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TITLE 

1. RESEARCH SUMMARY 

Mar ine Biomass Program 

G R I  Con t rac t  Number 5010-323-0014; S E R I  Con t rac t  Number 

XK-0-9350-1 

CONTRACTOR General E l e c t r i c  Company 

Re-ent ry  Systems D i v i s i o n  

PRINCIPAL Alan N. Tornpkins, Program Manager, Biomass Programs 
1 NVESTIGATOR 

TIME SPAN January 1, 1980 - December 31, 1980 

MAJOR ACHIEVEMENTS - 
This  r e p o r t  descr ibes research wh 

t h e  f e a s i b i l i t y  o f  growing marine 

i c h  has been conducted dur 

biomass i n  t h e  open ocean 

i n g  1980 t o  h e l p  assess 

and conve r t i ng  i t  t o  

methane. Prev ious exper imenta l  da ta  has shown t h a t  k e l p  can be grown f rom spores 

t o  a d u l t  p l a n t s  us ing  n u t r i e n t - r i c h  deep ocean waters and then conver ted t o  

methane. Dur ing 1980, t he  da ta  base was broadened by adding t o  t h e  knowledge o f  

k e l p  s u r v i v a l  requi rements i n  t h e  open ocean and improv ing t h e  understand'ng of 

t h e  r e l a t i o n s h i p  between k e l p  composi t ion and methane p roduc t ion .  Major  

achievements t h i s  year  inc luded :  

0 Demonstrat ion t h a t  a d u l t  k e l p  p l an t s ,  when prevented f rom abrading aga ins t  

t h e  t e s t  fa rm s t r u c t u r e ,  cou ld  s u r v i v e  severe weather cond i t i ons .  

o Product ion and v e r i f i c a t i o n  o f  a  model which p r e d i c t s  methane p roduc t i on  

i t o 1  content .  

were ou tp l an ted  and grown a t  a  

based on elemental  composi t ion and mann 

e Produc t ion  of h y b r i d  k e l p  species which 

nearshore fa rm s i t e .  



RECOMMENDATIONS 

General E l e c t r i c  recommends t h a t :  

a M o d i f i c a t i o n s  t o  Test Farm must be implemented and upgraded t o  p rec l ude  

entanglement and abras ion o f  k e l p  p l a n t s  w i t h  Tes t  Farm s t r u c t u r e .  

F u r t h e r  ocean exper iments a re  recommended on p l a n t  dynamics t a  p rov i de  

da ta  on e f f e c t s  o f  water mot ion  on Macrocys t i s .  

a Growth and p roduc t i on  r a t e s  o f  se l ec ted  h y b r i d  spec ies o f  Macrocys t i s  

should  be f u r t h e r  eva lua ted  and documented under va r i ous  env i ronmenta l  

c o n d i t i o n s .  

a Cont inu ing  s tud ies  are r e q u i r e d  t o  recover  maximum methane y i e l d s  f rom 

d i g e s t e r  s o l i d s ,  and t o  improve feed/chemical va lue of d i g e s t e r  e f f l u e n t .  

a I nnova t i ve  d i g e s t e r  des ign concepts i n c l u d i n g  p l u g  f l o w  s y s t e m ,  f l u i d i z e d  

bed systems and packed-bed systems, should be f u r t h e r  expanded t o  upgrade 

and op t im i ze  gas conversion. 

a Another l a r g e  sca le  k e l p  harves t  should  be undertaken i n  l a t e  1981 t o  

supp ly  researchers  w i t h  a  homogenous biomass supp ly  f o r  con t inued  research.  

a Cont inu ing  e f f o r t s  should be app l i ed  t o  f u r t h e r  c h a r a c t e r i z e  and o p t i m i z e  

t he  microorganism(s)  r espons ib l e  f o r  optimum convers ion o f  acestate t o  

methane. 

DESCRIPTION OF 

WORK COMPLETED 

a Although r e l e g a t e d  t o  a  "maintenance mode" ope ra t i on  due t o  r e l a t i v e l y  low 

f und ing  l e v e l s  and co- fund ing  de lays th rough  August 1980, s i g n i f i c a n t  

m i les tones  were never the less  achieved by t h e  va r i ous  Marine Biomass 

subcon t rac to rs  d u r i n g  t h e  course o f  t h i s  1980 con t rac t .  These achievement 

inc lude :  



- P r e l i m i n a r y  concepts d e f i n i t i o n  t o  p rec lude  entanglement and abras ion  

o f  k e l p  p l a n t s  on Tes t  Farm S t ruc tu re .  

- Maintenance and re fu rb ishment  o f  t e s t  fa rm hardware t o  o p e r a t i c ~ n a l  

read iness  d u r i n g  1980. 

- P r e l i m i n a r y  eva lua t i ons  o f  Macrocys t i s  h y b r i d s  f o r  o p t i m i z a t i o r  o f  

p l a n t  c h a r a c t e r i s t i c s .  

- P r e l i m i n a r y  d e f i n i t i o n  o f  n i t r o g e n  and m i c r o n u t r i e n t  requi rements  o f  

Macrocys t i s  p l a n t s .  - 
- Greenhouse f a c i l i t i z a t i o n  and cand ida te  spec ies s e l e c t i o n  o f  seaweeds 

ind igenous t o  New York S t a t e  waters. 

- P r e l i m i n a r y  e v a l u a t i o n  o f  i n n o v a t i v e  d i g e s t e r  des igns and autof'eeder. 

- Complet ion o f  mann i t o l  s t ud ies  a t  IGT. 

G R I  COMMENT 

The t h r u s t  o f  t h e  work GE has performed under t h e  GRIjSERI c o n t r a c t  s i nce  

September 1980 has been t o  o b t a i n  k e l p  y i e l d  da ta  th rough  m o d i f i c a t i o n s  t o  t h e  

e x i s t i n g  o f f s h o r e  t e s t  p l a t f o r m  o r  th rough  t h e  a c q u i s i t i o n  o f  nearshore 

f a c i l i t i e s .  Regardless o f  how y i e l d  da ta  i s  obta ined,  t h e  program w i l l  emphasize 

near-shore s t ud ies  on fundamental ques t i ons  such as n u t r i e n t  uptake and storage, 

as w e l l  as p l a n t  improvement. I n  a d d i t i o n ,  t h e  r e l a t i o n s h i p  between k e l p  growth 

and d i g e s t i b i l i t y  w i l l  con t inue  t o  be an impor tan t  focus.  Another t h r u s t  of t h i s  

program has been, and w i l l  con t inue  t o  be, work on i n n o v a t i v e  d i g e s t e r  systems, as 

w e l l  as p r e -  o r  pos t - t rea tment  and inocu lum development i n  o rder  t o  i nc rease  

methane p r o d u c t i o n  r a t e s .  





2. OVERALL PROJECT OBJECTIVE 

The Mar ine Biomass Program has, as i t s  p r ima ry  o b j e c t i v e ,  t h e  development o f  

op t im ized  and i n t e g r a t e d  processes f o r  t h e  p roduc t i on  o f  methane f r om seaweed 

c u l t i v a t e d  i n  t h e  ocean t h a t  a re  c o s t  compe t i t i ve  w i t h  a l t e r n a t i v e  sources o f  

energy. Th i s  o b j e c t i v e  w i  11 be accompl ished through d i r e c t  exper imenta t ion  and 

e v a l u a t i o n  o f  concepts f o r  t he  feedstock p roduc t ion ,  h a r v e s t i n g  and convers ion  

process systems. The t echn i ca l ,  economic and energy requi rements  o f  t h e  processes 

w i l l  be determined so t h a t  t h e  f e a s i b i l i t y  o f  p roduc ing  methane on a  c o m p e t i t i v e  

commercial s ca le  f rom marine biomass can be f u l l y  es tab l i shed .  

Over t he  nex t  2-3 years  the  s p e c i f i c  o b j e c t i v e s  t h a t  must be met i nc l ude :  

(1) de te rmin ing  t h a t  p roduc t i on  o f  macroa lga l  biomass can be sus ta ined  such t h a t  

t h e  ha rves t  y i e l d s  demonstrate a  s t r o n g  economic f u t u r e  f o r  ocean fa rm systems, 

( 2 )  con f i rm ing  t h a t  ocean fa rming  o f  biomass can p rov i de  ne t  energy ga ins,  and ( 3 )  

de te rmin ing  t h a t  macroalgae can be economica l ly  harvested and conver ted  on a  b a s i s  

t h a t  i s  compe t i t i ve  w i t h  a l t e r n a t e  sources o f  methane and o the r  s y n t h e t i c  f u e l s .  

The biomass of c e n t r a l  i n t e r e s t  i n  t h e  c u r r e n t  program i s  t he  g i a n t  ke l p ,  

Macrocys t i s  p y r i f e r a .  Th is  spec ies has been s tud ied  e x t e n s i v e l y  and i t s  h i g h  

growth r a t e ,  p h y s i c a l  s i z e  and s t r u c t u r e ,  l ong  l i f e  and ease o f  h a r v e s t i n g  have 

made i t  a  l ead ing  candidate f o r  ocean energy farms. Other  cand ida te  macroa lga l  

species w i l l  a l so  be i n v e s t i g a t e d  d u r i n g  t h e  nex t  2-3 years  and t h e i r  s u i t a b i l i t y  

f o r  mar ine biomass fa rming  w i  11 be ascer ta ined.  The i n i t i a l  emphasis towards 

meet ing t h e  s p e c i f i c  program o b j e c t i v e s  over t h e  nex t  2-3 years  w i l l  be on mar ine 

fa rm ing  concepts us i ng  t he  g i a n t  k e l p  as t h e  "benchmark" species. The concept t o  

be i n v e s t i g a t e d  i s  the  growing o f  k e l p  on suspended a r t i f i c i a l  subs t ra tes  

p o s i t i o n e d  i n  t h e  open ocean w i t h  n u t r i e n t s  p rov i ded  by upwe l l i ng  deep seawater. 

Prev ious work has shown t h a t  c o n t r o l l e d  c u l t i v a t i o n  o f  macroalgae i s  f e a s i b l e  

and t h a t  f u e l s  can be de r i ved  f rom mar ine biomass feedstocks.  Ex tens ive  work w i t h  



Macrocys t i s  - has i n d i c a t e d  t h a t  i t  can be grown i n  t h e  open ocean when f e r t i l i z e d  

by a r t i f i c a l l y  upwel led deep ocean waters.  Ke lp  thus  de r i ved  has been shown t o  be 

f a v o r a b l y  s u i t e d  t o  methane p roduc t i on  by  t h e  process o f  anaerobic convers ion.  

Gas y i e l d s  a t t a i n e d  have been g e n e r a l l y  h igher  than  those  ob ta ined  f r om o the r  

biomass forms. Thus some key aspects o f  t h i s  p r o j e c t  have been shown t o  be 

t e c h n i c a l l y  f e a s i b l e .  However, s u f f i c i e n t  da ta  have no t  been generated t o  show 

t h a t  these concepts can be e f f e c t e d  i n  such a way as t o  generate  c o s t - c o m p e t i t i v e  

energy products .  

The work w i l l  expand upon t he  p rev ious  da ta  base w i t h  emphasis on t h e  

t e c h n i c a l  and economic requirements o f  t h e  c r i t i c a l  parameters assoc ia ted  w i t h  

biomass y i e l d  and o v e r a l l  energy balance. Whi le  the  development o f  s i g n i f i c a n t  

q u a n t i t i e s  o f  energy p roduc ts  de r i ved  f r om mar ine biomass i s  expected t o  r e q u i r e  a  

l ong  term cont inuous e f f o r t ,  on t h e  o rder  o f  twenty  years ,  t he  s p e c i f i c  work t o  be 

done over t h e  nex t  two or t h r e e  years  w i l l  j u s t i f y  o r  r e f u t e  t h e  va lue  of 

con t i nu i ng  t h i s  work towards commerc ia l i za t ion .  



3. SUMMARY OF PREVIOUS WORK PERFORMED 

P r i o r  t o  1980 the  program emphasized a c q u i s i t i o n  o f  b i o l o g i c a l  and 

eng ineer ing  da ta  t h a t  was c r i t i c a l  t o  making an accura te  de te rm ina t i on  o f  t h e  

t e c h n i c a l  and economic f e a s i b i l i t y  of t h e  concept. Prev ious work has been 

d i r e c t e d  towards v a l i d a t i o n  o f  t h e  bas i c  concepts i n v o l v e d  i n  t h e  eng ineer ing  of 

marine farm systems (Ocean Eng ineer ing )  ; the  growth and n u t r i t i o n  o f  Macrocyst  i s  

( B i o l o g i c a l  S tud ies )  ; and t h e  convers ion o f  Macrocys t i s  t o  methane 

(B ioconvers ion) .  The f o l l o w i n g  sec t i ons  summarize t he  s t a t u s  o f  t h e  research  i n  

each o f  t h e  major  research areas. 

OCEAN ENGINEERING 

The ocean eng ineer ing  a c t i v i t i e s  were conducted by Global  Marine Development 

Incorporated,  commencing i n  1978, under subcon t rac t  t o  t h e  General E l e c t r i c  

Company. The o b j e c t i v e s  o f  t h i s  i n i t i a l  work were t o  p rov i de  an open ocean t e s t  

s t r u c t u r e  f o r  c o n t r o l l e d  c u l t i v a t i o n  o f  Macrocyst is .  The t e s t  s t r u c t u r e  was no t  

in tended as a  m i n i a t u r e  ve r s i on  o f  a  commercial farm, bu t  r a t h e r  was designed t o  

enable t h e  b i o l o g i c a l  exper iment team t o  gather  t h e  r e q u i s i t e  da ta  f o r  de te rmin ing  

t h e  growth, y i e l d  and n u t r i t i o n a l  requ i rements  o f  ke lp .  The c o n s t r a i n t s  imposed 

on t h i s  i n i t i a l  t e s t  s t r u c t u r e  were: 

The s t r u c t u r e  must be open and y i e l d i n g ,  r a t h e r  than  r i g i d ,  so as no t  t o  

o f f e r  s u b s t a n t i a l  r e s i s t a n c e  t o  ocean cur ren ts ,  winds and waves. 

0 The s t r u c t u r e  must s u r v i v e  a  50 year  storm (40 f o o t  waves, 2 kno t  c u r r e n t )  

w i t h  a  minimal amount o f  damage. 

0 The s t r u c t u r e  must be comple te ly  compat ib le  w i t h  t h e  b i o l o g i c a l  

requ i rements  o f  Macrocys t i s  and i n  i t s e l f  must be non -po l l u t i ng .  

0 Personnel s a f e t y  and o p e r a t i o n a l  r e l i a b i l i t y  would be p r ime cons ide ra t i ons .  

0 The s t r u c t u r e  must be moored, f o r  t e s t  purposes, i n  approx imate ly  2000 

f e e t  o f  water.  



e Water must be r e l i a b l y  pumped up, o r  upwel led,  f r om  a  depth o f  1500 f e e t  

i n  o rder  t o  s a t i s f y  t h e  b i o l o g i c a l  requ i rement  o f  p r o v i d i n g  ambient l e v e l s  

o f  3 microgram atoms o f  n i t r o g e n / l i t e r  th roughou t  t h e  fa rm volume. 

