A scasndard c a l i b r a t i m  curve showing the l i n e a r i t y  of 

O2 measurements using our YSI Model 5 7  oxygen analyzer ca l ib ra t ed  

according to the manufacturer's recommended method using a i r -  

saturated d i s t i l l e d  water. High O 2  tensions were produced by 

bubbling seawater with pure oxygen fo r  shor t  time in t e rva l s .  

Lower O2 tensions were produced by degassing ~ d e r  vacuum o r  

bubbling w i t h  nitrogen gas. The Linear regression equation 

(P = 1.13~-0 .56)  f o r  n = 32 had rn r value of 0.99. 

4-68 



of 1 . 0  t o  f a c i l i t a t e  i n t e r c o n v e r t i b i l i t y  i n  comparisons with other  

s tudies .  Hourly metabolic r a t e s  were normalized to  dry weight, rn 

of tha l lus  area (one s i d e ) ,  and i n  some experiments t o  mg c h l i .  

14c-uptake measurements. Rates of carbon f ixa t ion  were measured i n  

the l i g h t  and dark on whole incubated blades (with pneumatocysts 

renoved) of various ages. Generally, techniques were s i m i l a r  to  

tkiose of Wassman and Ramus (1972) and Brinkhuis and Jones (1974) 

with s p e c i f i c  modifications as discussed below. 

Each incubation vessel  was imocu la ted  with 10-50 y C i  of 

1 4 ~ - ~ a H ~ 0 3  (New England Nuclear; s p e c i f i c  a c t i v i t y .  6 . 2  m C i / m  m o l )  . 
After  introduct ion of the 14c1 the medim was s t i r r e d  f o r  a t  l e a s t  

two e n ,  and three i n i t i a l  0 .5  d. a c t i v i t y  s l e s  were p ipe t t ed  

i n t o  22 m l  low potassium, boros i l i ca te  g lass  v i a l s  containing 3 r id 

of the C02- trapping agent NCS ( h r s h a m )  . Contents were gent ly 

mixed, followed by addi t ion of 10 d of Aquasol XI (New England 

Nuclear) and fu r the r  mixing. Prelixxinary experiments fomd t h i s  

erapping agent /cocktai l  mixture superior  to  tha t  proposed by 

Iverson -- e t  a l .  (1976) since we have observed excessive p rec ip i t a t ion  

a t  la rger  sample/cocktail r a t i o s  with t h i s  l a t t e r  technique, while 

trapping eff ic iency was s imi lar .  Blanks of stock 1 4 ~ - ~ a ~ ~ 0 3  
- 

solut ions were checked f o r  organic 14c contamination by ac id i fy ing  

subsamples t o  pH 2.0 with HC1, followed by aera t ion .  I n  a l l  cases,  no 

s ign i f i can t  acid-stable  14c-label (Williams -- e t  a l .  1972) was detected.  

A l l  v i a l s  were dark adapted a t  4 0 ' ~  f o r  24 h p r i o r  t o  counting t o  

avoid problems (Peng 1981) of chemical and pho toluminescence . 



Counting ef f ic iency as determined from quench curves using the  

external  standard channels-ratio method (Peng 1981) rou t ine ly  

ranged between 82-87%. 

Total  ava i lab le  "COZ1' was determined using the methods of 

Str ickland and Parsons (1972) , following the reco 

Smith and Kinsey . (1978) f o r  pH measurement i n  seawater. 

After  incubation, t h a l l i  were washed f o r  severa l  minutes i n  

2 f i l t e r e d  unlabeled seawater. Tissue samples (1.4-79.7 cm ) were 

taken down and across major blade axes with metal cork borers o r  

baking c u t t e r s .  Contiguous samples were a l s o  taken f o r  dry weight 

determinations. Incubated s t i p e  and holdfas t  t i s sues  were sect ioned 

lohgi tudinal ly  with one ha l f  being used f o r  dry weight/fresh weight 

determination and t he  o ther  f o r  ex t rac t ions  of acti tPity.  

led  t i s sues  were exhaustively ext rac ted  with 80% e t h m o l  
- 

a c i d i f i e d  with 2N R C l  t o  remove any res idual  c e l l  wal l  bound H ~ ~ C O ~  

(Willenbrink -- e t  a l .  1979). Ethanol insoluble  mater ia l  was so lub i l i zed  

using the procedure of Cagne e t  a l .  (1979) modified by Manley (1981). 

Preliminary experiments comparing the techniques of Lobban (1974) 

and Gape  -- e t  a l .  (1979) a r e  given i n  T a b l e  4.1-2. Even though the  

method of Lobban o f f e r s  a 2X higher recovery e f f i c i ency ,  we prefer red  

the method of G a p e  &. This l a t t e r  method v i sua l ly  o f f e r s  much 

more complete d iges t ion ,  lower c h e m i l ~ n e s c e n c e ,  and higher counting 

ef f ic iency.  Both ethanol soluble  and insoluble  concentrates were 

corrected f o r  quench (ESCR) and background and added t o  obta in  the 



Table 4.1-2. A comparison of  solubil ization techniques for  deter- 
n i n i n g  tota l  carbon f ixation i n  kelp t i ssues .  

Method 

(x 105) 
Fractionated Total 
diges ta digest 

Counting 
eff ic iency 

Percent 
recoveryC 

Lobban 

Eresent 8.220.4 7.520.3 89.020.3 92  

'~ractionated into ETOH soluble and insoluble. 

b ~ i s s u e  not fractionated but subjected to digestion. 

C ~ e r c e n t  recovery - tota l  digest/fractionated digest .  



total net particulate 14c-fixed. Calculations of net particulate 

carbon fixation (Peterson 1980) and dark carbon fixation followed 

those as outlined in Stsickland and Parsons (1972) and were 

normalized to g-l dry wt and m2 of thallus area (one side). 

Estimates of excreted 1 4 ~ - ~ ~ ~  were obtained for whole blades 

and isolated blade discs using the technique of Smith (1975). 

After incubacion, 100 ml of the remaining seawater was filtered 

and acidified to pH 2.5 to 3.0 with concentrated HCl and bubbled 

with N2 for at least 10 min. Preliminary experiments showed this 

was sufficient time to remove all inorganic 14c as 14c02 gas. 

Replicate 3.0 ml subsamples of this acid-stable label were added 

to 15 ml of Aquasol, dark adapted, and corated for at least 20 mln 

and corrected for quench (ESCR). Rates of excretion were expressed 

as a percent of the corresponding light carbon fixation rates. 

. Chlorophylls 5 and 2 were determined by the 

method of Duncan and Harrison (1982). Tissue discs were placed 

in dimethylrulfoxide (spectrophotometric grade) at 5-7 m1.g wet wt-I 

or 0.29 rnl-~rn-~ and stirred by placing on s rotary shaker for 5 d n  

after which they were added to absolute MeOH (14 ml-g wet" or 

0.83 ml-cm-2) and stirred for 20 mLn. A11 extractions were performed 

in a darkened room. 



Net photosynthesis and respiration of isolated frond parts. 

Estimates of net photosynthesis (PS) m d  dark respiration (R) 

for various thallus parts are given in Figure 4.1-17.0n a dry weight 

basis, highest rates of PS were observed in apical scimitar 

segments (P - 3.81 mgC*g dry wt-'.ho1) and whole blades 

( 3 . 0 7  mgC.g dry wt-lah-l), which make up the bulk (Lobban 1978) 

of the photosynthetic portions of fronds. Surprisingly, 

sporophylls, which are most often located at the base of fronds, 

had appreciable photosynthetic capacity (1.42 mgC- g dry wt-lsh-l) . 
S tipe segments, sampled throughout a mature frond, exhibited 

little net photosynthesis (0.146 mgCag d r y  ~t-l*h-~), while 

young lightly pigmented portions of holdfast mate'rial showed no 

photosynthetic capacity. The same general patterns of PS are 

observed when the data are calculated on the basis of surface 

area. 

Dark respiration rates showed similar but less pronounced 

differences among the various thallus portions. Highest R was 

found in apical scimitars (1.22 mgC-g dry wt-l-h''), while blade 

and sporophyll tissues exhibited lower values (0.70 and 0 . 6 6  mgC-g 

dry wt-l-h", respectively). Although stipe and holdfast tissue 

showed only l/4 to l/5 of the respiration of blades, the respiratory 

capacity of these thallus portions integrated over an entire frond 

can be considerable. 



Apical 8l edes Sgors- SPipr Holdf as* 
scimitar p hylis 

Figure 4,1-17. Net photosynthesis and dark respirat im of various 

thallus parts.. Descriptions follow those as given i n  Lobbaw 

(1978). Whole blades were incubated without pnelnnatocysts. 

Stipe and haptera were sampled from two separate fronds and 

holdfasts , respectively.  Values represent means of  a t  l e a s t  

s i x  replicates 2 the ir  standard deviations. 



Within blade v a r i a b i l i t y  of  PS and R .  Tremendous w i t h i n  b lade  

v a r i a b i l i t y  i n  both  PS and R was found (Figs 4.1-18 4 - 1 - 1 9 )  i n  d i f f e r e n t  

aged b lades .  S t eepes t  pho to syn the t i c  g r ad i en t s  on both  an a r e a l  

and dry weight b a s i s  ( ~ i ~ 4 . i - 1 8 ) w e r e  seen i n  immature b lades  fo l lowed 

by mature and senescen t  b lades .  Highest  PS r a t e s  w i t h i n  ireexnature 

(4.27-10.09 mgCag dry wt-'ah'') and mature (2.54-6.46 mgC-g dry 

wt-l-h- ' )  b lades  were a s s o c i a t e d  wi th  t he  t e rmina l  p o r t i o n s  o f  

b lades .  I n  t h e  case of  senescen t  b l ades ,  t h e  t i p s  were a lmost  

always h igh ly  abraded. These. senesc ing  t i s s u e s  g e n e r a l l y  r e p r e s e n t e d  

dying po r t i ons  of  t h e  t h a l l u s  and, consequently,  e x h i b i t e d  much 

lower pho tosyn the t i c  a c t i v i t y  (0.16-1.74 mgC-g dry wt-'ah-'). 