The f o l l o w i n g  a re  d e t a i l s  o f  t h e  des ign ph i losophy  and desc r i p t i c l ns  o f  t h e  

major  components o f  t h e  Test  Farm t h a t  was deployed o f f  t h e  coas t  o f  5outhern 

C a l i f o r n i a .  The i n i t i  a1 exper iences w i t h  t h i s  farm a re  a l s o  discussed. 

Test  Farm D e s c r i p t i o n  

The equipment c o n f i g u r a t i o n  shown i n  F i gu re  1 was se lec ted  a f t e r  an ex tens i ve  

s e r i e s  o f  computer analyses and model t e s t i n g .  The t e s t  fa rm was designed t o  

i n i t i  a1 l y  suppor t  approx imate ly  100 a d u l t  Macrocys t i s  p l a n t s .  The base o f  t h e  

p l a n t s  are a t tached  t o  t h e  h o r i z o n t a l  ropes s t r ung  between t h e  arms o f  t h e  

subs t ra te .  Th is  s t r u c t u r e  ma in ta ins  t h e  base o f  t he  p l a n t s  a t  a  depth o f  

approx imate ly  50 f e e t .  The p l a n t s  then grow up t o  t h e  su r f ace  and subsequent ly  

form a  canopy which f l o a t s  on t h e  sur face .  Up r i gh t  growth and f l o t a t i o n  r e s u l t  

f rom t h e  presence o f  s p e c i a l i z e d  buoyant p a r t s  o f  t h e  p l a n t ,  c a l l e d  pneurnatocysts, 

which ac t  as f l o t a t i o n  b ladders .  The Test Farm has t he  c a p a b i l i t y  f o r  p r o v i d i n g  

upwel led water f r om  a  depth o f  1500 f e e t  th rough  a  two f o o t  d iameter  po l ye thy l ene  

p ipe .  ( D e t a i l s  o f  t he  unique u p w e l l i n g  p i p e  w i l l  be d iscussed l a t e r . )  

Convent iona l  15 horsepower d i e s e l  engines are used f o r  power. I ns t r umen ta t i on ,  

power and pumping systems a re  con ta ined  i n  t he  c e n t r a l  spar buoy. Th i s  machinery 

buoy a l so  houses t h e  f u e l  supply  f o r  t h e  upwe l l i ng  pumps, a u x i l i a r y  b a t t e r i e s  f o r  

n a v i g a t i o n  a i d s  and a  system fo r  supp ly ing  t r a c e  q u a n t i t i e s  o f  m i c r o n u t r i e n t s  t o  

t h e  farm if requ i red .  The lower p o r t i o n s  of t h e  system are  i s o l a t e d  f r om mot ions 

caused by wave a c t i o n  by gimbals between t h e  machinery buoy and t he  subs t ra tes  as 

w e l l  as between t h e  s u b s t r a t e  and t h e  u p w e l l i n g  p ipe.  



Mooring System - 

The Test Farm i s  p o s i t i o n e d  i n  approx imate ly  2000 f e e t  o f  water by a  t h r e e  

p o i n t  ca tenary  mooring system approx imate ly  4 .5  m i l e s  o f f s h o r e  f r om  Laguna Beach 

i n  Southern C a l i f o r n i a .  The mooring c o n s i s t s  of t h r e e  ( 3 )  i d e n t i c a l  16 f o o t  

d iameter  s p r i n g  buoys each o f  which i s  connected v i a  w i r e  rope t o  1350 f e e t  o f  2 

i n c h  cha in  and a  15000 pound anchor on t h e  ocean f l o o r .  The s p r i n g  buoys a re  

p o s i t i o n e d  a t  v e r t i c e s  o f  an e q u i l a t e r a l  t r i a n g l e  520 f e e t  on a  s ide. The Tes t  

Farm i s  moored a t  t he  cen te r  o f  t h i s  t r i a n g l e  by w i r e  ropes connected f r om t h e  

mooring sw ive l  on t he  s t r u c t u r e  t o  t h e  s p r i n g  buoys a t  a  p o i n t  60 f e e t  below t h e  

water l i n e .  The genera l  arrangement o f  t h e  Test  Farm i s  dep i c t ed  i n  F i g u r e  2. 

Upwe l l i ng  P ipe  - Design and F a b r i c a t i o n  

A major ocean eng ineer ing  cha l lenge  encountered i n  t h e  i n i t i a l  des ign  task  

developed f rom the  s t r u c t u r a l  and deployment requi rements  f o r  t h e  u p w e l l i n g  

system. I n  o rde r  t o  m a i n t a i n  an ambient n i t r o g e n  concen t ra t i on  w i t h i n  t h e  fa rm 

volume o f  3 p  g - a t o m s / l i t e r  ( i n  up t o  0.1 kno t  c u r r e n t s ) ,  t h e  u p w e l l i n g  r a t e  o f  

deep water w i t h  a  n i t r o g e n  con ten t  o f  30p g - a t o m s / l i t e r  was s e t  a t  approx imate ly  

9000 qa l lons/minute.  I n  o rder  t o  a t t a i n  t h e  f l o w  a t  reasonable  horsepower (30  

HP), a  two f o o t  diameter p i p e  was se lec ted .  The p i p e  l e n g t h  was se t  a t  1500 f e e t  

i n  o rder  t o  reach a  s t a b l e  l e v e l  o f  n i t r o g e n  concen t ra t i on .  To min im ize  

s t r u c t u r a l  r i g i d i t y  i n  t he  ocean environment, t h e  p i p e  was designed t o  bls a t tached  

a t  t h e  upper end on ly .  I n  t h i s  way, t h e  t o t a l  fa rm s t r u c t u r e  i s  a b l e  t o  y i e l d ,  

w i t h i n  spec i f i ed  l i m i t s ,  bo th  l a t e r a l l y  and a x i a l l y  i n  response t o  waves and 

cu r ren t s .  Computer s i m u l a t i o n  o f  t h e  upwe l l i ng  p i p e  i n d i c a t e d  t h a t  wave mot ion  

would be t r ansm i t t ed ,  w i t h  min imal  damping, f rom t h e  t o p  of t h e  p i p e  s t r u c t u r e  t o  

t h e  bottom, and l a r g e  bending moments would be s e t  up a long t h e  e n t i r e  Length o f  

t h e  p ipe.  A f t e r  d e t a i l e d  e v a l u a t i o n  o f  severa l  conven t iona l  mar ine s t r u c t u r a l  

m a t e r i a l s  ( s t e e l ,  aluminum, concre te )  and severa l  p l a s t i c  m a t e r i a l s  ( f  i b l v g l a s s  
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Figure 1. Test Farm Detail Profile 



F i g u r e  2. Test  Farm General Arrangement 

r e i n f o r c e d  p l a s t i c  and h i g h  d e n s i t y  po lye thy lene) ,  i t  was determined t h a t  t h e  most 

v i a b l e  candidate m a t e r i  a1 i n  terms o f  f l e x i b i  1  i t y  (reduced bending moments), 

weight,  cos t ,  and a v a i l a b i l i t y ,  was po lye thy lene .  F i gu re  3 p rov i des  de ta ' i l s  o f  

t h e  upwe l l i ng  p i p e  design. 

The p i p e  was f a b r i c a t e d  f rom 60 f o o t  sec t i ons  by f u s i n g  them i n t o  one 

cont inuous element. The i n d i v i d u a l  po l ye thy l ene  sec t i ons  were manufactured by 

DuPont of Canada marketed under t h e  t r a d e  name o f  S c l a i r p i p e .  S c l a i r p i p e  has 

p r e v i o u s l y  been used i n  marine a p p l i c a t i o n s  f o r  sewer o u t f a l l s  and water l i n e s  by  

l a y i n g  t he  p i p e  on t h e  f l o o r  o f  t he  ocean o r  lake .  The a p p l i c a t i o n  o f  t h i s  

m a t e r i a l  i n  t h e  Tes t  Farm was unique i n  t h a t  t h e  f a b r i c a t e d  p i p e  s t r i n g  i s  h e l d  

v e r t i c a l l y  by t h e  farm s t r u c t u r e  and weighted a t  i t s  lower end t o  m a i n t a i n  t he  

v e r t i c a l  a t t i t u d e .  Thus, t h e  p i p e  was t o  be f a b r i c a t e d  i n t o  a  cont inuous 1500 

f o o t  h o r i z o n t a l  s t r i n g ;  towed t o  t he  Test Farm s i t e  h o r i z o n t a l l y ;  upended t o  a  



v e r t i c a l  a t t i t u d e ;  then a t tached  t o  t h e  lower p o s i t i o n  o f  t h e  Tes t  Farm. 

I n d i v i d u a l  p i pe  sec t i ons  were j o i n e d  ( f used )  on land, then  deployed i n t o  a  

p r o t e c t e d  harbor a t  Dana Po in t ,  C a l i f o r n i a .  The p i p e  s t r i n g  was staged i n  t h e  

harbor  u n t i l  t he  complete assembly was towed t o  t h e  Tes t  Farm. 

Tes t  Farm Operat ion 

The accumulat ion of mature p l a n t s  f o r  use on t h e  Tes t  Farm began w h i l e  t h e  

Test  Farm was be ing  deployed and con t inued  th rough  t h e  mechanical  shakedown and 

debugging p e r i o d  of t h e  farm equipments. A l l  p l a n t s  were deemed s a t i s f a c t o r y  a t  

t h e  t ime of c o l l e c t i o n  bu t  few, i f  any, were i n  e x c e l l e n t  c o n d i t i o n  s imp ly  because 

Southern C a l i f o r n i a  k e l p  beds t y p i c a l l y  exper ience seasonal n u t r i e n t  lows d u r i n g  

e a r l y  t o  m i d - f a l l  each year.  When s a t i s f i e d  t h a t  t h e  suppor t  equipment was 

ope ra t i ona l ,  the  Cal-Tech exper iment team t r a n s f e r r e d  100 a d u l t  p l a n t s  f rom 

sha l low waters near shore, where t hey  had been s tored,  t o  t h e  Tes t  Farm. A  

c u r t a i n  designed t o  r e t a i n  upwel led n u t r i e n t s  was then  i n s t a l l e d  around t h e  farm. 

The c u r t a i n  was designed as a b a r r i e r  t o  reduce ambient e x t e r n a l  c u r r m t s  t o  0.1 

kno t  o r  l ess  i n s i d e  t h e  farm p l a n t i n g  area. I n  c u r r e n t s  exceeding approx imate ly  

0.5 kno t ,  t h e  c u r t a i n  was designed t o  1  i f t  so as no t  t o  impose unacceptab le  loads 

on t h e  mooring system. I t  i s  impor tan t  t o  no te  t h a t  on l a r g e  sca le  commercial 

farms, s i zed  i n  t he  thousands o f  acres, t h e  need f o r  a  p r o t e c t i v e  c u r t a i n  t o  

reduce c u r r e n t s  and c o n t a i n  n u t r i e n t s ,  would n o t  be necessary because o f  i t s  

l a r g e r  s i ze .  Cur ren ts  i n  a  l a r g e  fa rm would be s i g n i f i c a n t l y  reduced s imp ly  

because o f  t h e  presence of t h e  dense biomass - t h e  phenomena be ing  somewhat 

analogous t o  t h e  "edge e f f e c t "  o f  a  l a r g e  wheat f i e l d  exposed t o  h i g h  winds. 

A f t e r  t h e  c u r t a i n  was i n s t a l l e d ,  a  p e r i o d  o f  obse rva t i on  and da ta  c o l l e c t i o n  

was begun i n c l u d i n g  weekly measurments o f  t h e  growth o f  j u v e n i l e  f ronds ,  a n a l y s i s  

of d i s so l ved  n u t r i e n t s  i n  water samples and b l ade - t i s sue  ana l ys i s .  I n i t i a l  

measurements o f  n i t r a t e s / n i t r i t e s  i n  t h e  upwe l l i ng  system d ischarge v a r i e d  f r om 25 
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F igu re  3. Upwe l l i ng  P ipe 

t o  32 microgram atoms o f  n i t r o g e n  per  l i t e r  as compared t o  background l e v e l s  

dur ing  t he  same p e r i o d  o f  0.05 t o  4.46 microgram atoms per  l i t e r ,  measured a t  a 

c o n t r o l  s t a t i o n  approx imate ly  two m i l e s  f rom the  Test  Farm a t  depths r ang ing  f rom 

su r f ace  t o  60 f e e t .  Water temperature f rom t h e  upwe l l i ng  system was on t h e  

average 6 . 5 ' ~  c o l d e r  than  background l e v e l s  a t  t h e  c o n t r o l  s t a t i o n  which ranged 

from 7 t o  1 0 ' ~  as opposed t o  13.5 t o  16.7' a t  t h e  Test  Farm i n  t h e  su r round ing  

su r f ace  water f o r  t he  same t ime  per iod .  These da ta  proved t h e  f e a s i b i l i t y  of t h e  

upwe l l i ng  system concept and v e r i f i e d  t h e  o p e r a b i l i t y  o f  t h e  equipments used. 

I n i t i a l  obse rva t i on  o f  c u r t a i n  performance based on underwater photographs and 

p l a n t  t i s s u e  a n a l y s i s  p rov i ded  evidence o f  t h e  e f f e c t i v e n e s s  o f  t h e  c u r t a i n  i n  

reduc ing  c u r r e n t s  and c o n t a i n i n g  n u t r i e n t s .  F i g u r e  4 shows a  p o s i t i v e  e f f e c t  o f  

t h e  u p w e l l i n g  and n u t r i e n t  containment system on p l a n t  composi t ion.  The upwel led 

f l o w  r a t e  shown i n  t h e  f i g u r e  i s  t h e  accumulated ope ra t i ng  t ime  o f  t h e  purnps 



recorded between maintenance v i s i t s  t o  t h e  farm and then  averaged on a d a i l y  b a s i s  

over t h e  maintenance per iod .  The t i s s u e  n i t r o g e n  da ta  shown i s  t h e  average o f  

da ta  p o i n t s  c o l l e c t e d  on a  p a r t i c u l a r  day. From these l i m i t e d  da ta  we conc lude 

t h a t  n u t r i e n t - r i c h  water was be ing  e f f e c t i v e l y  upwel led and con ta ined  w i t h i n  t h e  

Test  Farm du r i ng  t h i s  p e r i o d  as evidenced by i n i t i a l  p l a n t  t i s s u e  n i t r o g e n  va lues 

which peaked a t  about 3 percen t  by d r y  weight .  N i t r ogen  con ten t  o f  k e l p  t i s s u e  

f rom n a t u r a l  beds used as a  c o n t r o l  were r e p o r t e d  t o  be f a i r l y  cons tan t  and a t  t h e  

lower end of a  range o f  1 t o  2 percen t .  As shown i n  the  f i g u r e ,  t h e  apparent 

r e d u c t i o n  i n  t i s s u e  n i t r o g e n  con ten t  as t he  average u p w e l l i n g  r a t e  was reduced i s  

evidence t h a t  t h e  u p w e l l i n g  system had p rov i ded  some n u t r i e n t s  t o  t h e  p l a n t s .  The 

l a g  i n  p l a n t  response t o  t h e  r e d u c t i o n  i n  u p w e l l i n g  i s  n o t  s u r p r i s i n g  s i nce  

a b i l i t y  o f  Macrocys t i s  t o  s t o r e  n u t r i e n t s  f o r  f u t u r e  use i s  a  known, a l b e i t  

f u l l y  understood, phenomemon. The e f f e c t s  of n i t r o g e n  s t a r v a t i o n  would no t  

mani fested immediate ly  

F i g u r e  4. 

i f  p l a n t s  had an o p p o r t u n i t y  t o  b u i l d  up 
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Heavy storms d u r i n g  t h e  f i r s t  month o f  ope ra t i on  a f t e r  t h e  c u r r e n t  r e t a r d a n t  

b a r r i e r  was i n s t a l l e d  began t e a r i n g  t h e  c u r t a i n  a t  i t s  p o i n t s  o f  attachment, and 

w i t h i n  a  month most o f  t h e  c u r t a i n  was l o s t .  The e f f e c t  o f  t he  l o s s  o f  t h e  

c u r t a i n ,  combined w i t h  t h e  storm-induced c u r r e n t s  and waves and r e s u l t i n g  mot ions  



o f  t he  farm, was t h e  abras ion o f  many o f  t he  p l a n t s  aga ins t  Test  Farm s t r u c t u r e .  

The i n t e n s i t y  o f  t he  storms increased d u r i n g  t h e  n e x t  month w i t h  winds o f  70 t o  

100 mph r e p o r t e d  o f f  t he  Dana Po in t  area. Th i s  caused f u r t h e r  a t t r i t i o n  o f  t h e  

p l a n t s  u n t i l  t h e r e  were no v i a b l e  t r a n s p l a n t s  l e f t  on t h e  farm. However, t h e  

i n i t i a l  p l a n t i n g  exe rc i se  was i n s t r u c t i v e  i n  a  number o f  key areas and t h e  da ta  

c o l l e c t e d  and o p e r a t i o n a l  exper ience acqu i red  w i l l  be used i n  development of an 

e f f e c t i v e  p l a n t  p r o t e c t i o n  system f o r  t h e  t e s t  fa rm exper iment.  

A s i g n i f i c a n t  development f o l l o w i n g  t h i s  i n i t i a l  p l a n t i n g  was t h e  

de te rm ina t i on  t h a t  Macrocys t i s  j u v e n i l e s  were growing i n  p r o f u s i o n  on al lnost  a1 1  

su r faces  o f  t h e  mar ine Tes t  Farm s t r u c t u r e .  The j u v e n i l e s  developed f rom spores 

t h a t  were re leased  by t h e  i n i t i a l  a d u l t  p l a n t s  which had been a t tached  ti:, t h e  

farm. The Cal-Tech exper imentors  conducted an e v a l u a t i o n  o f  t h e  p o p u l a t i o n  

d e n s i t y  and es t imated  t h e  i n i t i a l  count t o  be i n  t h e  neighborhood o f  36,000 new 

j u v e n i l e  p l a n t s .  A t  t h e  t ime  o f  t h i s  i n i t i a l  e v a l u a t i o n  t h e  p l a n t s  ranged i n  s i z e  

up t o  two f e e t  i n  leng th .  The m a j o r i t y  of the  j u v e n i l e  p l a n t s  on t h e  Test  Farm 

most p robab ly  developed f rom spores re leased  d u r i n g  t h e  t ime  t h e  p r o t e c t i v e  

c u r t a i n  was i n t a c t  around t h e  Test Farm. The p r o t e c t i v e  c u r t a i n  was c l e a r l y  

e f f e c t i v e  i n  r e t a i n i n g  t h e  upwel led water w i t h i n  t h e  f a rm  area d u r i n g  t h a t  t ime  as 

evidenced by t h e  decrease i n  water temperature.  North,  Sanbansuga and Neushul 

have repo r t ed  t h e  e f f e c t  o f  c h i l l e d  seawater t o  s t i m u l a t e  spore r e l e a s e  i n  

Macrocyst is ,  and a  s i m i l a r  phenomena p robab ly  occur red  w i t h  t h e  i n i t i a l  

t r a n s p l a n t s  on t h e  Test  Farm. 

I n  o rde r  t o  c a p i t a l i z e  on t h e  presence o f  t he  j u v e n i l e  p l a n t s  on t h e  t e s t  

s t r u c t u r e ,  a c t i o n  was taken t o  d i r e c t  t h e  upwel led water  t o  t h e  new growth i n  

o rder  t o  a l l o w  t h e  c o l l e c t i o n  of da ta  on rec ru i tmen t ,  p o p u l a t i o n  dens i t y ,  j u v e n i l e  

growth r a t e  i n  t h e  sea and s u r v i v a b i l i t y .  The u p w e l l i n g  system was o r i g i n a l l y  

designed t o  d e l i v e r  n u t r i e n t s  t o  canopies o f  a d u l t  p l a n t s  a t  t he  su r f ace  r a t h e r  



than t o  j u v e n i l e s  a t  30 t o  60 f o o t  depths. The l i k e l i h o o d  o f  s u f f i c i e n t  n u t r i e n t s  

" s i n k i n g "  t o  t he  v i c i n i t y  o f  t h e  j u v e n i l e s  i n  o rder  t o  promote v igo rous  growth was 

ques t ionab le .  To v e r i f y  t h i s  hypo thes is  and t o  map t he  d i s t r i b u t i o n  crf upwel led 

water f rom the  sur face,  a  f l u o r e s c e i n  dye d i s p e r s i o n  t e s t  was run.  F i g u r e  5 

d e p i c t s  t h e  approximate dye d i s t r i b u t i o n  p a t t e r n  i n  a  c u r r e n t  between 0.3 t o  0.5 

knots .  A s i de  note o f  i n t e r e s t  i s  t h e  marked d i f f e rence  i n  temperature between 

t he  plume o f  upwel led deep water and t h e  sur rounding env i rons .  Th is  d i s p e r s i o n  

p a t t e r n  data conf i rmed t h a t  i t  was necessary t o  mod i f y  t h e  upwe l l i ng  system and 

extend one o f  t h e  su r face  d i s p e r s i o n  hoses down i n t o  a  se l ec ted  area o f  j u v e n i l e  

p l a n t s  on one o f  t h e  s t r u c t u r e l s  r a d i a l  arms i n  o rde r  t o  assure s u f f i c i e n t  ambient 

n u t r i e n t  l e v e l s .  A f l o w - s p l i t t i n g  dev ice was added t o  t he  e x i t  o f  t he  deep 

d i s p e r s i o n  hose t o  d i r e c t  water i n  bo th  d i r e c t i o n s  a long t h e  r a d i a l  arm. A second 

dye d i s p e r s i o n  t e s t  was run, and t he  approximate d i s p e r s i o n  p a t t e r n s  a re  dep i c t ed  

i n  F i gu re  6. Currents  measured f rom t h e  su r f ace  down t o  60 f e e t  v a r i e d  f rom 0.1 

kno t  t o  0.35 knot ,  w i t h  t he  peak c u r r e n t  a t  about 30 f e e t .  

Measurements of growth and n u t r i e n t  uptake by t h e  new j u v e n i l e  p l a n t s ,  which 

were be ing  supp l i ed  w i t h  a r t i f i c i a l l y  upwel led water, i n d i c a t e d  t h a t  t h e y  su r v i ved  

and grew w e l l  i n  t h e  Test Farm environment. L a t e r  da ta  surveys i n d i c a t e d  t h a t  

some j u v e n i l e s  had grown t o  l eng ths  of 25 t o  30 fee t .  Th is  occurrence was 

impor tan t  i n  demonst ra t ing t h a t  r ec ru i tmen t  and development o f  j u v e n i k  p l a n t s  can 

take  p l a c e  on a  s t r u c t u r e  i n  t he  open ocean. 

I n  summary then, t h e  use o f  t he  Test  Farm hardware as a  dev ice t o  p r o v i d e  

upwel led water f o r  suppor t ing  t h e  s tudy  Macrocys t i s  i n  t h e  "dese r t u  o f  t h e  open 

ocean has been v e r i f i e d  by over two years  o f  i n - s i t u  opera t ion .  The a b i l i t y  t o  

con t i nuous l y  upwel l  n u t r i e n t  r i c h  deep water and t h e  c a p a b i l i t y  t o  p resen t  an 

adequate n u t r i e n t  environment f o r  p l a n t  growth has been e s t a b l  ished. The 

eng ineer ing  cha l lenge  o f  design, f a b r i c a t i o n ,  v e r t i c a l  deployment and cont inuous 
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F igu re  6. F l uo resce in  Dye D i spe rs i on  Test - Surface P l u s  Deep Water Release 



Figure 5. Fluorescein Dye Dispersion Test Surf ace Release 



ope ra t i on  o f  a  f l e x i b l e ,  deep water p i p e  has been s u c c e s s f u l l y  met and, has had 

impor tan t  s y n e r g i s t i c  e f f e c t s  w i t h  o t h e r  energy programs. The u p w e l l i n g  system 

has su rv i ved  t he  extreme environment o f  t h e  ocean i n c l u d i n g  storms w i t h  ~ i n d s  up 

t o  100 mph and sus ta ined  waves of 10-12 f e e t .  Wi th  t h e  excep t ion  o f  t h e  i n i t i a l  

f l e x i b l e  c u r r e n t  b a r r i e r ,  t he  mechanical s t r u c t u r e s  o f  t h e  Test  Farm hav'? been 

unscathed by  these severe w i n t e r  storms. The c r i t i c a l  need now i s  t o  mo13i fy  t he  

s t r u c t u r e  so t h a t  p l a n t s  w i l l  no t  be damaged a f t e r  t h e y  a re  a t tached  t o  i t .  

BIOLOGICAL STUDIES 

The mar ine biomass se lec ted  f o r  i n i t i a l  e v a l u a t i o n  o f  marine fa rm ing  concepts 

i s  t he  g i a n t  brown ke lp ,  Macrocyst is ,  which i s  t h e  l a r g e s t  o f  t h e  mar ine algae, 

a t t a i n i n g  l eng ths  o f  200 f e e t  i n  t he  a d u l t  p l a n t .  I t occurs a long t h e  e n t i r e  

P a c i f i c  c o a s t l i n e  f rom Baja, C a l i f o r n i a  t o  A laska and on coasts  o f  China, Japan 

and Korea. Th is  k e l p  i s  one o f  t h e  f a s t e s t  growing p l a n t s  known t o  man w i t h  

growths o f  up t o  2 f ee t  per  day common i n  a d u l t  p l a n t s .  The p l a n t  g e n e r a l l y  

occurs on r o c k y  bottoms and a t taches  t o  s o l i d  s u b s t r a t e  by means of i t s  h o l d f a s t .  

F i f t y  t o  s i x t y  percen t  o f  t he  mass o f  an a d u l t  p l a n t  i s  found i n  t h e  top  t e n  f e e t  

of t he  w a t e r ' s  su r f ace  and new growth i s  con t i nuous l y  generated f rom t h e  h o l d f a s t  

t o  r e p l e n i s h  t h e  harvested canopy. F i g u r e  7 i s  a  schematic o f  an a d u l t  

Macrocys t i s  p l  ant .  

The i n v e s t i g a t i o n  of k e l p  growth and n u t r i t i o n a l  requ i rements  has been 

performed under t h e  l eade rsh ip  o f  Dr. Wheeler North, P ro fessor  o f  Env i r o~ imen ta l  

Sciences a t  t he  C a l i f o r n i a  I n s t i t u t e  o f  Technology. The o b j e c t i v e  o f  t h i s  work 

has been t o  determine t h e  n u t r i t i o n a l  requ i rements  o f  Macrocys t i s  and t o  p r o v i d e  

i n f o rma t i on  on t h e  p h y s i o l o g i c a l  requ i rements  f o r  o p t i m i z i n g  k e l p  growth i n  an 

open ocean c u l t i v a t i o n  system. Through ex tens i ve  l a b o r a t o r y  and f i e l d  

observat ions,  Dr. No r t h  has developed a  se t  o f  b i o l o g i c a l  c r i t e r i a  which must be 

met i n  o rde r  t o  achieve commerc ia l ly  acceptab le  y i e l d s .  I t  has been shown t h a t  t h e  
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F i g u r e  7. Diagram o f  an Adu l t  Macrocys t i s  P l a n t  

growth r a t e  of j u v e n i l e  p l a n t s  f e r t i l i z e d  by water taken f rom 1000 f e e t  i s  a t  

l e a s t  t w i c e  t h a t  o f  j u v e n i l e  p l a n t s  taken f rom n a t u r a l  k e l p  beds which were fed by 

n a t u r a l  upwe l l i ng .  The d i f f e r e n c e  i n  growth r a t e  was shown t o  be due t o  

cont inuous exposure o f  t he  t e s t  p l a n t s  t o  t h i s  deep water.  P l a n t s  i n  n a t u r a l  beds 

are f e d  o n l y  i n t e r m i t t e n t l y  by upwel led deep water and t h e  r e s u l t i n g  l i m i t a t i o n  i n  

n i t r o g e n  a v a i l a b i l i t y  i s  r espons ib l e  f o r  the  s lower growth. P r e l i m i n a r y  

i n v e s t i g a t i o n s  by D r .  Nor th  have a l s o  i n d i c a t e d  t h a t  t r a c e  q u a n t i t i e s  o f  t h e  

s p e c i f i c  m i c r o n u t r i e n t s  manganese and i r o n  p l a y  a  major  r o l e  i n  o b t a i n i n g  maximum 

k e l p  growth and y i e l d .  Dr. N o r t h ' s  s t ud ies  have shown t h a t  i r o n  and rranganese 

concen t ra t i ons  g e n e r a l l y  appeared adequate i n  su r f  ace waters b u t  inadequate i n  

these t r a c e  meta ls  i n  deep water.  Labora to ry  work t o  da te  has i n d i c a t e d  t h a t  a  

m i x t u r e  o f  deep and su r f ace  waters should  p r o v i d e  t h e  near-opt imal  medium f o r  

f e r t i l i z i n g  p l a n t s  i n  oceanic farms. D r .  Nor th  and o the rs  have a l s o  ob ta ined  da ta  

t h a t  i n d i c a t e s  t h a t  Macrocys t i s  has t he  c a p a b i l i t y  t o  s t o r e  n u t r i e n t s  f o r  f u t u r e  

use. Th is  i n f o rma t i on  has major program impact i n  t h a t  i t  may a l l o w  c o n s i d e r a t i o n  

o f  a  range of design and o p e r a t i o n a l  s t r a t e g i e s  f o r  supp ly ing  optimum l e v e l s  o f  

n u t r i t i o n  t o  t he  biomass energy farm. For t h e  o f f s h o r e  t e s t  fa rm exper iment 

(OSTF) Dr. Nor th  has s p e c i f i e d  t h e  maintenance o f  a  n u t r i e n t  l e v e l  of 



3 p  g - a t o m s / l i t e r  o f  n i t r o g e n  throughout  the  farm as an o p e r a t i o n a l  requ i rement .  