Overa l l  w i t h i n  b lade  d i f f e r e n c e s  i n  PS on an a r e a l  b a s i s  w e r e  much 

l e s s  pronounced because,  as Parker  (1971) has  shown, t h e r e  i s  less 

d i f f e r ence  i n  t h e  t h i cknes s  o f  the  meristodewa ( t h e  o u t e r  photo- 

s y n t h e t i c  t i s s u e s )  f rom t h e  t i p  t o  t h e  b lade  base  than  i n  the 

th ickness  of  t he  c o r t e x  and medulla ( t h e  r e l a t i v e l y  nonphotosynthet ic  

i n n e r  suppor t ive  and conducting t i s s u e s ) .  Tke c o r t e x  and medulla 

r ep r e sen t  the  bulk o f  t h e  i n t e r n a l  b lade  biomass i n  t h e  b a s a l  

po r t i ons  of t he  b lade  and r e s u l t  i p i h i g h e r  t h a l l u s  d e n s i t i e s  
2 (g  dry wt/cm ) than those  found a t  t he  t e rmina l  ends.  

The average c o e f f i c i e n t  o f  v a r i a t i o n  (C.V.) i n  t h e  PS r a t e s  

of  a  s i n g l e  plug taken from any p o s i t i o n  a long t he  main b l ade  

a x i s  was found t o  be h ighes t  f o r  immature and senescen t  b lades  

(49 and 44%, r e s p e c t i v e l y )  and s l i g h t l y  lower f o r  mature b l ades  

(39%). C l ea r l y ,  i t  i s  d i f f i c u l t ,  i f  n o t  imposs ib le ,  t o  s e l e c t  a 

s i n g l e  t i s s u e  plug t h a t  i s  " r ep re sen t a t i ve "  of  t he  b lade  a s  a  
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F l  gure 4.1-1 8. Longitudinal profiles of dry weight and area-based net 

photosymthesis determined from 02-evoLutiaa experiments. Blades 

were sampled in late f a l l  and e a l y  winter. Different symbols 

represent discs taken horn different blades. Blades were grouped 

into immature, macure, and senescent based on the definitions 

given in the materials and methods section. 
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F i  gure 4.1 - 1 9. Longitudinal profiles of dry weight and area-based 

dark respiration detemined from Ot-uptake experiments. Details 

the same as in Figuse 4.1-18 



whole. To i l l u s t r a t e  t h i s  p o i n t  f u r t h e r ,  s i x  s i n g l e  d i s c s  were 

taken (19 cm from t h e  b lade  base)  from s i x  d i f f e r e n t  mature 

b lades  ( o f  t h e  same leng th)  from d i f f e r e n t  f ronds  and incuba ted  

i n  one-hour PS experiments .  The PS r a t e  ranged from 1 .56  t o  

2.98 mgC.g dry w t  - ' -h- l  w i th  an average  of  2 .52 mgC.g dry  w r - l - h -  1 

and a C . V .  o f  20.42. Thus even when i d e n t i c a l  a r e a s  o r  n e a r l y  

i d e n t i c a l  types  of  b lades  a r e  i n c u b a t e d , v a r i a b i l i t y  i s  s t i l l  h igh .  

P r o f i l e s  of R 4.1-19) disp layed  a more v a r i a b l e  p a t t e r n .  

Highest  r e s p i r a t o r y  a c t i v i t y  gene ra l l y  occur red  towards t h e  b a s a l  

po r t i ons  of a l l  b lades  on an a r e a l  b a s i s ,  and t h e s e  p a t t e r n s  were 

found t o  be m c h  more cons i s  t e n t  f o r  immature b l ades .  Less c l e a r -  

c u t  p r o f i l e s  were observed when R r a t e s  were expressed on a d ry  

weight  b a s i s .  For  immature b l ades ,  h i g h e s t  rates (1.03-1.80 mgC-g 

dry wt-lmh-l) occur red  between t h e  mid and b a s a l  p o r t i o n s  o f  t h e  

b lades  wh i l e  t h e  p a t t e r n  was somewhat r eve r s ed  i n  mature and 

senescen t  b l ades .  Overall b lade  r e s p i r a t i o n  was h i g h e s t  i n  imnatuze 

b lades  fol lowed by mature and senescent  b l ades .  Within b l ade  

v a r i a b i l i t y  of  R w a s  l e s s  than t h a t  observed f o r  PS,  w i t h  t h e  C . V .  

f o r  s i n g l e  p lugs  rang ing  from 26% f o r  j u v e n i l e  and mature b l ades  

t o  31% f o r  s enescen t  b lades .  

L igh t  and dark  f i x a t i o n  of  carbon. L igh t  carbon f i x a t i o n  (LCF) 

experiments (Fig 4.1-20~) r evea l ed  l o n g i t u d i n a l  p r o f i l e s  f o r  t h e  

d i f f e r e n t  b l ade  types  ( c o l l e c t e d  from d i f f e r e n t  f ronds )  t h a t  were 

almost i d e n t i c a l  t o  those  observed f o r  02-evo lu t ion  (F ig .  4-1-18) 

experiments .  The abso lu t e  r a t e s  along b lade  axes were somewhat 



Distance from 

Figure 4.1-20. Longitudinal prof i les  o f  l i gh t  (LCP) and dark (DCP) 

carbon f ixation.  Different symbols re f l ec t  different t p e s  of 

blades. Blades s a p l e d  in  late summer. 



Lower bu t  w e l l  w i t h i n  t he  range of those  found i n  O2 e q e r i m e n t s  

where a  pho tosyn the t i c  q u o t i e n t  of 1 . 0  was assumed i n  c a l c u l a t i o n s .  

Simultaneous experiments  of  O2 evo lu t i on  and 14c uptake i n  t h e  
2 l i g h t  were conducted on mature and immature b lade  d i s c s  (44 uo ) ,  

and t h e  r e s u l t a n t  PQs were 1.520.3 and l . l ?0 .1 ,  r e s p e c t i v e l y  

(p = 0 .05 ,  n = 5).. Using t h e  PQ va lue  of  1 . 5 ,  t h e   evolution 
r a t e s  (Figr.i-ls)would be reduced by 30% and much c l o s e r  t o  t hose  

I r r e g u l a r  p a t t e r n s  of  dark carbon f i x a t i o n  (DCF) were r e v e a l e d  

f o r  t he  f o u r  types  of  b lades  a s  seen i n  F igure  4.1-208 O v e r a l l ,  

h i g h e s t  r a t e s  of DCF (0.08-0 .09  mgC-g dry w t  - ' -h-l)  w e r e  seen  i n  

t he  b a s a l  p o r t i o n s  .of tare and senescen t  b l ades ,  w h i l e  lowest  

w i t h i n  b lade  r a t e s  were f o n d  i n  those  reg ions  o f  mature and 

senescent  b lades .  Only in  t h e  b a s a l  p o r t i o n s  of  t m e  and 

senescent  b lades  do rates of  DCF approach 10-157. of  t h e  corresponding 

LCF r a t e s .  I n  o t h e r  b lade  types  and p o s i t i o n s ,  DCF va lue s  are 

normally much l e s s  than  47. of  t he  LCF va lue s .  

Transverse p a t t e r n s  of  LCF (~ig.4.1-21) w i t h i n  d i f f e r e n t  aged 

b lades  r e v e a l  a  much more uniform pho to syn the t i c  r e s p o n s e a c r o s s  

the  b lade  a s  opposed t o  down t h e  major b lade  axes .  Some s l i g h t  

v a r i a b i l i t y  i s  appa ren t ,  and t h i s  can be a r e f l e c t i o n  o f  minor 

d i f f e r ences  i n  s p e c i f i c  b lade  weight  ac ross  t h i s  axis as w e l l  as 

abras ion  a t  s i d e s  o f  b lade  t i p s  ( s ee  mature b l ade  d a t a ,  F i g .  4.1-21) 

Obtaining b lades  of t h e  same p r e c i s e  age i s  a  d i f f i c u l t  

sampling problem. I n  t h e  previous  exper iments ,  i n d i v i d u a l  



F i  qure 4.1-21 . Transverse p ro f i l e s  of LCF across d i f f e ren t  aged blades. - 
Different symbols represent discs taken a t  d i f f e ren t  positioris 

- - -. - 

across the blade wfth respect  t o  the blade base. Order i s  as 

shown fo r  i m t u r e  plugs wfth c i r c l e s  representing discs close 

to the t i p  and hexagons representing discs close to  the base of 

the blade. D i s c  s i z e  was 1.4 cm2 



blades  were taken from randomly sampled canopy f ronds  because 

our  primary aim w a s  t o  examine t he  v a r i a b l e  n a t u r e  of  metabolism 

both w i th in  b lades  and between b lades  on d i f f e r e n t  f r o n d s .  In 

o u r  f i n a l  LCF experiments ,  w e  chose t o  examine whether s i m i l a r  

p r o f i l e s  and v a r i a b i l i t y  exist w i t h i n  and bemeen  b lades  sampled 

from t h e  same f rond .  We s e l e c t e d  a subcanopy f rond  (wi th  a t o t a l  

of  14 blades)  from a shallow-growing plamt and incuba ted  b l a d e s  

of  va r ious  ages ob ta ined  from t h e  e n t i r e  f r ond  l eng th .  The 

l o n g i t u d i n a l  p r o f i l e s  (Fig 4.1-22) were q u i t e  comparable t o  t h o s e  

shown i n  Fig. 4.1-20 f o r  randomly sampled b lades .  The a b s o l u t e  r a t e s ,  

however, were about  30% g r e a t e r  than  those  observed p r ev ious ly  

and were probably a r e s u l t  o f  

f rond  and most o f  i t s  b lades .  

Rates of  LCF on i s o l a t e d  

were considerably  h ighe r  than  

from 02-evolut ion  experiments 

ages of s t i p e  were 0.65 mgC-g 

t h e  o v e r a l l  immature n a t u r e  o f  t he  

h o l d f a s t  and s t i p e  t i s s u e  (F ig .  4.1-23) 

t h e  corresponding PS va lue s  ob t a ined  

(Fig4.1-17), LCF va lues  o f  t h e  combined 

d r y  wt-lsh-', which was over  four 

times h igher  than t h e  corresponding PS measurements. Holdfas t 

m a t e r i a l  e x h i b i t e d  no O 2  evo lu t i on  (F ig  4.1-17)and had r e l a t i v e l y  

1 i n s i g n i f i c a n t  r a t e s  (0.05 mgCeg dry wt-'ah- ) of  LCP. Immature 

s t i p e  had s i g n i f i c a n t l y  h ighe r  r a t e s  o f  LCF than  d i d  immature o r  

mature samples, which were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from each 

o the r .  Dark carbon f i x a t i o n  of  s t i p e  and ho ld f a s  t t i s s u e  (F ig .  4.1-23) 

1 was. i n  the  same gene ra l  range (0.02-0.07 mgC-g dry wt-luh- ) a s  

t h a t  found a long t h e  l o n g i t u d i n a l  axes of d i f f e r e n t  aged b l a d e s  

(Fig .4.1-19). Immature s t i p e  m a t e r i a l  had s i g n i f i c a n t l y  h i g h e r  r a t e s  



Figure 4-1-22. Longitudindl prof i les  of  LCF for  different aged blades 

' taken from thC same juvenile frond. Numerals indicate blade 

number on frond from apex. 
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F i g u r e  4.-1-23. Rates of l ight  and dark carbon f ixat ion i n  holdfast and 

s t ipe  s-les of different age. Values represent means 9 

s tandard deviat ims of three rep licacrs . 



of  DCF than  d i d  e i t h e r  mature o r  o l d  s t i p e  m a t e r i a l .  The young 

growing t i p s  o f  h o l d f a s t  h a p t e r a  had modera te ly  h i g h  v a l u e s  

1 (0 .  OL mgC-g d ry  w t - l - h -  ) o f  DCF and were 657. o f  t h e  co r re spond ing  

LCF r a t e s .  

LOSS o f  1 4 c - ~ 0 ~  (ac id - s  t a b l e  l a b e l )  d u r i n g  t h e  i n c u b a t i o n  

p e r i o d  was minimal i n  a l l  experiments  conducted.  I n c u b a t i o n  o f  
2 i s o l a t e d  mature  b l a d e  p lugs  (40.5 a ) d u r i n g  s h o r t - t e r m  l a b e l i n g  

exper iments  r e v e a l e d  l e s s  than  520.2% o f  t h e  t o t a l  n e t  p a r t i c u l a t e  

carbon f i x e d  was e i t h e r  e x c r e t e d  o r  l eaked  i n t o  s o l u t i o n .  I n c u b a t i o n  

o f  whole i . s o l a t e d  b l a d e s  showed an average  e x c r e t i o n  r a t e  o f  on ly  

3.4% ( range  1.8-6.5,  n = 5) o f  t h e  cor responding  LCF r a t e s .  

Ch lo rophy l l  p r o f i l e s  and  p h o t o s y n t h e s i s  normal ized  t o  c h l o r o p h y l l  a, 

L o n g i t u d i n a l  p r o f i l e s  o f  t o t a l  c h l o r o p h y l l  ( c h l g  4- 2) on a d r y  wt 

and a r e a l  b a s i s  were d i s t i n c t i v e  f o r  each  b l a d e  type  (F ig .  4.1-24). 

The more i n f o r m a t i v e  p r o f i l e s  a r e  those  on an  a r e a l  b a s i s  because  

t h e  b u l k  o f  t h e  c h l o r o p l a s t s  a r e  con ta ined  i n  t h e  m e r i s t o d e m .  

The most immature t i s s u e  d i s p l a y e d  a c h a r a c t e r i s t i c  d e c l i n e  i n  t o t a l  

chlorop.hyl1 from 0  t o  10 cm from t h e  base  fo l lowed  by a r a p i d  

i n c r e a s e  towards t h e  t i p .  Mature t i s s u e  showed a r e l a t i v e l y  c o n s t a n t  

c h l o r o p h y l l  c o n c e n t r a t i o n  base  t o  t i p .  Senescen t  t i s s u e  d i s p l a y e d  

no c o n s i s t e n t  p r o f i l e  because o f  t h e  randomness o f  decay .  I n  

g e n e r a l ,  t o t a l  c h l o r o p h y l l  concent ra t ions  (pg were h i g h e s t  i n  

s e n e s c e n t  b l a d e s  and lowes t  i n  inmature  b l a d e s .  C h l o r o p h y l l  - a : c  - 
r a t io s  were c o n s t a n t  throughout  t h e  l e n g t h  of  b o t h  mature  and 

s e n e s c e n t  b l a d e s  (Fig. 4.1-25). I m a t u r e  b l a d e  p r o f i l e s  o f  c h l o r o p h y l l  - a :  - c  

r a t i o  c o n s i s t e n t l y  formed a peak approximate ly  two- t h i r d s  from base  
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f i gu re  4.1-24. Longitudinal profi les  of tota l  chlorophyll (&la  and 2) 

for  different aged blades on the bases of dry weight and area. 

Each different symbol represents plugs sampled from different 
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Figure 4.1-25. Longitudinal profi les  of chla:&lc ratios as a function 

of blade age. Data are for those blade profi les  presented i n  

Figure 4.1-24 



t o  t i p  (F ig .  4.1-25).  This i nc r ea se  i n  t h e  r a t i o  was due t o  t h e  g r e a t e r  

i n c r e a s e  i n  ch lo rophyl l  5 a s  compared t o  ch lo rophyl l  - c .  Immature 

b lades  had the  h i g h e s t  ch lo rophyl l  &:2 r a t i o ;  senescen t  b l a d e s ,  

t h e  lowest .  

Simultaneous measurements o f  PS and c h l s  concen t ra t ions  

were conducted on r e p r e s e n t a t i v e s  from the  t h r e e  b lade  age classes 

(Fig .  4.1-26). For c l a r i t y ,  only  s i n g l e  sets of  d a t a  a r e  shown (with 

r e p l i c a t e s ,  i d e n t i c a l  p a t t e r n s  were observed) . Within immature 

b l a d e s ,  t h e  c lo se  c o r r e l a t i o n  o f  PS w i t h  both  a r e a  and weight  as 

PS decreases  downs t h e  b lade  axes w a s  c o n s i s t e n t l y  encountered  as 

has  been shown fa o t h e r  (Fig  4.1-18) experiments .  Pho tosyn thes i s  

n o ~ l e a l i z e d  t o  c h l ~ r o p h y l l  5 was f a i r l y  c o n s i s t e n t  a t  t h e  b a s a l  

and t e rmina l  ends of t h e  b lades  b u t  e x h i b i t e d  a p r e c i p i t o u s  bulge  

i n  t h e  c e n t e r  of t h e  b l ade .  "Phis bulge  w a s  c h a r a c t e r i s t i c  o f  a l l  

ou r  r e p l i c a t e s .  Ove ra l l  shla--based BS rates i n  i a t u r e  b lades  
1 were h ighe r  (1.44-2.05 mgC-mg chla-'ah- - ) than mature 

(1.05-1.44 mgC-mg ch l - - l -h - l )  o r  senescen t  (0.47-0 - 9 5  mgC-mg 

ch l5- l -h - l )  t i s s u e s .  In both  mature and senescen t  b lade  p r o f i l e s ,  

however, ch lo rophyl l  - a-based PS w a s  found t o  co-vary w i th  those  

r a t e s  based on a r e a ,  i n c r e a s i n g  from t h e  b lade  t i p  t o  t h e  b ladk base .  

whi le  weight-based PS r a t e s  e x h i b i t e d  t h e  oppos i t e  t r ends .  

Again, i t  i s  apparent  t h a t  " r ep re sen t a t i ve "  p lugs  a r e  d i f f i c u l t  

t o  sample because o f  the  w i t h i n  and between blade  v a r i a b i l i q .  

Immature and senescen t  b lades  d i s p l a y  t h e  g r e a t e s t  v a r i a b i l i t y  in 

ch lorophyl l  c o n t e n t ,  ch lo rophyl l  q : ~  r a t i o ,  and PS even when 

expressed on an a r e a l  b a s i s .  This  i s  a l s o  t r u e  when PS i s  normal ized 

t o  ch lo rophyl l  2 .  



Figure 4.1-26. ~ o n ~ i t u d f n a l  p r o f i l e s  o f  net  photosynthesis normalized to  

dry weight ( t r i a n g l e s ) ,  area ( c i r c l e s ) ,  and ch la  (large squares) 

for  d i f ferent  aged blades.  The tha l lus  density (mg dry wt.cm-*) 

i s  presented (small squares) for  each d i s c  pos i t ion .  



DISCUSSION 

Accurate estimates o f  k e l p  p r o d u c t i v i t y  a r e  d i f f i c u l t  t o  

o b t a i n ,  p r i a a r i l y  because of  t h e i r  l a r g e  s i z e  and extreme 

morphological  and p h y s i o l o g i c a l  complexity.  Even though i n i t i a l  

a p p r e c i a t i o n  f o r  t h i s  v a r i a b i l i t y  came from t h e  o r i g i n a l  s t u d i e s  

o f  Sargent  and L a n t r i p  (1952) and Clendenning (1964; 1971) ,  

many subsequent  r e s e a r c h e r s  (Johnston' et a l .  1977, ~ o k d o n  and 

D e  Wreede 1978, L i k i n g  1979, Wi l l enbr ink  gt- &. 1979 Wheeler 

1980a, Drew -- e t  a l .  1982, Matsuyama 1983) have chosen t o  e s t i m a t e  

ke lp  p r o d u c t i v i t y  from s h o r t - t e r m  p h o t o s y n t h e s i s  exper iments  

based on r e p r e s e n t a t i v e  d i s c s  o r  tissue subsarnples. Even Clendenning 

(1971) f a i l e d  t o  show t h e  f u l l  e x t e n t  of t h e  l a r g e  p o t e n t i a l  

w i t h i n  b lade  v a r i a b i l i t y  o f  PS and R as a f m c t i o n  o f  b l a d e  type.  

Furthermore,  most of h i s  t i s s u e  samples were t aken  from a "sampling 

zone" (Clendenning 1971, F ig .  59) located between 15 t o  45 cm 

from t h e  b lade  b a s e  on mature b l a d e s .  Genera l ly ,  w i t h i n  t h i s  

mature b lade  sampling zone,  a r e a l - b a s e d  PS r a t e s  ( p r e s e n t  s t u d y  , 

Figs. 4.7-78 and  4-7-20) e x h i b i t  l i t t l e  v a r i a t i o n ,  which i s  i n  agreement 

w i t h  Clendenning (1971).  It can be c l e a r l y  s e e n ,  howeuer, t h a t  

such a c o n s i s t e n t  "sampling zone" cannot  be found i n  most immature - 

and some senescen t  b l a d e s  ( F i g s .  4.1-18 - .  an3 - .  4.1-20). .. 