Th i s  l e v e l  a f f o r d s  an adequate background o f  d i s so l ved  n u t r i e n t s  i n  t h e  manganese 

and i r o n - r i c h  s u r f  ace waters.  

The work a t  Cal Tech has a l s o  l e d  t o  development o f  techniques f o r  

t r a n s p l a n t i n g  h e a l t h y  a d u l t  Macrocys t i s  p l a n t s  d i r e c t l y  f r om  n a t u r a l  beds on to  t h e  

OSTF and exper imenta l  techniques f o r  t h e  c o n t r o l l e d  f i e l d  e v a l u a t i o n  o f  k e l p  

growth, y i e l d ,  r ec ru i tmen t  and s t a t e  o f  h e a l t h  f o r  t h e  open ocean exper iment.  

Recent work has a l so  l e d  t o  f u r t h e r  impor tan t  unders tanding o f  p l a n t  dynamics. 

BIOCONVERSION 

U n l i k e  t e r r e s t r i a l  p l a n t s ,  Macrocys t i s  does n o t  c o n t a i n  t h e  1  i g n i n  c e l l u l o s e  

biopolymer f o r  s t r u c t u r a l  suppor t .  The p l a n t  i ns tead  i s  supported by f '  o t a t i o n  

members (pneumatocysts) a t tached  t o  t h e  base o f  t he  b lades.  From the  s tandpo in t  

o f  b a c t e r i a l  d i ges t i on ,  t he  absence o f  l i g n i n  i s  a  decided advantage. F i g u r e  8 i s  

a  diagram showing t he  average composi t ion o f  Macrocys t i s  i n c l u d i n g  p e r c m t a g e  

composi t ion of water, i no rgan i c  s a l t s  and v o l a t i l e  s o l i d s .  The con ten t  o f  water  

i n  t h e  f r e s h  p l a n t ,  coupled w i t h  t he  absence o f  l i g n i n  and t h e  presence o f  

v o l a t i l e  s o l i d s  c o n s t i t u e n t s  t h a t  are b i o l o g i c a l l y  degradable, were t h e  key 

f a c t o r s  t h a t  have focused the  convers ion research  on t h e  anaerobic d i g e s t i o n  

process. 

The research  i n  b ioconvers ion  has been concen t ra ted  i n  t h r e e  major areas: 

Pre-Post Treatment, I n o c u l  um Development and Anaerobic Process Development. 

Pre-Post Treatment 

Th i s  work has been conducted a t  t h e  Western Regional  Research Center,  U n i t e d  

S ta tes  Department o f  A g r i c u l t u r e ,  Albany, C a l i f o r n i a .  These e f f o r t s  havl? been 

d i r e c t e d  toward t h e  d e f i n i t i o n  and e v a l u a t i o n  o f  mechanical and chemical  p re -pos t  

t rea tment  process steps which may inc rease  t h e  b a c t e r i a l  d i g e s t i b i l i t y  o f  ke lp .  



Mechanical pretreatment s tudies  centered on the development of l eas t  cap i ta l  

and l eas t  energy intensive methods to  increase surface areas and ce l l  rupture. 

Baseline processes and process equipment have been evaluated and a material 

balance fo r  the selected process has been developed. Par t i c le  s i z e  reduction was 

examined using p i l o t  scale and commercial scale equipment and corre la t ions  of 

pa r t i c l e  s i z e  w i t h  energy consumption have been developed. Various grinding 

mechanisms have been studied and demonstrations of grinding using p i l o t  sca le  

equipment have indicated tha t  hammer-mill grinding i s  the l eas t  energy--intensive 

method fo r  the range o f  pa r t i c l e  s izes  of in te res t .  Anaerobic digest ion s tudies  

showed an i n sens i t i v i t y  to  reductions i n  p a r t i c l e  s i z e  beyond a d70 value of 4 

mn ( d 7 0  i s  the diameter a t  which 70 percent of the weight passes through a 4 mn 

screen).  In these p i l o t  scale  s tudies  using a hammer mi l l ,  the energy required t d  

produce t h i s  s i z e  pa r t i c l e  from wet kelp was measured a t  1.1 KWH/Ton of raw kelp. 

This represents about 1 percent of the energy available in the feedstock. These 

studies have also shown tha t  there i s  no energy advantage t o  multi-stage grinding 

approaches. 
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Figure 8. Flacrocystis Composition 



A d d i t i o n a l  s t ud ies  have r e s u l t e d  i n  an assessment o f  t he  p o t e n t i a l  o f  t h e  use 

o f  d i g e s t o r  s o l i d  e f f l u e n t  as an animal feed  supplement. Data f r om  these s tud ies  

i n d i c a t e  t h a t  t h e  e f f l u e n t  has a  crude p r o t e i n  con ten t  o f  about 37 perce i i t  and has 

good p o t e n t i a l  as an animal f eed  supplement. The feed  i s  chem ica l l y  comparable i n  

p r o t e i n  va lue t o  soy p r o t e i n  and may, i n  fac t ,  exceed t h e  n u t r i e n t  va lue  o f  any 

p l a n t  p r o t e i n  i n  terms o f  i t s  amino ac i d  composi t ion.  However, i n - v i t r o  

examinat ion o f  d i g e s t i b i l i t y  i n d i c a t e d  t h a t  a d d i t i o n a l  p re - t rea tment  w i l l  be 

needed p r i o r  t o  use o f  t he  res idue  i n  animal feeds. 

Inoculum - Development 

The research  a c t i v i t y  i n  spec i a1 i z e d  i n o c u l  um development has been conducted 

by t h e  General E l e c t r i c  Company, Re-ent ry  Systems D i v i s i o n .  The o b j e c t i v e  o f  t h e  

work i s  t h e  development of an op t im ized  anaerobic inoculum i n c o r p o r a t i n g  

micro-organisms de r i ved  f rom t h e  mar ine environment. The p o t e n t i a l  r e s u l t s  o f  

t h i s  research  cou ld  have major impact on severa l  s i g n i f i c a n t  c o s t  cen te r s  i n  t h e  

b ioconvers ion  process. Since t h e  k e l p  subs t ra te  i s  o f  mar ine o r i g i n ,  a  c o l l e c t i o n  

of mar ine de r i ved  organisms, which decompose k e l p  i n  nature,  i s  expected t o  have 

t h e  r e q u i s i t e  enzyme systems f o r  r a p i d  depo lymer iza t ion  of k e l p  c e l l u l o s e  and 

a l g i n  and f o r  u t i l i z a t i o n  o f  t he  r e s u l t i n g  degradat ion products .  

Enrichment c u l t u r e s  de r i ved  f rom marine sediment, r o t t i n g  k e l p  and n a r i n e  

organisms t h a t  a re  known t o  d i g e s t  ke lp ,  have been incubated on raw k e l p  

subs t ra tes .  I s o l a t i o n s  have been subsequent ly made o f  t h e  m ic ro -o rgan isns  i n  t h e  

enr ichment c u l t u r e  t h a t  degrade t h e  va r i ous  components o f  t he  subs t ra te .  Resu l t s  

t o  date have l e d  t o  t h e  i d e n t i f i c a t i o n  o f  t h e  s p e c i f i c  enzyme requi rements  f o r  t h e  

degradat ion of major  c o n s t i t u e n t s  o f  k e l p  as w e l l  as t h e  optimum pH va lues f o r  

maximum enzymatic degradat ion o f  c e r t a i n  major  c o n s t i t u e n t s .  Th i s  research  has 

a lso  r e s u l t e d  i n  success fu l  development o f  micro-organism enr ichments wh-ch can 

produce methane f rom t h e  k e l p  c o n s t i t u e n t s :  a l g i n ,  c e l l u l o s e ,  mann i to l  and 



fuco idan.  P r e l i m i n a r y  t e s t s  on enr i ched  anaerobic c u l t u r e s  composed of mar ine  

micro-organisms have i n d i c a t e d  t h a t  such i n o c u l a  can be incubated a t  ambient 

temperatures r a t h e r  than  a t  t h e  usual  mesoph i l i c  range o f  3 5 ' ~  w i t h o u t  

s a c r i f i c i n g  r e a c t i o n  r a t e s  as m igh t  no rma l l y  be t h e  case w i t h  conven t iona l  

s ludge-der ived i n o c u l a  c u r r e n t l y  i n  use. The s i g n i f i c a n c e  o f  t h i s  data, once 

s a t i s f a c t o r i l y  v e r i f i e d  by a d d i t i o n a l  exper imenta l  work, i s  a  p o t e n t i a l  r e d u c t i o n  

i n  process ing system cos t s  and energy requi rements .  

Anaerobic D i g e s t i o n  Systems Development 

Work on t he  development o f  an op t im i zed  d i g e s t i o n  process has been conducted 

by t h e  I n s t i t u t e  o f  Gas Technology. The o b j e c t i v e  o f  t h i s  work i s  t h e  d e f i n i t i o n  

and o p t i m i z a t i o n  o f  t he  anaerobic d i g e s t i o n  process f o r  convers ion o f  - Macrocyst i s  

t o  methane. The s i g n i f i c a n t  r e s u l t s  o f  t h i s  task  i n c l u d e  t h e  demonst ra t ion a t  t h e  

bench s i d e  o f  s tab le ,  r e p r o d u c i b l e  methane p roduc t i on  f rom raw k e l p  by an inocu lum 

adapted f o r  k e l p  d i ges t i on .  Th i s  has been accomplished by t h e  use o f  b a s e l i n e  

i n o c u l a  and d e t a i l e d  exper imenta l  i n v e s t i g a t i o n s  o f  phys iochemica l  and b iochemica l  

parameters key t o  maximiz ing methane y i e l d  and process e f f i c i e n c y .  Bas ic  

i n f o rma t i on  on k e l p  d i g e s t i o n  k i n e t i c s  has been developed and w i l l  c on t i nue  t o  be 

developed as p a r t  o f  t h i s  research  a c t i v i t y .  

Ongoing exper imenta t ion  a t  IGT has r e s u l t e d  i n  methane y i e l d s  o f  4.9 t o  5.0 

SCF/lb o f  VS. Th is  y i e l d  represen ts  approx imate ly  75 percen t  o f  t h a t  which i s  

t h e o r e t i c a l l y  a t t a i n a b l e  and, on t h e  average, exceeds those o f  any o t h e r  known 

biomass as documented i n  l i t e r a t u r e .  Table  1 compares methane y i e l d s  o f  raw k e l p  

r e l a t i v e  t o  o t h e r  va r i ous  types o f  biomass. 

I n  a d d i t i o n  t o  t h e  goa l  maximiz ing methane y i e l d s ,  work has a l s o  been 

conducted a t  IGT t o  f u r t h e r  e f f ec t  system economies by i n c r e a s i n g  t h e  h a d i n g  r a t e  

and reduc ing  d e t e n t i o n  t imes. D iges te r s  a t  IGT have been s t a b i l i z e d  a t  a  l oad ing  

r a t e  of 0.15 l b  v ~ / ~ t ) - d a ~  and 15 days r e t e n t i o n  t ime  improved over e a r l i e r  



TABLE 1. PERFORMANCE DATA FOR ANAEROBIC DIGESTION OF VARIOUS TYPE:S 
OF BIOMASS 

Reference 

IGT,  Oct. 1978 

P f  e f f  el- 

P fe f f  e r  

McCarty e t  a l .  

Ghosh and Klass 

Ghosh e t  a l .  

B ryan t  e t  a l .  

Bryant  e t  a1. 

Converse e t  a l .  

- - 

Biomass Type 

Raw Ke lp  

MSW-S 1 udgea 

MSW-S? udge 

MSW-Sl udge 

MSW-Sludge 

Grass M ix tu re  

Feed1 o t  Cat t 1 e  
Waste 

Feedlo t  C a t t l e  
Waste 

D a i r y  Manure 

Methane Y i e l d  
SCF/lb VS Added Speci a1 C0nd.i t ions  

aMun i c i  pa l  So l  i d  Waste-Sewage Sludge b~ernperature,  OC 

CLoading, I b  VS/cu f t - day  d ~ e t e n t  i on t ime, days 

va lues of 0.1 1b ~ ~ / ~ t ~ / d a y  and 18 days r e t e n t i o n  t ime.  Wi th  p re t rea tment  

process steps added and w i t h  t h e  process des ign and ope ra t i on  opt imized,  i t  i s  

expected t h a t  a l oad ing  r a t e  o f  0.3 l b  ~ ~ / ~ t ~ / d a y  o r  h igher ,  a  r e t e n t i o n  t i m e  o f  

s i x  days o r  lower  and a methane y i e l d  o f  5.5 SCF/lb o f  VS, o r  h igher ,  w i l l  be 

achieved. 

A d d i t i o n a l  r e s u l t s  and s i g n i f i c a n t  accomplishments f rom t h i s  b ioconvers ion  

research t h a t  d i r e c t l y  a f f e c t  r e d u c t i o n  i n  process economics are:  

0 Macrocys t i s  - i s  degradable i n  s a l i n e  c u l t u r e  and can be f e d  d i r e c t l y  t o  

d i g e s t o r s  i n  i t s  raw, u n d i l u t e d  s t a t e  and e f f e c t i v e l y  conver ted  t o  

methane. Fresh water i s  n o t  needed and s a l t  does no t  i n h i b i t  t h e  d i g e s t i o n  

process. 



r The a d d i t i o n  o f  supplementary n u t r i e n t s  t o  t h e  r e a c t o r  are no t  r e q u i r e d  f o r  

a c t i v e  d i g e s t i o n .  

a Mann i to l  i s  a  major and most r a p i d l y  b iodegradable  component o f  k e l p  and a  

r e1  a t  i onship between methane y i e l d s  and manni t o 1  has been e x p e r i m e n t a l l y  

developed. The p o t e n t i a l  f o r  " t a i l o r i n g "  c u l t i v a t e d  Macrocys t i s  - t h a t  i s  

h i g h  i n  mann i to l  cou ld  f u r t h e r  inc rease  methane y i e l d s  a t  reduced r e t e n t i o n  

t imes.  

SUMMARY 

As can be seen f rom t h e  p rev i ous  d iscuss ions,  t h e  concept o f  marine f a rm ing  

i s  f a i r l y  complex i n  i t s  research and development needs. I t  i s  t h e  f e e l i n g  o f  t h e  

researchers  invo lved,  however, t h a t  t h e  p o t e n t i a l  f o r  l a r g e  sca le  p roduc t i on  o f  

renewable energy produced f rom biomass grown i n  t h e  ocean, war ran ts  t h e  ex tens i ve  

work r e q u i r e d  t o  determine t h e  t e c h n i c a l  and economic f e a s i b i l i t y  o f  commercial 

c u l t i v a t i o n  o f  seaweed as a  renewable energy source. 