Accurate e s t i m a t e s  of  whole b l a d e  PS and R cannot  b e  d e r i v e d  

from s i n g l e  d i s c  s les taken from a s i n g l e  b lade .  Where t h i s  

has  been done (Clendenning 1971, F ig .  61; Wheeler 1980a, F i g .  3) t o  

determine the v e r t i c a l  d i s t r i b u t i o n  o f  PS and R a long  a f r o n d ,  



se r ious  errors  were probably made, e s p e c i a l l y  f o r  es t imates  o f  

immature and senescent  blade PS amd R .  S i m i l a r l y ,  accura te  es t imates  

of whole blade pigment concen t ra t ions ,  even on an a r e a l  b a s i s ,  

cannot be ob ta ined  from s i n g l e  d i scs  pmched from a blade ;  t h i s  i s  

p a r t i c u l a r l y  true f o r  immature and senescent  b lades  (Figure 4.1-24). 

V e r t i c a l  d i s t r i b u t i o n s  of pigment concen t ra t ions  based on such an 

unrepresen ta t ive  sampling scheme (Wheeler 19 8Oa) a r e ,  t h e r e f o r e ,  

ques t i onab le .  

We recognized,  as d i d  Clendenning (1971), t h a t  p lug a r e a s  

based on the  diaxneter of the  s q l i n g  bo re r  m y  s l i g h t l y  under- 

es t imate  the  t r u e  photosynthe t ic  a r e a ,  due t o  t he  corrugated na tu re  

of  t he  blade.  I t u r e  blades  show less deep cor ruga t ions  than  

do mature o r  senescent  b lades ,  and in a l l  b l ades ,  t h e  corrugat ions  

become much deeper towards the  blade base.  

A f u r t h e r  d i f f i c u l t y  i n  ob ta in ing  accu ra t e  es t imates  of  PS m d  

R on kelp  t i s s u e s  when exrploying i s o l a t e d  plugs i s  t h e  e f f e c t  of  

wounding and exc i s ion  of the  t i s s u e  from the  p a r e n t a l  b lade.  The 

response t o  wounding appears t o  be v a r i a b l e  among a lgae  and even 

wi th in  d i f f e r e n t  ke lp  spec ies .  For Caulerpa s i m ~ l i c i u s c u l a ,  a 

t r o p i c a l  siphonous chlorophyte,  Hawthorne -- e t  a l .  (1981) found t h a t  R 

inc reased  (more than  5 0 2 )  t o  a p e a k  2 h pos t  wounding a d  then 

re tu rned  t o  t h e  r a t e  of the  con t ro l  a f t e r  6 h.  Photosynthesis ,  on 

the  o t h e r  hand, decreased about 58% a f t e r  2 h  and r e tu rned  t o  normal 

a f t e r  6 h .  These workers a l s o  discovered a l t e r a t i o n s  i n  t he  

d i s t r i b u t i o n  of 14c-f ixed during photosynthesis  i n t o  var ious  end 



products throughout a 48-h post-wounding period.  The flow of 

carbon (post wounding) increased the labe l ing  of s u l f a t e d  poly- 

saccharides,  which were found t o  have a d i r e c t  involvement i n  the  

formation of s t ruc tu res  formed dming the wound heal ing process.  

Both Hatcher (1977) a d  Hopkin and Kain (1978) have observed 

similar respi ra tory  increases  followisg wounding of kelp t i s s u e s  

during short-term incubation experiments. Hatcher's (1977) 

observations,  however, compared excised tissue d i sc  r e s p i r a t i o n  

t o  t h a t  of the whole p lant  (Laminaria . This i s  

ambiguous because the whole p l a n t ,  s t i p e ,  and holdfas t  t i s s u e s  

probably have much lower R r a t e s ,  and thus a d i r e c t  comparison of 

weight-based r a t e s  would obviously show lower r a t e s  of R i n  the  

whole i n t a c t  p lant .  Thus the exact magnitude of wounding on R in 

t h e i r  experiments i s  d i f f i c u l t  t o  assess .  Drew -- e t  a l .  (1982) 

conducted time course s tudies  (s-lar t o  ours) on W of t i s s u e  

segments of the kelp Lamharia  ochroleuca. Their  s tud ies  showed 

a rapid  decrease (b402)  i n  r e s p i r a t i o n  a f t e r  5 h from excis ion from 

the parenta l  blade,  and t h e i r  f indings general ly  agreed well  with 

those found i n  the current study. Immediate wounding e f f e c t s  on 

PS appear t o  be l e s s  dramatic; Buggeln'and Bal (1977) found t h a t  in 

Alar ia  esculenta r a t e s  of LCF i n  excised t i s s u e  segments from the 

young meristematic regions located close t o  the base of the blade 

were not s i g n i f i c a n t l y  d i f f e ren t  ' i n  shor t -  term incubations from 

s imi la r  sect ions observed within the i n t a c t  blade (incubated whole 

and subsampled a f t e r  incubation t e a n a t i o n ) .  However, 24 h a f t e r  

excis ion,  Buggeln and Bal (1977) found t h a t  these young blade 



t i s s u e  segments showed a dramat ic  i nc r ea se  ( 5 0 X )  i n  t h e  r a t e  of  

LCF. Fro= t h i s ,  they  hypothes ized t h a t  t he  pho to syn the t i c  r a t e  of  

mer i s t emat ic  t i s s u e  may be r e g u l a t e d  by a s s i m i l a t e  l e v e l ,  w i t h  

the  impor ta t ion  of  photosynthate  i n t o  pngtristematic t i s s u e s  from 

source a r ea s  (mature b lade  a r e a s )  e x e r t i n g  an end product  i n h i b i t i o n  

of PS,  s i m i l a r  t o  t h a t  which has  been sugges ted  (Guinn and Mauney 

1980) i n  h ighe r  p l a n t s .  Thus  when t h i s  photosynthate  supply  was 

removed a f t e r  24 h o f  e x c i s i o n  from t h e  p a r e n t a l  b l a d e ,  rates of  

LCF i nc r ea sed  because nega t i ve  feedback w a s  r e l i e v e d .  Th i s  might 

a l s o  exp l a in  t h e  decrease  i n  R upon wounding, a s  w a s  observed i n  

our  experiments and those  o f  Drew et &. (1982) because t h e  import 

of  photosynthate  used as t h e  s u b s t r a t e  o f  r e s p i r a t i o n  ( p r i m a r i l y  

m a m i t o l ,  Kremer 19810) would be s topped and r e s p i r a t i o n  would 

drop a s  s u b s t r a t e  becomes l i m i t i n g  w i t h  t h e  t i s s u e  p lugs .  The 

e f f e c t s  of  wounding would thus  depend on t h e  on togene t i c  s h a r a c t e r -  

i s t i c s  of t h e  p lugs  w i t h i n  a b lade  a s  w e l l  as t h e  p o s i t i o n  o f  t h e  

b lade  on t he  f rond.  It a l s o  appears  t h a t  o t h e r  ke lp  s p e c i e s  

behave d i f f e r e n t l y ,  s i n c e  i n  c o n t r a s t  t o  t h e  c u r r e n t  s t u d y ,  

Arnold (unpublished) found no s i g n i f i c a n t  e f f e c t s  o f  wounding on 

shor t - t e rm ( 2  h)  incuba t ions  o f  whole b lades  and b lade  segments i n  

d i f f e r e n t  aged b lades  of t h e  southern  s e a  palm E i s e n i a  a rbo rea .  

Genera l ly ,  we b e l i e v e  f o r  ke lp  s t u d i e s  which r e q u i r e  i ncuba t i ng  

d i s c s  t h a t  long p re incuba t ions  (Gordon and D e  Wreede 1978, L k i n g  

1 9 7 9 ,  Wheeler 1980a) be avoided and t h e  e f f e c t s  o f  wounding on PS 

and  R be assessed .  



Undoubtedly, because kelps  have a h igh degree of morphological 

and h i s t o l o g i c a l  complexity, t h i s  has con t r ibu ted  s i g n i f i c a n t l y  t o  

the  d i f f i c u l t y  i n  ob ta in ing  accura te  r a t e s  of PS and R .  In 

complex t h a l l i ,  such as  , ontogene t ic  g r ad i en t s  can be 

found both  w i t h i n  a blade and between d i f f e r e n t  aged blades  on t h e  

same frond.  I n t e r n a l l y ,  b lades  are co Osed three types 

t i s s u e s ,  t he  meris  toderm, co r t ex ,  and medulla (Parker 1971) 

whose composite s t r u c t u r a l  complexity i s  a l l i e d  wi th  t h e i r  f u n c t i o n a l  

s p e c i a l i z a t i o n  f o r  carbon a l l o c a t i o n ,  suppor t ,  and transport, 

r e spec t ive ly .  The r e l a t i v e  proportionment of these  t i s s u e s  w i th in  

b lades ,  s t i p e ,  h o l d f a s t  i s  dependent upon a s t rong  developmental 

f a c t o r ;  For i n s t a n c e ,  Parker  (1971) has  f o n d  t h a t  the r e l a t i v e  

r a t i o  of  pho tosynthe t ic  ( m e r i s t o d a h )  t o  s t r u c t u r a l  (cor tex)  t i s s u e  

i s  h ighes t  a t  t h e  o l d e s t  por t ions  o f  b lades  (rips) aad decreases  i n  

t he  younger growing b a s a l  a r e a s .  More r e c e n t l y ,  Kremer (1980) has 

shown f o r  t h r e e  spec i e s  of Laminaria t h a t  53-602 of t h e  c h l a  and - 
63-737 ( c a l c u l a t e d  from h i s  data)  of t h e  a c t i v i t y  of t h e  primary 

carbon-f ix ing enzyme, RuBPCase, i s  found i n  t h e  meristoderm, which 

only comprises about 2 . 7 %  of t he  t o t a l  d q  weight of  a b lade .  The 

metabolic g r ad i en t s  of O2 evolu t ion  and LCF f i x a t i o n  observed i n  

Macrocystis (p resen t  s t u d y ) ,  E i sen i a  arborea  (Arnold l98O), s e v e r a l  

spec ies  of Laminaria (King and Schramm 1976, Johnston &. 1977, 

Kiippers and Kremer 1978, Drew g &. 1982) and Undaria 

(Matsuysma 1983) a r e  c l e a r l y  on togene t ica l ly  r e l a t e d .  In a l l  c a se s ,  

weight-based photosynthe t ic  r a t e s  a r e  h ighes t  towards t he  d i s t a l  

por t ions  of  b lades  ( l ove r  t h a l l u s  d e n s i t y ,  mg dry w t / a n Z  and 



a h i g h e r  r a t i o  o f  p h o t o s y n t h e t i c  t o  s t r u c t u r a l  t i s s u e ) ,  dropping 

t o  lower r a t e s  a t  t h e  b a s a l ,  r a p i d l y  growing p o r t i o n s  of b lades  

( h i g h e r  t h a l l u s  d e n s i t y  and lower r a t i o s  of  p h o t o s y n t h e t i c  t o  

s t r u c t u r a l  t i s s u e s ) .  There a l s o  appears  t o  be a  g e n e r a l  tendency 

f o r  t h e s e  g r a d i e n t s  t o  be s t e e p e r  (Arnold 1980, t h i s  s tudy)  i n  

younger inmature b l a d e s .  P r o f i l e s  o f  t o t a l  c h l o r o p h y l l  ( p r e s e n t  

s t u d y ,  Fig.4.1-24 on a dry weight  b a s i s  a l s o  show t h i s  same p a t t e r n .  

Our photosymthet ic  r a t e s  (determined by e i t h e r  O2 e v o l u t i o n  

o r  LCF) f o r  bo th  whole b lades  and i s o l a t e d  b l a d e  d i s c s  a r e  comparable 

Tab le  4.1-3 t o  those  found by o t h e r  r e s e a r c h e r s .  Such comparisons 

a r e ,  however, of  l i m i t e d  v a l u e  s i n c e  d i f f e r e n t  r e s e a r c h e r s  have 

employed d i f f e r e n t  techniques  o f  s a p l i n g  t i s s u e s  and e s t i m a t i n g  

pho tosyn thes i s .  It i s  i n s t r u c t i v e  t o  n o t e  t h a t  for i s o l a t e d  b lade  

d i s c s  our  va lues  r e f l e c t  a much b r o a d e r  range  o f  v a r i a b i l i t y  (on 

t h e  b a s i s  weight )  c o q  a r e  d  o t h e r s  . The range 

v a r i a b i l i t y  on t h e  b a s i s  o f  whole b l a d e s  (Table 4.1-3) ranges 

more than one o r d e r  of  magnitude ( 0 . 1  t o  3 . 9  mgC-g dry  w t - l - h - l )  

w i t h  even h i g h e r  v a r i a b l i t y  seen on t h e  b a s i s  of i s o l a t e d  p l u g s  

Canopy b lades  d i s p l a y  a c h a r a c t e r i s t i c  p a t t e r n  (on an a r e a l  

b a s i s )  of  c h l o r o p h y l l  p roduc t ion  Fig .  4.1-24. Synthes i s  r a p i d l y  

occurs  i n  immature b l a d e s ,  as exempl i f i ed  i n  t h e  s t e e p  l o n g i t u d i n a l  

g r a d i e n t  base  t o  t i p  and reaches  approximately 30 pg i n  

mature b l a d e s .  This  p a t t e r n  probably  r e p r e s e n t s  a developmental 

p r o c e s s ,  and t h e  d i f f e r e n c e s  i n  c h l o r o p h y l l  content  w i t h i n  and 

beeween b lades  was n o t  due t o  d i f f e r e n c e s  i n  t h e  l i g h t  environment 



Table 4.1-3.  A comparison o f  photosynthet ic ra tes  o f  whole blades and I so la ted  blade d iscs i n  Pllacrocystis g y r i f e r a .  - 

BRal l u s  p o r t l o n  Incubated Author 
-- 

Whole blades (immature) 0.5-3. 3C .04-8.13 d I 4 c  (1, s i tu  A , P ) ~  Towle (L Pearse 1973 

Blade par ts  2.9 0.14 O2 (outdoors B,N) L1t t1er  1980 

Uhole blades (var ious ages) 0.1-2.6 0.003-0.094 o2 (outdoors B,H) Arnold 1980 

Whole blades (var lous ages) 2.3-3.9 -- o2 ( l a b )  Present s tvdy 

I m a t u r e  L mature blade d iscs  0.56-3.4 0.05-0.35 ( in  sltu 8) Sargent 8 L a n t r i p  1952 

Apical  R nature blade d i scs f  0.9-8.8 0.0611-0.132 I% ( l ab )  H 1 8 8 e n b r i n k e t a l .  -- 1979 

f Discs from a l  l blade types -- 0.067-0.43 ( l ab )  Wheeler 9980a 
a 
0, 

Discs from a1 1 blade types 0.0~-110.3 0.0~-0.35 Q2 81 ( l a b )  Present study 

= blades attached, 8 = bo t t les ,  P = p l a s t l c  bags, H = mechanical s t i r r i n g .  

b ~ r e a  o f  one s ide o f  d isc .  
C Assuming 8 3.2% so l  i ds  (Clendenning 1971 ) . 
d~ssun ing  4 mg d r y  w t * c i 2  (blade t i p )  and 7 mg dry w t * c n 2  (blade base). 

e ~ i  scs punched a f t e r  Incubat ion. 

f ~ a c r o c y s t i s  l n t e g r f f o l  l a .  

%enescent blade t l ps .  



because a l l  i m a t u r e  and mature blades resided a t  a l l  times a t  the 

water surface.  The increase i n  chlorophyll found i n  senescent 

blades may be p a r t i a l l y  l i g h t  induced because during high t i d e s  

they were submerged. 

in te res t ing  developmental pa t t e rn  within i tux blades 

was seen f o r  PS normalized t o  chlg. Net PS per  c h l g  reached a  

m a x i m  i n  the center  of the immature blade. Although p a r t i a l l y  

due to  an unexplained decrease i n  c h l z  per  u n i t  a rea  towards the 

center ,  t h i s  PS bulge may be due t o  the unsynchronized synthes is  

of components of dark and l i g h t  PS react ions during e a r l y  develop- 

ment. More data a re  needed ( i . e . ,  pa t te rns  of RdP-C, EC 4.1.1.39, 

a c t i v i t y )  , however, t o  support t h i s  asser t ion .  

Photosynthetic r a t e s  normalized t o  c h l a  (Fig. 4.1-26) f o r  various 

posi t ions along the three blade types ranged from 0 .47  t o  2.05 . 

mgC-mg chla- l .h- l ,  - while those observed f o r  Macrocystis i n r e g r i f o l i a  

(Willenbrink -- e t  a l .  1979) a d  M_. pvr i fe ra  (Wheeler 1980a) were 

-l.& less  var iable  (0 .35  t o  1.02 and 0 . 6 9  t o  1.77 mgC-mg c h l ~  I 

respect ive ly) .  

Prof i les  of DCP, to- a  ce r t a in  Gegree, can a l so  be in te rp re ted  

as showing ontogenetic pa t t e rns .  High r a t e s  of DCF a r e  c h a r a c t e r i s t i c  

of the Phaeophyta, p a r t i c u l a r l y  the kelps which can range (Kremer 

1981a,b) up to  30-50% of the t o t a l  carbon f ixa t ion  p o t e n t i a l .  

Highest r a t e s  a re  associated with the basa l  rneris tematic port ions 

of blades,  and recent  estimates of DCF (summarized i n  Kremer 1981b) 

for the young blade t i ssues  of Macrocystis pyr i f e ra  and M_. i n t e n r i f o l i a  



r ep re sen t  56.8 and 40.8% of t h e  LCF r a t e s ,  r e s p e c t i v e l y .  Our 

h ighes t  DCF r a t e s  appear ,  i n  c o q a r i s o n ,  considerably  lower 

(10-152 of t he  LCF v a l u e s ) ;  however, on an abso lu t e  b a s i s ,  ou r  da t a  

1 (0.08-0.09 mgC-g dry w t - l -h -  ) a r e  s l i g h t l y  h ighe r  t han  those  

c i t e d  above (0.060 and 0.034 mgC-g dry w t - l -h ' l ,  r e s p e c t i v e l y ) .  

Discrepancies cam a r i s e  when r e p o r t i n g  DCF r a t e s  as a Z of  LCF 

va lues ,  s i n c e  f o r  t h e  p rev ious ly  c i t e d  v a l u e s ,  t he  LCF r a t e s  were 

1 extremely low (0.106 and 0.087 rngC.g d ry  w t - l - h -  ), oven f o r  young 

t i s s u e s .  In  t h e  p r e sen t  s tudy ,  d i s t i n c t  l o n g i t u d i n a l  p r o f i l e s  

were found i n  only  immature b lades  and sporophyl l s .  Both b l ade  

types  have b a s a l  r eg ions  wi th  i n t e n s e  mer i s temat ic  a c t i v i t y .  

Mature b lades  d i sp layed  l i t t l e  v a r i a t i o n  i n  DCF d o n  t h e  b l ade .  

The major p o r t i o n  o f  DCF (770%) occurs  i n  t h e  c o r t i c a l  c e l l s  

(Krelmer 1980) of  b l a b s  axid i s  be l i eved  t o  compensate f o r  r e s p i r a t o r y  

l o s s  of C02 i n  t h e s e  t i s s u e s .  

110s t measurements of 1 4 ~ ~ 2 - u p  take  i n  t h e  dark probably s e r i o u s l y  

underes t imate  t r u e  r a t e s  of DCF, s i n c e  s imul taneously  occu r r i ng  

r e s p i r a t o r y  processes  g ive  o f f  COT Some of  t h i s  C02 may be  

r e f i x e d  by PEP-CK wh$le t h e  r e s t  l eaves  t he  t h a l l u s  s m f a c e  and 

e n t e r s  s o l u t i o n .  The real a p p l i c a b i l i t y  of  t he se  measuremezxts , 

however, l i e s  i n  t h e  a b i l i t y  t o  f i n g e r p r i n t  t h e  a c t i v e l y  growing 

s ink  (Schmitz and Lobban 1976) regions  w i t h i n  b lades  and f ronds .  

Resp i ra to ry  p r o f i l e s  along b lades  a r e  a l s o  c o r r e l a t e d  w i t h  

a c t i v e  a r ea s  of growch as seen i n  t h e  immature b lades  (p r e sen t  

s t u d y ) ,  where h ighes t  r a t e s  a r e  l oca t ed  towards t h e  b lade  base .  