Because o f  necess i t y  f o r  p r e c i s e  i d e n t i f i c a t i o n  and unders tanding o f  t h e  

parameters and t h e  i n t e r a c t i o n  among parameters invo lved ,  t h e  energy p r o d u c t i o n  

system demands an i n t e g r a t e d  approach f o r  t h e  management o f  t he  proposed R&D 

program. The o rgan i za t i ons  c o n t r i b u t i n g  t o  t h i s  research  program fo rm  a  h i g h l y  

capable and e f f e c t i v e  team f o r  t h i s  purpose. Wi th  t h i s  team, t h e  R&D c a p a b i l i t y  

has been developed, w i t h i n  one program, t o  address t h e  many ques t ions  t h a t  must be 

s a t i s f a c t o r i l y  answered. 

Ques t ions  t h a t  have been answered t o  da te  i n c l u d e  t h e  ve ry  c r i t i c a l  ones o f :  

t h e  c a p a b i l i t y  f o r  growth and rep roduc t i on  o f  k e l p  i n  t h e  deep ocean away f r om i t s  

n a t u r a l  near-shore environment; t h e  a b i l i t y  t o  s u s t a i n  k e l p  growth w i t h  n u t r i e n t s  

de r i ved  from the  deep ocean; and t h e  c a p a b i l i t y  o f  t he  anaerobic d i g e s t i o n  process 

f o r  t h e  h i g h  y i e l d  convers ion o f  k e l p  t o  methane. Prev ious R&D e f f o r t s ,  conducted 

i n  concer t  w i t h  t he  development and a p p l i c a t i o n  o f  t h e  systems model, has focused 



the  p r o j e c t  on those tasks hav ing t h e  h i ghes t  cos t ,  energy, and b i o l o g i c a l  impacts 

w i t h i n  t h e  concept framework. 

A d d i t i o n a l  work has l e d  t o  t h e  de te rm ina t i on  t h a t  commerc ia l ly  ava , i l ab l e  

equipment and systems can be used t o  process k e l p  feedstock on a l a r g e  sca le .  

Harvest ing,  s i z e  r educ t i on ,  and t r a n s p o r t  equipment a l r eady  e x i s t  and c o u l d  be 

sca led  up f o r  use i n  a comnerc ia l  k e l p  c u l t i v a t i o n  and p rocess ing  system. 

I n  t h e  p r e l i m i n a r y  i n v e s t i g a t i o n  of by-products,  two p o t e n t i a l l y  va l uab le  

p roduc ts  r e s u l t i n g  f rom t h e  anaerobic d i g e s t i o n  process have been i d e n t i f i e d  and 

are under eva lua t i on :  an animal feed i n g r e d i e n t  hav ing  h i g h  p r o t e i n  content ,  w i t h  

an e x c e l l e n t  amino a c i d  p r o f i l e ;  and potash, which has p o t e n t i a l  a p p l i c a t i o n  f o r  

a g r i c u l t u r a l  uses. 

In fo rmat ion  developed as a  r e s u l t  of the  anaerobic d i g e s t i o n  process 

development task has g i ven  us conf idence t h a t  t h e  task o f  s c a l i n g  f r om  bench s c a l e  

r e a c t o r s  t o  eng ineer ing  s i zed  d i g e s t e r s  can be accomplished. The p o t e n t i a l  i s  

h i g h  f o r  a t t a i n i n g  s i g n i f i c a n t  increases i n  convers ion  process y i e l d  and r a t e .  

The i s 0 1  a t i o n  and c h a r a c t e r i z a t i o n  o f  microorganisms a c t i v e  i n  t h e  d i g e s t  i o n  

process, and t h e  de te rm ina t i on  of t h e i r  r e a c t i o n  k i n e t i c s  on t h e  i n d i v i d u a l  

c o n s t i t u e n t s  o f  ke l p ,  r ep resen t  a  unique approach t o  t h e  development o f  op t im ized  

inocu la .  Resu l t s  t o  date f rom t h i s  research g i v e  con f idence  t h a t  s t i l l  lower  

d i g e s t e r  r e t e n t i o n  t imes and increased y i e l d s  can be expected as a  r e s u l t  o f  t h i s  

m i c r o b i a l  work. 

Whi le t he  p a s t  work has answered severa l  c r i t i c a l  quest ions,  i t  has a l s o  

r a i s e d  a d d i t i o n a l  cons idera t ions .  The i n t e r a c t i o n  o f  t h e  k e l p  p l a n t s  w i t h  t h e  

growing s t r u c t u r e  has emerged as a  key area t o  be addressed. These i n t e r a c t i o n s  

o f  t h e  k e l p  p l a n t s  w i t h  t h e  growing s t r u c t u r e  must be min imized so t h a t  t h e  t e s t  

f a c i l i t y  can be used t o  acqu i r e  c r i t i c a l  y i e l d  data.  



Prev ious work has shown t h e  Macrocys t i s  i s  s u f f i c i e n t l y  tough and f l e x i b l e  t o  

s u r v i v e  t h e  v i o l e n t  water mot ions d u r i n g  t y p i c a l  Southern C a l i f o r n i a  storms. We 

b e l i e v e  t h a t  i f  t h e  p l a n t  i s  i s o l a t e d  from r i g i d  s t r u c t u r e s  and a l lowed t o  r e a c t  

o n l y  t o  t he  ocean - regard less  o f  t h e  ocean's v i o l e n c e  - t h e  p l a n t  w i l l  s u r v i ve .  

The v a r i a t i o n  o f  ha rves t  y i e l d  as a  f u n c t i o n  o f  c rop  dens i t y ,  ha r ves t  f requency 

and upwel led water a p p l i c a t i o n  i s  a  c r i t i c a l  parameter t h a t  must be understood. 

Fu tu re  research  and development w i l l  f ocus  on these and o t h e r  

cons ide ra t i ons .  The p r ima ry  task w i l l  be t he  de te rm ina t i on  o f  t h e  p r o d u c t i v e  

c a p a c i t y  and t he  sus ta ined  y i e l d s  t h a t  may be a t t a i n e d  d u r i n g  c o n t r o l l e d  

c u l t i v a t i o n  of ke l p .  

3.1 MAJOR PROBLEMS AND SOLUTIONS 

Problems r e l a t e d  t o  o v e r a l l  ope ra t i on  o f  Marine Biomass Program, and 

c o r r e c t i v e  ac t i ons  which e i t h e r  have been o r  w i l l  be taken, are summarized w i t h i n .  

1. P l a n t  p r o t e c t i o n  i s  needed a t  t h e  Test  Farm t o  reduce abras ion  and 

entanglement as w e l l  as t o  p rov i de  n u t r i e n t  containment.  Ac t  i o n  taken 

has been a  Concept Design Study and a  P r e l i m i n a r y  Design Review, 

r e s u l t i n g  i n  t h e  t e n t a t i v e  acceptance o f  a  Hemi-dome c o n f i g u r a t i o n  if 

model wave tank t e s t s  suppor t  t h e  use o f  t h i s  s t r u c t u r e  a t  t h e  o f f s h o r e  

t e s t  s i t e .  

2. Water and m i c r o b i a l  growth c o n t i n u a l l y  c logged t h e  f u e l  l i n e s  aboard t h e  

machinery buoy d u r i n g  e a r l y  months o f  1980. A c t i o n  taken was t o  i n s t a l l  

a  combinat ion water separa to r  and f u e l  f i l t e r  t oge the r  w i t h  a d d i t i o n  o f  

an a n t i - m i c r o b i a l  agent. 

3. Enc rus ta t i on  o f  underwater fa rm components by mar ine growth a l lowed o n l y  

a  gross obse rva t i on  o f  machinery buoy /subs t ra te  s t r u c t u r e .  A c t i o n  taken  

was i n i t i a t i o n  o f  c l ean ing  procedures t o  remove growth. 



4. D i f f e r i n g  mot ions o f  subs t ra te  and p l a n t s  caused abras ion and 

entanglement of t he  ke lp .  A c t i o n  taken was t h e  i n i t i a t i o n  of 

exper imenta t ion  us ing  an e l a s t i c  co rd  and damping p l a t e  t o  i s o l a t e  p l a n t  

mot ion f rom subs t ra te  mot ion. 

5. High sumner temperatures and reduced upwe l l i ng  caused expansive k e l p  

canopy 1  osses caus ing cessa t ion  o f  r o u t i n e  ana l ys i s .  Th i s  p r o b l m  w i  11 

be so lved when growing c o n d i t i o n s  r e t u r n  t o  t he  coas ta l  beds. 

6. Graz ing p reda to rs  caused ex tens ive  growth losses among Tes t  Farm 

exper imenta l  p l a n t s .  S ta r t - up  o f  a  l a r g e r  and h e a l t h i e r  p l a n t  pc lpu la t ion 

a f t e r  Test  Farm m o d i f i c a t i o n  should reduce g raz ing  problems. 

7. IGT experienced t h r e e  mechanical problems d u r i n g  t h e  e a r l y  p a r t  clf t he  

year  - a  d e f e c t i v e  speed c o n t r o l l e r  on a  g y r a t o r y  skaker; an autclfeeder 

n o t  d e l i v e r i n g  a  spec i f i ed  volume; and h i g h  temperatures i n  t h e  feed  

s1urr.y tank. These problems were q u i c k l y  co r rec ted  s h o r t l y  a f t e r  t hey  

occurred, and presented no s l i ppage  i n  m i l es tone  schedules o r  c o s t  

overruns. 

8. Heavy meta l  t o x i c i t y  due t o  leach ing  i n  t he  k e l p  s to rage  r e s e r v o i r  a t  

WRRC r e s u l t e d  i n  poor d i g e s t e r  performance. The r u n  was subsequent ly 

te rmina ted  and a  new s to rage  tank designed. 

3.2 MAJOR ACCOMPLISHMENTS 

1. The B i o l o g i c a l  Test Farm, deployed of f  t he  coas t  o f  Southern C a l i f o r n i a  

i n  September o f  1978 cont inued t o  ma in ta i n  i t s  s t r u c t u r a l  i n t e g r i t y  a f t e r  

near1.y 2 1/2 years i n  t he  open ocean, thus  g i v i n g  credence t o  t he  fa rm 

design and f a b r i c a t i o n .  

2. Desi gn s tud ies  f u r t h e r  narrowed p o t e n t i  a1 fa rm m o d i f i c a t i o n s  expected t o  

min imize k e l p  abras ion and entanglement on t h e  fa rm s t r u c t u r e .  



3. Adu l t  k e l p  p l a n t s  a t tached  t o  a  mooring l i n e  i n  August 1979 s u r v i v e d  t he  

r i g o r s  o f  t h e  ocean environment d u r i n g  t h e  w i n t e r  and s p r i n g  o f  1980, 

v a l i d a t i n g  the  hard iness o f  t he  Macrocys t i s  p l a n t .  

4. Steady-s ta te  rnanni to l  exper iments v e r i f i e d  t h e  model proposed t o  p r e d i c t  

methane y i e l d  on b a s i s  o f  e lementa l  compos i t i on  and mann i t o l  con ten t .  

5. Several  i n n o v a t i v e  d i g e s t e r s  were designed, f a b r i c a t e d  and t es ted ,  

s i g n a l l i n g  t h e  s t a r t - u p  o f  advanced d i g e s t e r  s t ud ies .  

6. An autofeeder was designed, cons t ruc ted  and s u c c e s s f u l l y  t e s t e d  f o r  

f eed ing  u n d i l u t e d  raw k e l p  t o  d i ges te r s .  

7. F a c i l i t i z a t i o n  o f  p i e r  l a b o r a t o r y  and es tab l i shment  o f  c o a s t a l  t e s t  fa rm 

marked i n i t i a t i o n  o f  i n t e r s p e c i f i c  h y b r i d  p roduc t i on  and o u t p l a n t i n g  

between species o f  Macrocys t i s .  

8. Candidate spec ies s e l e c t i o n ,  t e s t  s i t e  e v a l u a t i o n  and greenhouse 

f a c i l i t i z a t i o n  s i g n a l l e d  s t a r t - u p  o f  Biomass a c t i v i t i e s  i n  East Coast 

waters cont iguous t o  New York State .  

9. Growth enhancement of qu iescen t  j u v e n i l e  f r onds  was demonstrated by 

lower ing  i n t o  n u t r i e n t - r i c h  ocean waters. 



4. SPECIFIC OBJECTIVES FOR 1980 

S p e c i f i c  o b j e c t i v e s  o f  t he  work performed d u r i n g  1980 on t h e  Marine Biomass 

Program are h i g h l i g h t e d  below under t h e  f i v e  major  areas o f  endeavor. 

4.1 BIOLOGICAL TEST FARM MAINTENANCE/OPERATION 

0 To assure cont inuous ope ra t i on  of n u t r i e n t  d i s p e r s i o n  supp ly  system, 

n a v i g a t i o n a l  a i d  marker equipment, and da ta  c o l l e c t i o n  system. 

0 To per fo rm p reven t i ve  maintenance and c o r r e c t i v e  maintenance on t h e  

B i o l o g i c a l  Test Farm as r e q u i r e d  

a To m a i n t a i n  t he  Test  Farm i n  an ope ra t i ona l  " ready mode" 

4.2 KELP BIOLOGICAL STUDIES 

a To con t inue  env i ronmenta l  m o n i t o r i n g  a t  t h e  o f f s h o r e  c o n t r o l  s i  t e  and a t  

t h e  n a t u r a l  k e l p  bed c o n t r o l  s t a t i o n  

To con t inue  t o  mon i to r  t r a n s p l a n t s  a t  t h e  Tes t  Farm 

0 To mon i t o r  t h e  b i o l o g i c a l  community assoc ia ted  w i t h  t h e  Tes t  Farm 

0 To per fo rm p h y s i o l o g i c a l  s t u d i e s  t o  determine r e 1  a t i o n s h i p  between 

env i ronmenta l  f a c t o r s  such as n u t r i e n t  concen t ra t i on  and l i g h t  - n t e n s i t y  

upon mann i t 01 con t e n t  

0 To per form exper iments de te rmin ing  t h e  m i c r o n u t r i e n t  uptake r a t e s  i n  

Macrocyst  i s  

a To i n i t i a t e  c h a r a c t e r i z a t i o n  and seedstock p r o d u c t i o n  o f  Mac rocys t i s  - 

species 

To i n t e g r a t e  f o r e i g n  technology research  

4.3 INOCULUM DEVELOPMENT 

e To m a i n t a i n  s tock and base l i ne  c u l t u r e s  

e To con t i nue  M i c r o b i a l  Enr i chment / I so l  a t i o n  s t u d i e s  



0 To i n i t i a t e  p a r t i c u l a t e  s t u d i e s  t o  c o r r e l a t e  c e l l  growth w i t h  measurable 

parameters i n c l u d i n g  ATP, F420, methane p roduc t  ion ,  and Most Probable  

Numbers techniques 

a To i n i t i a t e  s t ud ies  on d i g e s t i b i l i t y  o f  k e l p  and mar ine inocu lum 

development 

4.4 CONVERSION PROCESS DEVELOPMENT 

a To e l u c i d a t e  f a c t o r s  t h a t  l i m i t  f e rmen ta t i on  r a t e s  and methare y i e l d s  

a To deterrni ne o p e r a t i o n a l  parameters t h a t  produce t h e  h i g h e s t  methane 

y i e l d s  and p roduc t i on  r a t e s  

a To develop a  k i n e t i c  model t h a t  w i l l  p r e d i c t  f e rmen ta t i on  r a t e s  and 

y i e l d s  under d i f f e r e n t  ope ra t i ng  cond i t i ons ,  i n c l u d i n g  load ing ,  d e t e n t i o n  

t ime, and e f f l u e n t  s o l i d s  r e c y c l e  

4.5 PRE-TREATMENT AND POST-TREATMENT STUDIES 

a To con t i nue  eva lua t i ons  o f  p re -  and pos t - t rea tment  techniques 

0 To m a i n t a i n  b a s e l i n e  and s tock c u l t u r e s  

0 To c o l l e c t ,  process and d i s t r i b u t e  k e l p  t o  subcon t rac to rs  as needed 

a To c o l l e c t  e f f l u e n t  f o r  exper imenta l  t e s t s  



5. 1980 WORK PLAN BY TASK AREA 

The following sections describe the experimental work expended during the 

course of t h i s  contract - the 8 month period covering January 1, 1980 thrclugh 

August 31, 1980. In addition, a brief synopsis of the f i r s t  four months' work 

under the SERI contract - covering the period September 1 through December 31 - i s  

included where applicable. To provide c l a r i t y  to  the reader, each major section 

l is ted below is  presented as an individual section of work: 

5.1 Biological Test Farm Maintenance and Operations 

5.2 Kelp Biological Studies 

5.3 Inoculum Department 

5.4 Conversion Process Development 

5.6 New York State Site and Species Selection 

5.7 Kelp Cultivation, Characterization and Genetics 





5.1 B IOLOGICAL  TEST FARM MAINTENANCE AND OPERATIONS 

GLOBAL MARINE DEVELOPMENT INC.  