S i a i l a r l y  ,I t h e  a p i c a l  s c i m i t a r ,  which i n i t i a l l y  produces new 

individuaq b lades  and i s  thought ( S c M t z  and Lobban 1976) t o  be 

a  very s t  ong carbon s h k  as  a r e  t h e  developing spo rophy l l s ;  

both  of t e s e  t h a l l u s  p a r t s  e x h i b i t e d  ve ry  h igh  r a t e s  o f  R.  I 
Observed p r o f i l e s  o f  i n t r a b l a d e  R were s i m i l a r  t o  t h e  p a t t e r n s  

found by dlendenning (1971. F ig .  60) f o r  what appears  t o  be a 

mature b lade ,  wi th  the  h ighes t  r a t e s  on an a r e a l  b a s i s  and lowest  

r a t e s  on a f r e s h  weight b a s i s  occu r r i ng  a t  t h e  base  o f  t h e  b l ade .  
I 

Overa l l  o& r e s p i r a t o r y  r a t e s  ( a l l  b l ade s )  f o r  i s o l a t e d  p lugs  

ranged frdm about 0.20 t o  1.75 mgC-g dry w t  - l . h - l  (0.014 t o  

1 0.062 gC.d-2.h' ) and a r e  gene ra l l y  h i g h e r  than  those  recorded  
I 

(see  revit& by Kremer 1981b) f o r  i s o l a t e d  p lugs  o f  Laminaria  sp .  
i 

(0.036 t o  0.396 mgC-g cky wt ' l -h - l )  and those  found by Wheeler 
I 

(1980a) iq h i s  s t u d i e s  of  (m0.024 g~.m-2.h-1; r e c a l c u l a t e d  

on t h e  bas!is o f  t h e  a r e a  of  one s i d e  of t he  d i s c ) .  Oddly enough. 

Wheeler ((980a) s t a t e s  t h a t  h i s  dark r e s p i r a t i o n  r a t e s  v a r i e d  l i t t l e  
I 

over t he  dength o f  a f rond ;  whi le  i n  c o n t r a s t ,  we found app rec i ab l e  

v a r i a t i o n  lof R a c t i v i t y  j u s t  w i t h i n  a  s i n g l e  b lade .  Again, i t  

seems thad h i s  un rep re sen t a t i ve  sampling schgme has masked t h e  
i 

t r u l y  varijable r e s p i r a t o r y  responses t h a t  e x i s t  f o r  whole b l ades  
i 

down t h e  fevelopmental  g r ad i en t  of  a  f rond.  

i 
The q e s p i r a t o r y  needs of  s t i p e  and h o l d f a s t  a r e  about  25% 

I 
of those  d e p i r e d  by blade  t i s s u e s  ; however, on a  whole p l a n t  b a s i s .  

I 

t h e  f r e s h  height biomass a l l o c a t e d  t o  t he se  p a r t s  i s  h igh  and can 

r ep r e sen t  o v e r  307. (Clendenning 1971) of  t he  t o t a l  p l a n t  biomass. 



So i n  t h i s  r e s p e c t ,  t he  t o t a l  biomass of s t i p e  and h o l d f a s t  r ep re sen t s  

an appfeciable  carbon s i n k ,  and t h i s  should be cons idered ,  e s p e c i a l l y  

when cbns t ruc t i ng  annual carbon budgets.  This was n o t  considered 
I 
I i n  the1 annual carbon budget cons t ruc ted  by Johnston -- e t  a l .  (1977) 
I 

f o r  s acchar ina .  

t o  c o n s t ~ s t  a carbon budget f o r  a f r m d  o r  whole 

p l a n t ,  1 a s t a t i s t i c a l l y  s i g n i f i c a n t  number of  measurements m u s t  be 

the  varLous t i s s u e  types .  T h i s ,  of  course ,  inc ludes  measure- 

f t he  var ious  blade types from j u v e n i l e ,  subcmopy, growing 

(with a p i c a l  s c imi t a r s )  , canopy (with t e rmina l  b i f u r c a t i o n s )  , 

escen t  f ronds .  Rates of  whole blade PS aad R cannot be 

ed from incubat ions  of  s i n g l e  d i s c s  punched from s i n g l e  

u t  c m  be cons t rus ted  from d i s c  incuba t ions  p rov id ing  t h a t  

l o n g i t  d i n a l  p r o f i l e s  a r e  developed f o r  each blade (as descr ibed  

I h e r e i n  and t h e  corresponding da t a  regard ing  blade l eng th  and a r e a  

r e l a t i  nsh ips  a r e  gathered.  I s o l a t e d  whole blades  may be incubated 

i n  t he  lab  provided t h a t  the  chamber s a t i s f i e s  a l l  o f  t he  method- 

o l o g i c  1 c r i t e r i a  ( L i t t l e r  1979)  and the  t i s s u e  i s  p roper ly  

t ransp  r t e d .  1 1 

$ s i t u  measurements of PS and R by enclos ing b lades  i n  p l a s t i c  

bags mby s eve re ly  underest imate r a t e s  un less  t he  bag i s  found t o  be e 14 imperm ab l e  t o  inorgan ic  carbon and ( C o r  pH, a l k a l i n i t y  

measm ments) o r  O2 (02 measurements) (Towle and Pearse  1973). 

Also,  r ans loca t ion  of l abe led  products must be accounted f o r  I 
when m/easuring whole blade LCF o r  DCF in s i t u  (Towle and Pearse  1973). 



I n  s i tu-derived data  a re  of marginal value unless vigorous quan t i t a t ive  -- 
description of water ve loc i ty ,  temperature, and l i g h t  i n t e n s i t y  are  

simultaneously determined. Natural f luc tua t ions  of these environ- 

mental var iables  a re  ne i the r  predic table ,  cont ro l lab le ,  and a r e  

seldom repeatable;  therefore ,  they must be accurately monitored 

during the s i t u  incubation period. Without such monitoring, 

conclusions w i l l  be based on the observer 's  estimation of conditions 

and lack s t r i c t  s c i e n t i f i c  documentation. Temperature i s  the 

e a s i e s t  parameter t o  monitor. The l i g h t  f i e l d  and water motion are  

most d i f f i c u l t .  The l i g h t  environment i n  and below kelp canopies 

can vary tremendously over shor t  time in te rva l s  (seconds) due t o  

wave focusing and blade movement and o r i en ta t ion .  Wheeler (1980b) 

concluded t h a t  diffusion res is tance  cari decrease produc- 

t i v i t y  i n  la rge  beds because current  ve loc i t i e s  were frequent ly 

l e s s  than 4 un-sec-I  which is  below the  ve loc i ty  which sa tu ra tes  PS. 

Gerard (1982a) , however, concluded t h a t  cur rent ,  wave surge,  and 

blade movement (flagging) provided enough water movement t o  sa tu ra te  

nu t r i en t  uptake a l l  of the time. This conclusion w a s  based on 24-h 

dissolut ion r a t e s  of p l a s t e r  buttons attached t o  blades _____ i n  s i t u  

under v a q i n g  sea s t a t e s .  Tnese measurements, however, do not  

provide information as t o  short-term ( 1  h) f luc tua t ions  i n  water 

motion experienced by a blade bagged f o r  i n  s i t u  product iv i ty  

determinations. No s ign i f i can t  enhancement of n i t r a t e  uptake occurred 

over 1 h between bagged blades undisturbed o r  cont inual ly  shaken 

(Gerard 1982b). The ocean conditions during these measurements, 

however, were not recorded, arid i t  i s  possible  t h a t  during calm 



per iods  i n  dense ke lp  beds t h a t  t h e r e  would be a s i g n i f i c a n t  

d i f f e r e n c e .  Although o r b i t a l  motion v e l o c i t i e s  are t r a n s m i t t e d  

through p l a s t i c  bags (Gust 1977),  i t  has  n o t  been demonstrated 

t h a t  a bagged Macrocys t i s  b lade  exper iences  wa te r  motion due t o  

su rge  o r  f l agg ing ;  t h e  b lade  enc losed  w i t h  wa t e r  i s  probably  

prevented  from moving l o n g i t u d i n a l l y  in t h e  bag dur ing  su rge .  Bag 

shaking experiments should ,  t h e r e f o r e ,  be performed dur ing  each day 

of incuba t ions  as a c o n t r o l .  Labora tory  i n v e s t i g a t i o n s  o f  k e l p  

PSI R ,  and DCF a r e  advantageous because t h e  e f f e c t  o f  a s i n g l e  

v a r i a b l e  can be e a s i l y  a s c e r t a i n e d  i n  a c o n t r o l l e d  i ncuba t i on .  

A f t e r  the  e f f e c t s  o f  t h e s e  v a r i a b l e s  have been descmribed, p rope r ly  

cons t ruc t ed  & s i t u  incuba t ions  m y  i n d i c a t e  t h a t  o t h e r  unknown 

f a c t o r s  a r e  impor tant .  
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4.2 Major Achievements o f  Kel p  Growth Model Development 

Computations u t i l i z i n g  the  most soph i s t i ca ted  e x i s t i n g  k e l p  model were 

per forned i n  order  t o  support  the eva lua t ion  of  the  e f f e c t s  o f  p l a n t i n g  

dens i ty  on k e l p  product ion. The c a l c u l a t i o n s  y i e l d e d  an opt imal dens i ty  o f  

8 fronds/n2, which corresponded we l l  w i t h  f i nd ings  f r o n  the  Y M I  t e s t  f a n  a t  
2 Goleta on 8-1 1  fronds/m . 

Model i n g  a c t i v i t i e s  dur ing  1983 inc luded expl o r i  ng methods 

the  c u r r e n t  desc r i p t i on  o f  t he  submarine l i g h t  f i e l d  and expand 

morphological model s  o f  k e l  p  fronds by i nco rpo ra t i ng  add i t i ona l  

ex i  s t i n g  data. 

f o r  improving 

i n g  the 

d e t a i l s  f r o n  

Manipulat ion o f  a v a i l a b l e  morphological data y i e l d e d  a  s i n g l e  nath-  

ematical  representa t ion  descr ib ing  cumulat ive d i s t r i b u t i o n s  o f  blade area 

along k e l p  fronds f o r  a l l  f rond  lengths. Previous s tud ies  had used several  

equations (K i  rkwood & Nor th) ,  d i v i d i n g  fronds i n t o  f i v e  s ize- length  classes, 

f o r  t h e i r  mathema t i c a l  representat ions. Devel opnent o f  a  s i n g l e  representa- 

t i o n  i s  a l a r g e  improvement i n  methodology. 

A r e l a t i o n s h i p  was a l so  found between t o t a l  blade area and t o t a l  node 

number f o r  fronds o f  any length.  

The d i s t r i b u t i o n  o f  " representa t i ve  blade areas" a1 ong " representa t i ve  

fronds" o f  any l e n g t h  can now be computed by combining the  two re la t i onsh ips .  

It opens the  way f o r  mathematical l y  cons t ruc t i ng  " representa t i ve  k e l p  p lan ts "  

and " representa t i ve  k e l p  beds" f o r  any g iven f rond s i z e  d i s t r i b u t i o n .  

F i e l d  s tud ies  demonstrated t h a t  acc l  imat ion  i s  more important  than blade 

age i n  determining b lade PS c h a r a c t e r i s t i c s  as we l l  as man i fes ta t ions  of 

pho to inh ib i  t ion .  Canopy blades y i e l  ded h ighes t  PSnax values and showed no 

pho to inh ib i t i on .  Changes i n  PS vs I r e l a t i o n s h i p s  can now be predic ted,  

knowing the  recent  h i s t o r y  o f  a  b lade 's  env i  ronnent. 



Subcanopy blades r e s i d i n g  i n  a harvested area w i t h i n  a k e l p  bed showed 

h igher  2Snax values than s i m i l a r  blades l oca ted  nearby i n  an unharvested p a r t  

o f  the bed. 

Nocturnal R values were s i m i l a r  f o r  a l l  except ap ica l  mer 

blades. 

Canopy blades cons tan t ly  s h i f t  p o s i t i o n s  so t h a t  few rema 

t o  f u l l  sun1 i g h t  f o r  longer  than one hour. 

s  tema ti c 

n f u l l y  exposed 

Effects from El N i  no caused n u t r i e n t  depl e t ion ,  ch l  o rophy l l  reduct ion,  

and decreased PS i n  t he  experimental p lants .  

Percent penet ra t ion  o f  1  i g h t  through an a r t i f i c i a l l y  f i x e d  ke l  p  canopy 

var ied  exponent ia l l y  w i t h  canopy density.  

Spat ia l  neterogenei ty i n  d i s t r i b u t i o n  o f  canopy t i s s u e  r e s u l t e d  i n  h igher  

percent penet ra t ion  1 i g h t  values beneath na tu ra l  canopies than p red i c ted  from 

f i n d i n g s  w i t h  the a r t i f i c i a l l y  f i x e d  canopy. 

S e l f  shading was grea tes t  immediately adjacent  t o  a given p lan t ,  due t o  

t h e  combined c o n t r i b u t i o n s  o f  canopy p l  us v e r t i c a l  f rond bundle. Far ther  

away, e f f e c t s  from the  bundle decreased. 

Short  t e r n  (ca 1 sec) f l u c t u a t i o n s  i n  l i g h t  i n t e n s i t y  occurred both i n  

open water and beneath k e l p  canopies b u t  were considerably  g rea ter  f o r  the  

l a t t e r  case. Radiat ion peaks o r  f lashes decreased w i t h  inc reas ing  depth w h i l e  

the  r e l a t i v e  importance o f  d i f f u s e  r a d i a t i o n  increased. 

Long t e r n  (ca 1 min) f l u c t u a t i o n s  beneath canopies resu l t ed  from s h i f t s  

i n  d i s t r i b u t i o n  o f  canopy t issues. 

Apica l  meristematic blades and whole blades y i e l d e d  the h ighes t  PS r a t e s  

i n  the  labora tory  (3.81 and 3.07 ngC/gm dry. h r  respec t i ve l y ) .  Sporophyl ls 

were 1.42 and s t i p e  segments 0.15 mgC/gn dry. hr .  Haptera showed no PS 

capabi l  i ty .  



On bo th  an a rea l  and we igh t  bas is ,  t he  s teepes t  PS and R g rad ien t s  

occurred i n  immature blades, f o l l  owed by senescent and mature t i ssues .  

Wi th in  a blade, the  t i p  showed the  h i g h e s t  PS r a t e s  (6.46 t o  10.09 mgC/gn 

dry .  h r .  ) f o r  immature and mature blades. 

Rates o f  R were gene ra l l y  h i ghes t  towards t h e  b lade  base (1.03 t o  1.80 

mgC/gm dry .  hr.  ; immature b lades) .  

H ighest  dark carbon f i x a t i o n  r a t e s  a l s o  occurred b a s a l l y  (0.04 t o  0.06 

ngC/gm dry .  h r .  ; immature and senescent blades).  

PS p r o f i l e s  were m i r ro red  i n  p r o f i l e s  o f  c h l o r o p h y l l  a and c. 

Stud ies i n d i c a t e d  t h a t  i t  i s  d i f f i c u l t ,  i f  n o t  impossible,  t o  s e l e c t  

s i n g l e  t i s s u e  p lugs t h a t  a r e  rep resen ta t i ve  o f  e n t i r e  blades. 

Laboratory  c u l t u r e s  o f  j u v e n i l e  Macrocyst is  p l a n t s  showed t h a t  sporophyte 

growth was phosphorus-1 i n i t e d  f o l l o w i n g  a two week exposure t o  Pi 

supplementations o f  0.3 M o r  l ess .  The c r i t i c a l  l e v e l  o f  t i s s u e  phosphorus 

appeared t o  be near 0.20 percent  o f  t he  d ry  weight.  

Luxury consumption and s torage o f  phosphorus i n  j u v e n i l e  Macrocyst is  was 

demonstrated. 



4.3 Major Technical  Problems o f  Kelp Growth Model Development 

Severe weather du r i ng  the  f i r s t  t h r e e  months o f  1983 i n c l u d i n g  one s t o m  

t h a t  was r a t e d  as a 40-to-100 y e a r  event,  s e r i o u s l y  i n t e r f e r e d  w i t h  f i e l d  

a c t i v i t i e s  du r i ng  t h i s  per iod.  The work t h a t  was accompl i shed  was rendered 

useless by s t o r n  damage on severa l  occasions. 

A major  E l  Ni  no even t  began i n  1 a t t e r  1982 and extended i t s  i n f l u e n c e  

throughout 1983. A f a i r l y  we1 1 -developed upwel l  i n g  season was exper ienced 

du r i ng  A p r i l  and May; however, June, J u l y  and August wi tnessed widespread 

d e t e r i o r a t i o n  o f  t h e  C a l i f o r n i a  and Baja C a l i f o r n i a  seaweed resources as a 

r e s u l t  o f  t h e  El Nino. The popu la t i on  o f  exper imental  p l a n t s  a t  Laguna Beach 

was severe ly  a f f e c t e d  so t h a t  by August, f u r t h e r  work a t  t h i s  s i t e  was n o t  

feas ib le ,  and exper imental  a c t i v i t i e s  were t r a n s f e r r e d  t o  Abalone Cove which 

l i e s  c e n t r a l l y  i n  t he  s t r ong  upwe l l i ng  area o f f  Palos Verdes. Reasonably 

heal thy  k e l p  canopies occurred i n  Abalone Cove. The s i t e ,  however, 1 i e s  

27 m i l  es wes te r l y  f rom Cal -Tech's headquarters o f f i c e ,  r equ i  r i  ng two t o  t h r e e  

hours o f  t r a v e l  t ime p e r  v i s i t .  

I n  r e t r ospec t ,  t h e  E l  Nino even t  probably  impacted t he  l a t e r  phases o f  

t he  s tud ies  a t  t he  Catal  i n a  Tes t  F a c i l i t y  i n  1982. 



4.4 Concl usions o f  Kel p Growth Model Devel opment 

The k e l p  model i n g  a c t i v i t y  i s  we1 1 underway. A mathematical express ion 
r e l a t i n g  b lade area t o  p o s i t i o n  on a f r ond  has been formulated i n  s i m p l i f i e d  

f o m .  Th is  represents  a s i g n i f i c a n t  advance i n  c h a r a c t e r i z i n g  t h i s  extremely 

impor tan t  fundamental r e l a t i o n s h i p  which l i e s  a t  t he  h e a r t  o f  k e l p  modeling. 

Dev ia t ions  from t h i s  t h e o r e t i c a l  represen ta t ion  o f  a f r ond  have been assessed 

by comparison t o  a l a r g e  p r e - e x i s t i n g  data base of  measurements made on 

na tu ra l  fronds. V a r i a b i l i t y  between r e a l  and p red i c ted  values was modest 

i n d i c a t i n g  t h a t  the new model i n g  procedure i s  va l  i d .  

Extens ive records were ob ta ined  o f  subsurface i rrad iance  1 eve1 s vs t ime, 

bo th  i n  open water  and beneath k e l p  canopies of  va r ious  dens i t i es ,  under a 

v a r i e t y  o f  cond i t ions .  These data a re  undergoing ana l ys i s  and w i l l  a s s i s t  i n  

t he  development f o r  modeling o f  a r e a l  i s t i c  mathematical d e s c r i p t i o n  o f  1 i g h t  

f i e l  ds w i t h i n  k e l  p beds. 

In s i  t u  determinat ions o f  PS and R were conducted under a v a r i e t y  of -- 
environmental cond i t i ons  f o r  d i f f e r e n t  t i s s u e  types i n  an exper imental  

Macrocyst is  populat ion.  PS vs I re la t i onsh ips ,  acc l  ima t i on  e f f e c t s ,  and 

p h o t o i n h i b i t i o n  were studied. The i n v e s t i g a t i o n s  a l s o  i nc l uded  concur ren t  

measurements o f  temperature, k e l p  n u t r i t i o n ,  morphonetry , and growth. 

Therefore, an ex tens ive  body o f  i n t e r r e l a t e d  data extending over  severa l  

months t o  a s s i s t  i n  des ign ing and t e s t i n g  t he  k e l p  model i s  a v a i l a b l e .  

Ef fects  o f  k e l p  ha rves t i ng  on PS r a t e s  among remaining b lades was a l s o  

inves t iga ted .  A major  E l  Nino occurred du r i ng  these s tud ies  produc ing marked 

i n d i c a t i o n s  o f  n u t r i e n t  s t a r v a t i o n  among the  exper imental  p l an t s .  

Re1 a t i onsh ips  between PS and n u t r i t i o n a l  s t a t u s  o f  k e l  p blades were obtained, 

t a k i n g  advantage o f  t h i s  r a t h e r  i n f r e q u e n t  phenomenon. 