5.1 BIOLOGICAL TEST FARM MAINTENANCE AND OPERATIONS 

OSTF MAINTENANCE AND OPERATION 

Pr imary o b j e c t i v e  o f  GMDI's Maintenance and Operat ion Task was t o  con t i nue  

t h e  maintenance and ope ra t i on  o f  t h e  OSTF accord ing t o  ope ra t i ons  p l ans  and 

procedures prepared b y  GMDI and approved by GE-RSD. These p l ans  and procedures 

were t o  inc lude ,  bu t  no t  n e c e s s a r i l y  be l i m i t e d  to ,  t h e  maintenance and/or 

operat  i o n  of t he  d i e s e l  engines and upwel l  i n g  pumps, engine f u e l  ing,  farm hardware 

i nspec t i on ,  normal r epa i r s ,  damage r e p a i r s ,  n a v i g a t i o n  a i d  maintenance, spares 

i n v e n t o r y  maintenance, l o g i s t i c s  suppor t ,  insurance and a p p l i c a b l e  drawings. 

The s p e c i f i c  tasks  t o  be performed dur ing  t h i s  p e r i o d  are:  

1. Three maintenance t r i p s  per  month t o  t h e  machinery buoy t o  r e f u e l ,  

i n spec t  and m a i n t a i n  machinery and NAV/Aid System. The work p a r t y  w i l l  

c o n s i s t  o f  a c o n s t r u c t i o n  engineer,  a mechanical  and e l e c t r i c a l  engineer,  

Submarine Engineer ing Assoc ia tes crew, and Mike Newel l ,  d i e s e l  mechanic. 

One of t he  t r i p s  each month w i l l  i n c l u d e  an underwater i n s p e c t i o n  

performed by an S.E.A. d i v e  team. 

2 .  Plann ing  t h e  t h r e e  t r i p s  as t o  d e f i n i n g  s p e c i f i c  t asks  t o  be performed by  

crew and p r o v i d i n g  necessary spare/replacement pa r t s .  De te rmin ing  f u e l  

requirements,  p r o c u r i n g  se r v i ces  and hardware necessary f o r  these tasks .  

3. Performing necessary eng ineer ing  t o  p r o p e r l y  m a i n t a i n  t h e  B i o l o ~ j i c a l  Tes t  

Farm. Analyze problems, d e f i n e  s o l u t i o n s ,  superv ise  work parti1.s. 

4. Performing maintenance tasks  on machinery buoy t o  c l ean  up t h e  buoy 

e l e c t r i c a l  power system. B r i n g  e l e c t r i c a l  drawings up t o  da te  t o  

e s t a b l i s h  p resen t  Test  Farm c o n f i g u r a t i o n .  

5. B u i l d  a spare p a r t s  inven to ry ,  based on 1979 h i s t o r y ,  t o  m in im ize  1980 

down t ime when r e p a i r s  a re  needed. Rep1 ace aux i 1 i ary  n o n - c r i t i  c a l  worn 

components on t h e  OSTF t h a t  have been d e f e r r e d  due t o  1979 l ack  o f  

fund ing .  



6. Rep lac ing  t he  r e t r o  r e f l e c t i v e  tapes on a l l  f o u r  buoys. Coast Guard 

Sa fe t y  Requirements d i c t a t e  t h a t  t he  buoys be so banded. Eng ineer ing  

w i l l  develop a more permanent method of banding t h e  buoys. The new 

process w i l l  t hen  be implemented. 

Toward t h i s  goal ,  twen ty -n ine  maintenance v i s i t s  i n c l u d i n g  e i g h t  d i v e  

i nspec t i ons  by Submarine Engineer ing Assoc ia tes crew were made t o  t h e  OSTF d u r i n g  

t he  e i g h t  month per iod .  The main o b j e c t i v e  o f  these v i s i t s  was t o  keep t h e  

machinery ope ra t i ona l  and s a t i s f y  Coast Guard Nav A i d  requi rements .  The system 

has begun t o  show s igns  o f  ag ing w i t h  water showing up i n  t h e  f u e l  system, 

s a c r i f  i c a l  anodes reduc ing  t o  30 percen t  o f  t h e i r  o r i g i n a l  s i z e  and t h e  underwater 

s t r u c t u r e  becoming encrusted w i t h  marine growth. 

The major problem d u r i n g  t h e  year  was one o f  f u e l  contaminat ion.  Normal 

condensat ion and perhaps water i n  t h e  f u e l i n g  drums was t h e  major  cause o f  t h e  

problem. The water  supported b a c t e r i o l o g i c a l  growth i n  t he  f u e l  tank which i n  

t u r n  c logged t h e  f u e l  f i l t e r s .  A f t e r  d iagnos is  o f  t h e  problem t h e  main buoy f u e l  

tank was pumped d r y  and cleaned thorough ly .  A new f u e l  f i l t r a t i o n / w a t w  separa to r  

u n i t  was p rocured  and i s  used i n  a l l  f u e l  t r a n s f e r  opera t ions .  The u n i t  can be 

p u t  on board t h e  buoy t o  a l l o w  removal o f  condensed water f rom t h e  f u e l  tank b y  

pumping f u e l  f rom the  tank bot tom through t h e  dev ice and back i n t o  t h e  f u e l  tank.  

A chemical  a d d i t i v e  i s  now added d u r i n g  f u e l i n g  ope ra t i ons  t o  p reven t  t h e  

p o s s i b i l i t y  of b a c t e r i a l  growth i n  t h e  system. The problem was no t  a n t i c i p a t e d ,  

bu t  now t h a t  i t  i s  understood, t h e  new hardware and r e v i s e d  procedures w i l l  

p reven t  recurrence.  

Another minor  m o d i f i c a t i o n  was made t o  t h e  f u e l  system t o  a i d  system 

d iagnos is .  A p ressure  gauge was added t o  a l l o w  d i r e c t  readout  of t h e  p ressure  

drop through t h e  f u e l  f i l t e r .  Th is  gauge i n d i c a t e s  f i l t e r  c o n d i t i o n  i n  a normal 

mode. A va lve  was added upstream of t h e  gauge t o  a l l o w  check ing p ressure  



c a p a b i l i t y  o f  the main f u e l  pump. This  simple change a l lows q u a n t i t a t i v e  

eva lua t ion  o f  the f u e l  system hydraul ics.  

The on-board spares inventory  proved t o  be adequate dur ing  the year. There 

were no major problems r e q u i r i n g  engine removal or  prolonged shutdown due t o  lack 

o f  spares. 

Eight  d ive  inspect ions were performed dur ing the e i g h t  month per iod.  The 

encrus ta t ion  of the underwater hardware by marine growth al lowed on ly  a gross 

inspect ion  of the  machinery buoy/substrate s t ruc ture .  The d i ve  inspect ions  

u s u a l l y  inc lude some usefu l  underwater maintenance or spec ia l  t e s t  support i n  

order t o  maximize program re turns .  

MARINE BIOMASS, S E R I  CONTRACT 

The work dur ing the per iod  from September 1 through December 31, 19130 was 

covered by the SERI  cont rac t .  Norma1 maintenance cont inued dur ing  t h i s  pe r iod  

along w i t h  several add i t i ona l  tasks. The add i t i ona l  tasks under the  new con t rac t  

are Refurb ishment and Repair, Concept Trade-off  Analysis,  Mode1 Test ing, Hardware 

Design, Fab r i ca t i on  and I n s t a l l a t i o n ,  Inst rumentat ion,  Dispers ion Modeling and 

Test and Geometry and Ma te r ia l  Tests. 

The Refurbishment and Repair task covers the de fer red  maintenance jobs on the  

OSTF. Buoy pa in t i ng ,  underwater c leaning o f  c r i t i c a l  areas, and rep lac ing  the 

upwel l ing hoses were the  major tasks. The c leaning has been completed, the 

p a i n t i n g  s ta r ted  and the upwel l ing  hoses have been ordered. The c leaning o f  the  

upper un i ve rsa l  j o i n t  revealed some wear i n  the p i n  j o i n t s  not  p rev ious l y  detected 

through the  marine growth. This  was discovered i n  December and a study f~as  been 

i n i t i a t e d  t o  determine the best f i x .  Engineering d i ve  inspect ions determined t h a t  

the j o i n t  i s  not  causing an immediate emergency but  r e p a i r s  should be made i n  the 

near future.  



The Concept T rade-o f f  Ana l ys i s  was a task  designed t o  s tudy proposed 

modif icatSons t o  t he  t e s t  farm. Several  concepts were i n i t i a l l y  eva lua ted  and t h e  

number reduced t o  s i x  f o r  f i n a l  c o n s i d e r a t i o n  on November 17 and 18 when a 

P r e l i m i n a r y  Design Review was h e l d  a t  GMDI t o  p resen t  t h e  f i n d i n g s .  A d e c i s i o n  

was made a t  t h a t  t ime  f o r  GMDI t o  concen t ra te  on t h e  Hemi-dome Design,  The 

Hemi-dome i s  a hemispher i ca l  membrane f i l l e d  w i t h  sea-water. Th is  concept 

p rov ides  maximum p r o t e c t i o n  t o  t h e  k e l p  p l a n t s  and b e t t e r  c o n t r o l  over  n u t r i e n t  

concen t ra t i on  than  t h e  o the r  concepts. 

Chicago Br idge  and I r o n  Company was g iven  a l e t t e r  o f  i n t e n t  i n  l a t e  December 

f o r  t e s t i n g  t h e  Hemi-dome concept. Th i s  t e s t i n g  i s  scheduled t o  s t a r t  i n  l a t e  

January. 

The Hardware Design task  was s t a r t e d  i n  December. The n e x t  major  m i l es tone  

i n  t h i s  task i s  t h e  C r i t i c a l  Design Review (CDR) i n  l a t e  March, 1981. The 

F a b r i c a t i o n  and I n s t a l l a t i o n  task  w i l l  commence a f t e r  CDR. 

The D i spe rs i on  Model ing and Tes t  task suppor ts  General E l e c t r i c  i n  des ign ing,  

i n s t a l l i n g  and t e s t i n g  d i f f e r e n t  d i s p e r s i o n  schemes on t h e  Test  Farm. The 

hardware w i l l  be completed and i n s t a l l e d ,  ready f o r  t e s t i n g  by mid January. 

The Geometry and M a t e r i a l  t e s t s  a l so  suppor t  General E l e c t r i c  i n  des ign ing,  

i n s t a l l i n g  and t e s t i n g  two smal l  s ca le  k e l p  at tachment s t r u c t u r e s .  One device,  a 

mot ion l i m i t i n g  spr ing-coupled sphere was i n s t a l l e d  i n  m id  December. The o t h e r  

device,  a buoyant f i f t e e n  f oo t  square g r i d  a t tached  by bungees, ( s t r e t c h a b l e  

cab les ) ,  w i l l  be ready f o r  i n s t a l l a t i o n  i n  mid January, 1981. 

The Geometry and M a t e r i a l  Tes t  hardware w i l l  be ins t rumented t o  determine 

dynamic mot ions and a t t i t u d e s .  Th i s  hardware was designed and procured. The 

i n s t r u m e n t a t i o n  sensors are i n s t a l  l e d  on t h e  machinery buoy. Data r e c o r d i n g  was 

s t a r t e d  i n  l a t e r  December on t h e  buoy mot ions.  



5.1.1 "MYRTLE" EXPERIMENTS WITH ELASTIC TETHERS AND DAMPING PLATE - GENERAL 
ELECTRIC COMPANY 

INTRODUCTION 

Three a d u l t  Macrocys t i s  p l a n t s  a t tached t o  subs t ra te  f l o a t s  approx imate ly  40 

f e e t  below the  sur face  and t e the red  near t he  mid -po in ts  o f  one o f  t h e  300-foot 

ca tenary  cables had been t he  sub jec t  o f  b i o l o g i c a l  s t ud ies  f o r  severa l  months. 

The f i r s t  o f  t h e  group t o  be i n s t a l l e d  by t he  Cal Tech team was g iven  t h e  name 

"Myr t le " ,  hence the  des igna t ion .  They were a t tached  t o  t he  ca tenary  t o  avo id  any 

p o t e n t i a l  abras ion o r  t a n g l i n g  con tac t  w i t h  t he  OSTF s t r u c t u r e  o r  mooring buoys. 

Al though exposed t o  severe storms i n  January and February (wave he igh t s  up t o  20 

f e e t  and winds exceeding 40 kno ts  were repor ted)  t h e  p l a n t s  sus ta ined  very  l i t t l e  

damage. This,  i n  ef fect ,  answered one o f  t h e  p r ima ry  ques t ions  concern ing t h e  

a b i l i t y  o f  Macrocys t i s  t o  s u r v i v e  i n  t h e  open ocean. I t  should be noted t h a t  t h e  

f l o a t s  used i n  t he  M y r t l e  group had a much h ighe r  buoyancy (by  a f a c t o r  o f  t en )  

than those used o r i g i n a l l y  i n  t h e  OSTF. Th i s  h igher  buoyancy prevented snapping 

a c t i o n  i n  t he  t e t h e r  and c o n t r i b u t e d  t o  t he  s u r v i v a l  o f  t h e  M y r t l e  p l a n t s .  

However, t he  problem o f  j u v e n i l e  f r o n d  abras ion remained and appeared t l s  be 

aggravated by t h e  use o f  h i gh  buoyancy f l o a t s .  The M y r t l e  exper iments descr ibed 

he re in  were undertaken t o  s tudy techniques t o  a l l e v i a t e  t h i s  p o t e n t i a l  dbras ion 

problem. Such techniques would be u s e f u l  f o r  f u t u r e  k e l p  t r a n s p l a n t i n g  and 

attachment opera t ions .  