D e t a i l e d  l abo ra to r y  s tud ies  examined PS, R, and dark carbon f i x a t i o n  

r a t e s  and t h e i  r ranges. Long i tud ina l  p r o f i l e s  o f  these parameters a1 ong 

leng ths  o f  f ronds were obta ined as w e l l  as p r o f i l e s  a long  leng ths  of  

i n d i v i d u a l  blades. PS r a t e s  from hap te ra l  and s t i p e  t i s sues  were measured. 



P S  values l y i n g  a t  the  upper ends o f  the ranges observed were h igher  than any 

ra tes  p rev ious ly  repor ted  i n  the l i t e r a t u r e .  Relat ionships between PS ra tes  

and contents o f  the photosynthet ic  pigments a and c were inves t iga ted .  

Growth experiments u t i l  i zing  j u v e n i l e  Macrocyst i  s  p lan ts  i n d i c a t e d  t h a t  

the c r i t i c a l  P-content ( i  .e. t i ssues  were n e i t h e r  s t o r i n g  phosphorus nor  were 

they s tarved)  was approximately 0.2 percent  on a dry weight basis. L i ke  

n i t rogen,  l uxu ry  uptake o f  phosphorus occurred w i t h  excess amounts being 

s to red  f o r  u t i l  i z a t i o n  1 a t e r  when external  sources n i g h t  become growth- 

1 i m i  ti ng. 
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MAJOR ACHIEVEMENTS 

The o v e r a l l  program o b j e c t  

data which a l lowed subsequent 

i v e  was f u l f i l l e d  by t h e  p r o v i s i o n  o f  c r i t i c a l  

prepara ti on o f  a comprehensive systems and 

economic ana l ys i s  o f  a conceptual Marine Biomass Farm. 

- The f i r s t  Macrocyst is  y i e l d  data on a l a r g e  number o f  p l a n t s  was 

accumulated, and subsequent y i  e l  d v e r i  f i  c a t i  on s tud ies  were de f i ned  and 

i mp1 emen t e d  . 

- Kelp Growth Model Development was i n i t i a t e d  based on requirements 

i d e n t i f i e d  by t he  systems and economic ana lys is .  





6. MAJOR TECHNICAL PROBLEMS 





6. MAJOR TECHNICAL PROBLEMS 

A  major  t echn i ca l  problem i nvo l ved  ope ra t i on  o f  t he  Ca ta l i na  Tes t  F a c i l i t y  

(Hemidome). The problem was t he  i n t e n s i f i c a t i o n  o f  d e l e t e r i o u s  b i o l o g i c a l  

e f f e c t s  which apparen t l y  r e s u l t e d  f rom enc losure o f  t he  p l a n t s  i n  t h e  t e s t  

apparatus. Due t o  resource 1  i m i t a t i o n s ,  t h e  problems c o u l d  n o t  be reso lved,  

which r e s u l t e d  i n  t e r m i n a t i o n  o f  the  Hemidone exper iment p r o j e c t .  
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7. CONCLUSIONS AND RECOEIMENDATIONS 

Conclusions 

o  Through a n a l y s i s  o f  d e t a i l e d  s c i e n t i f i c  and eng ineer ing  data, us i ng  

conserva t i ve  p ro j ec t i ons ,  t h e  r esu l  t s  o f  t h e  Marine Biomass Program 

i n d i c a t e  t h a t  p roduc t i on  o f  methane f rom Macrocyst i  s  p y r i  f e r a  on 

commercial s i z e d  farms i s  t e c h n i c a l l y  f eas i b l e .  

o  P r o j e c t i o n s  o f  p roduc t  c o s t  us i ng  s t a t e - o f - t h e - a r t  p roduc t i on  

technol  ogy ($13.50/MMBTU) as we1 1  as us i ng  reasonably o p t i m i  s t i c  

ex t r apo l  a t i o n s  o f  c u r r e n t  technol  ogy ($6.00/MMBTU) i n d i c a t e  t h a t  t h e  

c o s t  o f  gas produced on t he  commercial farm conceptual  i z e d  would be 

h i ghe r  than t h a t  produced from c u r r e n t  convent iona l  p roduc t i on  

sources, b u t  conpe t i  ti ve w i  t h  o t h e r  sources o f  s u b s t i t u t e  n a t u r a l  gas 

and unconvent ional  na tu ra l  gas. 

o  System and p roduc t  c o s t  can be reduced by u t i l i z a t i o n  o f  improved 

methods o f  feedstock,  p roduc t i on  ( gene t i c  s e l e c t i o n )  and methane 

convers ion ( d i g e s t i o n  sys ten  des ign) .  

o  Methane f rom k e l p  systems may a l s o  become c o s t  e f f i c i e n t  and 

a t t r a c t i v e  i n  a  business and f i n a n c i n g  sense i f  by-product  and 

co-product recovery a re  i nco rpo ra ted  i n t o  the  system concept. 

o  A major  unknown i n  a l l  p r o j e c t i o n s  i s  caused by t he  f a c t  t h a t  a1 1  

s t ud ies  have been performed w i t h  w i l d  p l an t s .  Th i s  f a c t o r  forces,  

probably,  excess ive conservat ism on t h e  e n t i  r e  concept. Fo r  example, 

Snprovement o f  c rop  y i e l d  as f unc t i ons  o f  p l a n t i n g  and ha rves t i ng  

s t ra tegy ,  va r i ous  n u t r i e n t  management techniques, and t h e  p o s i t i v e  

e f f e c t s  o f  h y b r i d i z a t i o n  and gene t i c  s e l e c t i o n  cou ld  n o t  be reasonably 

assessed. Any one o f  t he  above parameters cou ld  have ma jo r  upward 

impact on y i e l d  w i t h  consequent r educ t i on  i n  cos t .  The combined 

r e s u l t  o f  o p t i m i z a t i o n  o f  a l l  o f  these parameters nay w e l l  y i e l d  a  

c o s t  compe t i t i ve  systen. 



Reconmenda ti ons 

o  Work on t he  Kelp Growth Model, now under devel opment should con t inue  

i n  o rde r  t o  a l l o w  c r e d i b l e  e x t r a p o l a t i o n s  t o  be made from the  basel i n e  

systems ana lys is .  Th is  model should a l s o  f a c i l i t a t e  the  study and 

a n a l y s i s  o f  o t h e r  types o f  biomass t o  methane systems. 

o  Kel p  gene t i c  s tud ies  shoul d  cont inue.  Genet ic composi t ion i n f l uences  

y i e l d ,  c rop  s t a b i l i t y ,  d i g e s t i b i l  i ty,  and many o t h e r  f a c t o r s  

i n f l  uenci ng feedstock and p roduc t  cos t .  As genet i c  research usual l y  

i nvo l ves  a  r e l a t i v e l y  long- term e f f o r t ,  t h i s  work should be pursued a t  

some l e v e l  i f  successful  commercial p roduc t ion  i s  ever  t o  be rea l i zed .  

o  Methane p roduc t ion  from mar ine biomass should be cons idered as p a r t  of  

an i n t e g r a t e d  business. Subsequent f i n a n c i a l  analyses should cons ider  

by-products and co-products as i n t e g r a l  p a r t s  o f  t he  system. Several 

p o t e n t i a l  a n c i l l a r y  products  hav ing values equal t o  o r  g rea te r  than 

t he  methane p roduc t  can be generated by t he  system. A c t i v e  

development o f  these products  would s i g n i f i c a n t l y  inc rease  t he  c o s t  

e f f i c i e n c y  o f  t h e  system by o f f e r i n g  f a s t e r  payback and t he ,  

oppo r tun i t y  f o r  us i ng  a1 t e r n a t e  f i n a n c i n g  s t r a t e g i e s  and sources. 

o  Engineer ing s tud ies  o f  k e l  p  p l a n t  morphology - environmental 

i n t e r a c t i o n s  should be cont inued as an a i d  t o  development o f  

commercial i z e d  systems. The data on buoyancy, drag and hol  d f a s t  

r es i s tance  i n  t h i s  study l e d  t o  s i g n i f i c a n t  reduc t ions  i n  p o t e n t i a l  

system cos t .  Hardware cos t s  were reduced and l owe r  c o s t  f e r t i l i z a t i o n  

s t r a t e g i e s  cou ld  be p ro jec ted  than would otherwise have been 

reasonably assumed. Fu tu re  work should develop a  model o f  t he  

mechanical i n t e r a c t i o n s  occu r r i ng  between k e l p  p l a n t s  and t h e i r  

environment as w e l l  as those o c c u r r i n g  among p l a n t s  a t  va r ious  

p l a n t i n g  i n t e r v a l s .  A  bas ic  ques t ion  e x i s t s  as t o  whether the  p l a n t s  

should be morpho log ica l l y  mod i f i ed  i n  o rde r  t o  f a c i l i t a t e  t he  des ign 

o f  l e a s t  c o s t  p l an t i ng ,  c u l t i v a t i o n  and ha rves t i ng  systems. (What i s  

the i d e a l  "design" f o r  an i n d i v i d u a l  k e l p  p l a n t ? )  I t has been shown, 



f o r  example, t h a t  photosynthet ic  r a t e  i n  the  canopy va r i es  i nve rse l y  

as canopy depth, which i s  i t s e l f  a  f unc t i on  o f  drag and cur ren t .  A 
model which explores these r e l a t i o n s h i p s  and t h e i  r po ten t i  a1 e f f e c t s  

on the  desi gn requi  rements o f  nearshore and o f f sho re  s t ruc tu res  woul d  

be an extremely va luable t o o l  f o r  planning, design and c o s t  

p ro jec t ions .  

o  Hardware ( p l a n t  and equipment) engineer ing s tud ies  shoul d  be pursued 

a t  some l e v e l .  A l l  o f  the  previous work has shown t h a t  t he  system 

hardware i s  i n t e r a c t i v e  w i t h  the  p lants;  t h e i r  physiology, s t r u c t u r e  

and chemistry. Prov is ions  should be made t o  assure t h a t  b i o l o g i c a l  

and hardware systems remain compatible. It should be assumed, f o r  

example, t h a t  successful devel opment o f  a  h igh  y i e l d i n g  s t r a i n ,  

which i s  now being invest igated,  would have a  one-to-one impact on 

c u l t i v a t i o n ,  harvest ing, and t ranspo r ta t i on  f a c i l i t i e s .  Higher y i e l d  
may impact drag, harvest ing and processing i n  non-1 i nea r  ways. 