D ivers  fed t h e  M y r t l e  p l a n t s  p e r i o d i c a l l y  w i t h  a concentrated n u t r i e n t  

s o l u t i o n  by enc los ing  each p l a n t  t e m p o r a r i l y  i n  a p l a s t i c  sleeve. C e r t a i n  f r o n d s  

were tagged and growth da ta  ob ta ined  by measuring t h e  e l onga t i on  o f  t h e  blades. 

Th is  was t r a n s l a t e d  i n t o  inc rease  i n  biomass by means o f  an e m p i r i c a l  length-mass 

c o r r e l a t i o n  f a c t o r .  



Divers  noted t h a t  new growth which o r i g i n a t e d  i n  t h e  v i c i n i t y  o f  t h e  h o l d f a s t  

was be ing damaged, appa ren t l y  by abras ive  con tac t  w i t h  t h e  f l o a t  and/or t e t h e r  t o  

which t h e  h o l d f a s t  was at tached. I t  appeared t h a t  t h i s  was caused by t h e  c y c l i c a l  

downward f l o w  o f  water  around t h e  f l o a t  a r i s i n g  f r om t h e  combined a c t i o n  o f  t h e  

waves and t h e  heave o f  t h e  ca tenary  cab le  t o  which t h e  t e t h e r s  were at tached.  An 

e a r l y  Wheeler Nor th  es t imate  was t h a t  perhaps 40 percen t  o r  more o f  the  j u v e n i l e  

f ronds  were be ing  l o s t  by t h i s  means. Since t h e  emphasis o f  t h e  program i s  i n  

biomass y i e l d ,  losses of t h i s  magnitude a re  i n t o l e r a b l e .  The problem, t he re fo re ,  

was how t o  e l i m i n a t e  t h i s  e f f e c t ,  o r  a t  l e a s t  reduce i t  t o  an acceptab le  l e v e l .  

ENVIRONMENTAL APPROACH 

The o b j e c t i v e s  of these exper iments were: 1) t o  s u b s t a n t i a t e  t he  v i s u a l  

observa t ions  made by t he  d i v e r s  concern ing t h e  abras ive  a c t i o n  between t h e  

j u v e n i l e  p l a n t s  and t h e  subsurface f l o a t s ,  and 2 )  t o  determine i f  t h i s  behav ior  

cou ld  be a l l e v i a t e d  by means o f  an e l a s t i c  t e t h e r  and/or damping arrangement. 

Concerning t he  l a t t e r ,  t he  f l o a t - s u b s t r a t e  at tachment was changed on two o f  t h e  

p l a n t s .  The i n e l a s t i c  t e t h e r  on one p l a n t  was rep laced  by an e l a s t i c  c w d  and 

damping p l a t e  w h i l e  an i d e n t i c a l  e l a s t i c  co rd  w i t h o u t  a  damping p l a t e  w ,~s  

s u b s t i t u t e d  f o r  t he  o ther .  The d iameter  o f  the  p l a t e  and spr ing -cons tan t  of t h e  

t e t h e r  were chosen t o  produce an over-damped system i n  o rde r  t o  m in im ize  t h e  

r e l a t i v e  mot ion  between t h e  f l o a t  and i t s  surroundings. The values se lec ted  f o r  

these parameters were based p a r t i a l l y  on t h e  r e s u l t s  o f  a  s imple 1/6 sca le  model 

t e s t  conducted a t  GE, V a l l e y  Forge, us i ng  t h e  apparatus p r e v i o u s l y  consJ:ructed 

under t h e  1979 I R & D  wave pump program. The t h i r d  p l a n t  " M y r t l e "  r e t a i n e d  t h e  

o r i g i n a l  i n e l a s t i c  o r  "hard1' t e t h e r .  The exper imenta l  p l a n  was t o  observe and 

reco rd  on v i deo  tape  t h e  r e l a t i v e  behav ior  o f  t h e  t h r e e  at tachment schemes f o r  a 

g i ven  sea s ta te .  To exped i t e  s e t t i n g  up t h i s  exper iment i t  was dec ided t o  use t h e  

e x i s t i n g  f l o a t s  and p l a n t s .  



EXPERIMENTAL DETAILS AND CALCULATIONS 

The choice of e l a s t i c  t e t h e r  m a t e r i a l  was gu ided by t h e  f o l l o w i n g  

cons ide ra t i ons :  1) When i n  s t a t i c  e q u i l i b r i u m  w i t h  t h e  f l o a t  t h e  ex tens ion  o f  t h e  

m a t e r i a l  should  be around 50 percen t  o f  t h e  maximum range, 2) t h e  maximurn e l a s t i c  

range must exceed t h e  a n t i c i p a t e d  4.0 f o o t  dynamic range and 3 )  t he  s p r i n g  

constant ,  based on t h e  model t e s t s  and rough c a l c u l a t i o n s  should  be o f  t h e  o rde r  

o f  5 t o  10 l b s / f t .  

The most p romis ing  and r e a d i l y  a v a i l a b l e  m a t e r i a l  f o r  t h i s  app l i ca t . i on  was 

rubber  shock parachute cord, sometimes r e f e r r e d  t o  as "bungee cord" .  E l onga t i on  

measurements were made on va r i ous  samples us i ng  a  5 - i nch  gauge l e n g t h  f o r  

convenience. No e l onga t i on  occur red  u n t i l  t h e  l oad  exceeded 19 pounds, whereupon 

t he  l e n g t h  increased i n  a  n e a r l y  l i n e a r  manner. Measurements w i t h  sma l le r  

d iameter cords i n d i c a t e d  t h a t  t h e  maximum e l a s t i c  range i s  about equal  t o  t h e  

i n i t i a l  l eng th .  If t h e  i n i t i a l  l e n g t h  i s  L t h e  f o r c e  r e q u i r e d  t o  s t r e t c h  i t  an 

a d d i t i o n a l  amount AL i s :  

where 1 i s  t he  gauge leng th .  The q u a n t i t y  w i t h i n  b racke ts  i s  equal  t o  t h e  s p r i n g  

constant ,  k, which appears i n  t he  conven t iona l  Hook's Law r e l a t i o n s h i p  F = kx, 

where x  i s  t h e  displacement.  A d u p l i c a t e  empty b a r r e l  ( a c t u a l l y  a  1 /2  keg) w i t h  

t he  cha in  h i t c h  and assoc ia ted  f i t t i n g s  was found t o  be 40 pounds. A f u l l  1/2 keg 

weighs almost. 163 pounds, thus t h e  buoyant f o r c e  would be 123 pounds. A9 low ing  an 

a d d i t i o n a l  9 pounds f o r  t h e  plywood d i s k  and k e l p  p l a n t ,  t h e  n e t  buoyancy comes t o  

approx imate ly  132 pounds. For t h e  ex tens ion  t o  be near mid range a t  132 pounds 

two 1/2  i n c h  cords were used i n  p a r a l l e l ,  thus  t h e  r i g h t  hand s i d e  o f  Equat ion No. 

1 must be m u l t i p l e d  by  2.0, i.e., 



dF S u b s t i t u t i n g  1 = 5 inch,  ;ir= 15.5 l bs / i n . ,  F = 132 pounds and Fo = 19 pounds, we 

o b t a i n  AL/L = 0.6 which was c l ose  enough t o  t h e  m id  p o i n t  f o r  exper imenta l  

purposes. The longes t  p r a c t i c a l  l e n g t h  f o r  t h e  extended cord, namely 24 fee t ,  was 

determined by t h e  work ing d i s t ance  f r om t h e  f l o a t s  t o  t h e  ca tenary  cab le .  Thus we 

have L - +AL = 24 f e e t .  S u b s t i t u t i n g A L / L  = 0.6 f r om f o r e g o i n g  c a l c u l z ~ t i o n  g i ves  L  

= 15 f e e t  as t h e  i n i t i a l  l eng th .  The s p r i n g  cons tan t  f o r  15 f e e t  o f  double c o r d  

t u r n s  ou t  t o  be 10.33 l b s / f t ,  which i s  an acceptab le  value, a l though  i n  t h e  h i g h  

end o f  t h e  range. The fo rce  i s  p l o t t e d  as a  f u n c t i o n  o f  t o t a l  l e n g t h  where t h e  

"ope ra t i ng  p o i n t "  i s  t h e  e q u i l i b r i u m  displacement.  

The damping p l a t e ,  4 f oo t  d iameter  x  1 /2  i n c h  t h i c k  plywood, was g i ven  

severa l  coa ts  o f  a  r e s i n  and ace ta te  m i x t u r e  t o  de lay  de laminat ion.  The bungee 

cords were c u t  t o  l e n g t h  and a l l  t e rm ina t i ons  and i n t e r connec t i ons  were made i n  

t h e  marine l a b o r a t o r y  i n  p r e p a r a t i o n  f o r  deployment. 

DEPLOYMENT 

The p l a n  dec ided upon was t o  use a b lock  and t a c k l e  t o  haul  each f l o a t  down 

f a r  enough t o  t i e  the  double bungee t o  t h e  f l o a t  shack le  and t h e  catenary .  The 

o r i g i n a l  t e t h e r  would then  be c u t  f ree.  The b lock  and t a c k l e  would then  be 

s lacked o f f  and removed a f t e r  t h e  s t r a i n  was taken up by t h e  bungees. A l i f e  l i n e  

would be added between t h e  f l o a t s  and t h e  ca tenary  t o  p reven t  l o s s  of t h e  p l a n t s  

should t h e  bongees p a r t .  

DISCUSSION 

The mot ion  o f  t h e  water r e l a t i v e  t o  t h e  f l o a t  i s  t h e  r e s u l t a n t  of t h e  

subs t ra te  mot ion  and t h e  mot ion  induced by su r f ace  wave ac t i ons .  The ex tens ion  of 

t h e  e l a s t i c  t e t h e r  i s  t h e  sum o f  t h e  two, assuming t h e  f l o a t  f o l l ows  t h e  l o c a l  

water movement. The c o n t r i b u t i o n  made by wave a c t i o n  can be es t imated  from 

theory .  For s imp le  harmonic waves t h e  t o t a l  v e r t i c a l  d isplacement of t h e  water  



( i .e . ,  a  water p a r t i c l e )  a t  a  depth d  i s  H exp ( -2  n d/A ) where H = 4 feet ,  X = 

100 f e e t  and d = 38 f e e t  t he  t o t a l  d isplacement w i l l  be 4 exp (-277 381100) = 0.37 

f e e t .  Th i s  i s  n e g l i g i b l e  compared w i t h  t h e  6 f o o t  d isplacements which were 

observed. I t  must be concluded t h a t  t h e  displacement i s  due m a i n l y  t o  t h e  heave 

o f  t h e  ca tenary  cab le .  From t h e  few observa t ions  o f  t h e  OSTF s u b s t r a t e  mot ion  by  

t h e  d i v e r s  i t  appears t h a t  t h e  ca tenary  mot ion i s  more' severe. Observat ions so 

f a r  suggest t h a t  t h e  k e l p  p l a n t s  have ve ry  l i t t l e  e f f e c t  on t h e  dynamic behav io r  

of t h e  beer-keg f l o a t s .  Th is  i s  n o t  s u r p r i s i n g  s i nce  t h e  buoyancy o f  t h e  f l o a t  i s  

a t  l e a s t  twenty  t imes t h a t  o f  t h e  a t tached  p l a n t .  The o n l y  n o t i c e a b l e  e f f e c t  i s  

t h e  d e f l e c t i o n  of t he  30 f o o t  l ong  attachment system due t o  drag. 

CONCLUSIONS 

1) The exper iments conducted on t h e  M y r t l e  group met a l l  o b j e c t i v e s .  

2 )  Video tape records  show t h a t  c o n d i t i o n s  f o r  t h e  abras ion  and d e s t r u c t i o n  

of j u v e n i l e  f ronds a re  generated by  t h e  use o f  a  hard  t e t h e r e d  attachment 

system. 

3) It was demonstrated t h a t  t h e  use o f  an e l a s t i c  t e t h e r  and damping can 

so lve  t he  problem of j u v e n i l e  f rond  l o s s  by d r a s t i c a l l y  reduc inq  t he  

r e 1  a t i v e  mot ion between t h e  f l o a t  ( h o l d - f a s t )  and t he  sur round ing  water.  

4 )  The r e l a t i v e  v e l o c i t y  i s  due p r i m a r i l y  t o  t h e  mot ion  o f  t h e  subs t ra te .  

5 )  The p l a n t s  themselves had ve ry  l i t t l e  e f f e c t  on t h e  dynamic behav io r  o f  

t h e  h i g h  buoyancy f l o a t s  used i n  these exper iments.  

6 )  The use o f  TV f o r  r e a l - t i m e  m o n i t o r i n g  and r e c o r d i n g  has proved t o  be an 

ex t reme ly  e f f i c i e n t ,  e f f e c t i v e  and accurate  d i a g n o s t i c  t o o l ,  bo th  f r om  an 

o p e r a t i o n a l  as w e l l  as an a n a l y t i c a l  p o i n t  o f  view. 



5.1.2 DETERMINATION OF DRAG ON KELP PLANTS FROM DEFLECTION MEASUREMENTS - GENERAL 
ELECTRIC COMPANY 

INTRODUCTION 

One o f  t h e  p r ima ry  concerns w i t h  r espec t  t o  t h e  p r a c t i c a b i l i t y  o f  an ocean 

fa rm f o r  growing Macrocys t i s  i s  t he  s u r v i v a b i l i t y ,  p h y s i c a l l y ,  o f  these p l a n t s  i n  

t h e  open sea. Indeed, t h e r e  i s  a  ques t i on  whether o r  n o t  t h e  p l a n t s  c o u l d  s u r v i v e  

even i f  t h e r e  were no mechanical  s t r u c t u r e  on which t hey  cou ld  abrade o r  become 

entangle?. To answer t h i s  ques t ion ,  Dr. Wheeler No r t h  deployed severa l  mature 

p l a n t s  f a r  enough f rom t h e  e x i s t i n g  BTF s t r u c t u r e  t o  avo id  mechanical  

i n t e r a c t i o n .  The h o l d f a s t  o f  each p l a n t  was a t tached  t o  a  subsur face f l o a t  and 

t e t h e r e d  t o  one o f  t h e  ca tenary  cables.  The f i r s t  o f  these p l a n t s  t o  be deployed 

( i n  October 1979) i s  r e f e r r e d  t o  a f f e c t i o n a t e l y  as laMyrtlea'. D i ve r s  f e d  t h e  

p l a n t s  p e r i o d i c a l l y  w i t h  a  concen t ra ted  n u t r i e n t  s o l u t i o n  w h i l e  each p l a n t  was 

enclosed t e m p o r a r i l y  i n  a p l a s t i c  s leeve. I n  e f f e c t ,  t h i s  p rov i ded  an e lementary  

n u t r i e n t  containment scheme. Even though t he  p l a n t s  have been exposed t o  h i g h  

seas and c u r r e n t s  (wave he igh t s  up t o  20 f ee t ) ,  t h e r e  has been no evidence o f  any 

s i g n i f i c a n t  damage. Th i s  i s  a  p a r t i c u l a r l y  impor tan t  obse rva t i on  s i nce  t h e  

subsurface f l o a t s  move v e r t i c a l l y  w i t h  l a r g e  ampl i tudes sending S-shaped k i n k s  up 

t h e  l e n g t h  o f  t h e  p l a n t ,  and y e t  no d e l e t e r i o u s  e f f e c t s  have been noted. P l a n t s  

i n  a  n a t u r a l  bed never exper ience t h i s  mode o f  mechanical e x c i t a t i o n ,  except  

p o s s i b l y  d u r i n g  an earthquake. 

The e f f e c t  o f  c u r r e n t  on t h e  p l a n t s  i s  i n t e r e s t i n g .  D r .  No r t h  anc co l leagues  

noted t h a t  t h e  d e f l e c t i o n  of t h e  p l a n t s  i s  ve r y  l a r g e  compared t o  t h e  angle  

subtended by  t h e  f l o a t  t e t h e r .  Underwater photographs taken under h i gh  c u r r e n t  

c o n d i t i o n s  show ve ry  l i t t l e  d e f l e c t i o n  o f  t h e  f l o a t  a l though  t h e  p l a n t s  a re  almost 

h o r i z o n t a l .  No q u a n t i t a t i v e  da ta  can be ob ta i ned  from t h e  photographs taken t o  

da te  due t o  t he  absence of re ference coord inates.  However, Dr. No r t h  es t imates  

t h a t  f o r  c u r r e n t s  i n  t he  range o f  1 t o  1 1 /2  knots ,  t h e  angular  d isp lacement  o f  



t h e  f l o a t  was perhaps 10-15' and t h e  p l a n t s  were "nea r l y '  h o r i z o n t a l .  Us ing  

t h i s  s e m i - q u a n t i t a t i v e  data, i t  i s  p o s s i b l e  t o  make some assessment of t h e  

magnitude o f  t h e  drag and buoyancy of a  mature p l a n t .  I n  a d d i t i o n ,  i t  i s  

reasonable t o  suggest f u t u r e  exper imenta l  procedures f o r  o b t a i n i n g  mclre 

q u a n t i t a t i v e  i n f o rma t i on .  

Theory: 

I f  t he  system i s  i n  e q u i l i b r i u m ,  we have 

r FX = Of + Fp COSm - T SIN ti = 0 

€ F Y  = Fp S IN4 - T  COSO + FB - W  = 0 

The q u a n t i t y  of p r ima ry  i n t e r e s t  i s  Fp C O S $  = Dp which i s  t h e  h o r i z o n t a l  

component o f  t h e  f o r c e  which t h e  p l a n t  e x e r t s  over  t h e  suppo r t i ng  s t r u c t u r e .  

D i v i d i n g  Eq. 1 by Eq. 2  and s o l v i n g  f o r  D l eads  t o  t h e  f o l l o w i n g  express ion  
P  

(FB - W )  t a n 6  - DF 
D = P 1 - t a n  8 x  t a n d  

C a l c u l a t i o n  o f  D 
P : 

I t  so happens t h a t  the  f l o a t  t o  which M y r t l e  i s  f i r m l y  a t tached  i s  an empty 

1/2 beer b a r r e l ,  f o r t u i t o u s l y  a v a i l a b l e .  A f u l l  1/2 keg. con ta i ns  15.75 g a l l o n s  

and weighs 160 t o  165 pounds depending on t h e  m a t e r i a l  o f  c o n s t r u c t i o n  (aluminum 

o r  s t a i n l e s s  s t e e l ) .  Fo r  subsequent c a l c u l a t i o n s  we assume a  weight  o f  160 

pounds. The s p e c i f i c  g r a v i t y  o f  beer (Budweiser)  a t  15' C i s  1.01, t h e r e f o r e  

W = 160 - 1.01 x  62.4 x 15.75/7.48 = 27.3 pounds. 

When empty t h e  buoyance of t h e  b a r r e l  i n  sea water  w i l l  be a t  l e a s t  

FB = 15.75 x  64/7.48 = 134.8 pounds 

n e g l e c t i n g  t h e  volume d i sp l aced  by  t h e  meta l .  The f l u i d  dynamic drag on t h e  b a r r e l  

where d  i s  t h e  "equ i va l en t  diameter"  of t h e  b a r r e l ,  i.e., t h e  sphere hav ing  t h e  

same drag. Now a  sphere c o n t a i n i n g  15.75 g a l l o n s  has a  d iameter  o f  1.59 f e e t .  



Adding t o  t h i s ,  0.15 f o o t  t o  account f o r  the  combined th ickness  o f  the ho ld fas t  

and meta l  s h e l l  g i ves  1.74 f ee t  o r  d. S u b s t i t u t i n g  t h i s  and CD = 0.5 i n t o  Eq. 4  

g ives  DF = 1.1gv2, thus  f o r  My r t l e ,  Eq. 3 becomes 

Using 8 = 12.5O and V = 1.25 knots ,  t he  median o f  Dr. N o r t h ' s  est imates,  and 

s e t t i n g  d~ = l o 0  ( t h e  a u t h o r ' s  guess) we have 

2  134.8 Tan 12.5' - 1.19 (1.69 X 1.25) = 25.6 pounds Dp = 
1 - Tan 12.5' x Tan 10' 

The drag on t h e  b a r r e l  i t s e l f  i s  5.3 pounds. The buoyancy o f  t h e  p l a n t ,  B i s  
P  ' 

j u s t  25.6 t a n $  o r  4.5 pounds, o r  0.09 l b s . / f t .  i f  t h e  p l a n t  i s  50 f e e t  long. I f  

t he  volume of a  t y p i c a l  pneumatocyst i s  0.4 in3, t he  buoyancy i s  0.01413 pounds. 

I f  t h i s  i s  t he  o n l y  source o f  buoyancy f o r  t h e  p l a n t ,  M y r t l e  must have 

approx imate ly  0.09/0.0148 o r  6.1 blades per foot ,  assuming the  t i s s u e  d e n s i t y  i s  

t he  same as sea water. 

FUTURE MEASUREMENTS 

Program p lans  f o r  1981 i nc l ude  tasks  f o r  t he  d i r e c t  measurement o f  drag on 

p l a n t s  bo th  i n  n a t u r a l  beds and i n  t h e  open sea. Current  meters and t h ree -ax i s  

f o r c e  measuring devices have been proposed as t he  bas i c  i ns t rumen ta t i on  f o r  

o t a i n i n g  cont inuous d e t a i l e d  i n f o r m a t i o n  on t h e  f o r c e s  a c t i n g  on t h e  h o l d f a s t  over  

a  wide range of c u r r e n t  and sea s ta te .  One o b j e c t i v e  o f  measurements taken i n  

n a t u r a l  beds i s  t o  a s c e r t a i n  t h e  e f f e c t  o f  number d e n s i t y  on t h e  drag of 

i n d i v i d u a l  p l an t s ,  i.e., t he  i n t e r f e r e n c e  e f f e c t s .  The ac tua l  magnitude o f  t he  

drag w i l l  depend on t he  v e l o c i t y  p r o f i l e  and t h i s  w i l l  va ry  cons ide rab l y  w i t h  

depth due t o  boundary e f f e c t s  caused by t he  ocean f l o o r .  Th is  w i l l  comp l i ca te  t he  

c a l c u l a t i o n  o f  t he  drag c o e f f i c i e n t  and most c e r t a i n l y  w i l l  i n t r oduce  a 

cons iderab le  u n c e r t a i n i t y  i n  t h e  de r i ved  values. Other t asks  which i n v o l v e  t he  



dynamic behav ior  i n  response t o  sea s t a t e  would have g rea te r  v a l i d i t y .  It appears 

t h a t  measuring f l o a t  and p l a n t  d e f l e c t i o n  angles p rov ides  a  r ap id ,  i nexpens ive  

technique f o r  de te rmin ing  drag w i t h  a  reasonable degree o f  accuracy f o r  s i n g l e  

p l  ants f o r  se l ec ted  oceanographic cond i t i ons .  I t  i s  env is ioned  t h a t  measurements 

would be made by a  d i v e r  i n  t he  course o f  o t he r  scheduled work f o r  t h e  sake of 

economy. 

COMMENTS OK SUBSURFACE FLOAT BUOYANCY 

The use of a  1 / 2  keg was a  f o r t u n a t e  cho ice because o f  t h e  l a r g e  rese rve  

buoyancy. Indeed, i t  appears t h a t  buoyant f o r c e  was l a r g e  enough t o  p reven t  t h e  

t e t h e r  l i n e  from going s lack  even i n  h i gh  seas o r  because o f  changing t e n s i o n  i n  

t h e  ca tenary  cable.  As a  consequence, M y r t l e  and her companions were n o t  

sub jec ted  t o  t h e  l a r g e  impu l s i ve  f o r c e s  which cou ld  a r i s e  i f  t h e  s l ack  i s  taken up 

w h i l e  t h e  f l o a t  and t e t h e r  attachment p o i n t  were moving i n  oppos i te  d i r e c t i o n s .  

CONCLUSIONS 

1) Def 1 e c t i  on measurements p rov i de  a  p r a c t i c a l ,  inexpens ive means f o r  

de te rmin ing  k e l p  drag w i t h  a  s u f f i c i e n t  degree o f  accuracy fotr 

eng ineer ing  des ign purposes. 

2) The drag o f  an a d u l t  p l a n t  i n  a  1 kno t  c u r r e n t  i s  approx imate ly  25 pounds. 

3 )  The buoyancy o f  an a d u l t  p l a n t  i s  o f  t h e  o rder  o f  0.1 I b s / f t .  based on 

s e m i - q u a n t i t a t i v e  data.  
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5.2 KELP B I O L O G I C A L  STUD1 ES 

The s p e c i f i c  ob jec t i ves  fo r  C I T  dur ing  1980 were t o  c o l l e c t  p e r t i n e n t  

oceanographic data and moni tor  the oceanic environment near the  Test Farm; 

cont inue appropr iate experimentat ion a t  the  Test Farm t h a t  assesses f e a s i b i l i t y  o f  

growing - Macrocyst is a t  t he  s i t e ;  conduct support ing l abo ra to ry  s tudies needed t o  

comprehend, guide, and improve observat ions and experiments a t  the Test Farm. 

ENVIRONMENTAL MONITORING 

I n  order t o  prov ide a  cont inu ing  assessment o f  the  n u t r i t i o n a l  s ta tus  and 

phys ica l  cond i t i on  o f  near-surface layers  i n  the  v i c i n i t y  o f  t he  Test Fnrm and a t  

c o n t r o l  s ta t i ons ,  samples and measurements were conducted weekly f o r  determinat ion 

No3 and PO4, temperature p r o f i l e s ,  and Secchi d i sk  depth t o  depths o f  about 

60 meters. During the f i r s t  s i x  months o f  the  cu r ren t  r e p o r t i n g  per iod,  

moni tor ing a c t i v i t i e s  a lso inc luded a  monthly oceanographic phase t h a t  extended 

the sampling and data c o l l e c t i o n s  t o  depths o f  500 meters. These a c t i v i t i e s  were 

terminated a t  the c lose o f  the  upwel l ing  season i n  June. The temperature and 

s a l i n i t y  p r o f i l e s  from these s i x  months cont inued t o  i n d i c a t e  r e l a t i v e  i n s t a b i l i t y  

i n  the top  300 meters o f  the water column, adding f u r t h e r  j u s t i f i c a t i o n  t o  the 

decis ion t o  draw the upwelled water f o r  the  Test Farm from the  more s tab le  depth 

o f  4 5 0  meters. 

The shal lower oceanic layers  

d isp layed the  usual seasonal cond 

t h a t  c o n s t i t u t e  the environment o f  the Test Farm 

i t i o n s  associated w i t h  winter ,  spring, and summer 

fo r  t h i s  region. Although the  general cond i t ions  were as expected, c e r t a i n  

fea tures  deserve spec ia l  corrment because o f  t h e i r  i n t e n s i t y  or  o ther  noteworthy 

cha rac te r i s t i cs .  Considerable r a i n f a l l  occurred dur ing  the  w in te r  o f  19E10. 

D i l u t i o n  e f f e c t s  from the r e s u l t i n g  r u n o f f  caused a  dec l i ne  i n  sur face s a l i n i t y .  

Runoff can be h igh  i n  n u t r i e n t s  and the sur face n i t r a t e  and phosphate l e v e l s  

peaked dur ing t h i s  pe r iod  a t  both the  coasta l  and o f f sho re  sampling s i t es .  Runoff 



also can a f f e c t  water c l a r i t y ,  as determined by Secchi d isk  depth. The upwel l ing  

season began i n  e a r l y  March as i nd i ca ted  by r i s e s  i n  n i t r a t e  and phosphate 

contents o f  water from 50 meter depth. S h o r t l y  thereaf te r ,  n u t r i e n t  contents of 

the shal lower l e v e l s  a lso began r i s i n g  as upwel l ing  i n t e n s i f i e d .  Upwel l ing peaked 

i n  l a t e  May, subsided i n t o  July ,  and then occurred as sporadic events du r ing  

sumner and f a l l .  The i n t e n s i t y  o f  upwel l ing  a t  any given t ime can be assessed 

roughly by examining the depth of the 12.5Oc isotherm. This isotherm r 1 2 l i a b l y  

marks the boundary between ove r l y ing  nu t r i en t -poo r  water and the  underl.ying 

n u t r i e n t - r i c h  deep water. Upwel l ing moves the c o l d  deep water toward the sur face 

so t h a t  the  depth of the  12.5Oc isotherm shoals. Comparisons o f  the 1 2 . 5 ' ~  

isotherm depths between 1979 and 1980 suggest t h a t  upwel l ing  i n t e n s i t y  was reduced 

dur ing 1980 except f o r  J u l y  and September (F igure 9 ) .  

Upwel l ing and r u n o f f  both f u r n i s h  n i t rogen  t o  ke lp  p lan ts .  N contents o f  

k e l p  t i ssues  thus serve as i n d i c a t o r s  o f  the combined e f f e c t s  o f  these two 

physical  processes. N contents were monitored w i t h i n  a  c o n t r o l  k e l p  bed a t  Cameo 

Shores dur ing 1979 and 1980 t o  assess the t o t a l  n i t rogen  suppl ies a v a i l , ~ b l e  

l o c a l l y  as we l l  as t o  est imate heal th iness o f  t h i s  bed, s ince i t  might serve as a  

source o f  t ransp lan ts  f o r  i n s t a l l a t i o n  a t  the Test Farm. During 1980, N contents 

o f  canopy blades a t  Cameo Shores peaked dur ing  the  winter ,  t he  t ime o f  maximal 

c lose  

f ronds 

almost 

runoff ,  wh i l e  the peak among basal blades occurred i n  e a r l y  Ju ly ,  near the  

of the upwel l ing season (F igure 10). The beds were not  sampled f o r  canopy 

sumner destroyed a f te r  August because warm s u r f  ace temperatures dur ing  the 

a l l  o f  the upper po r t i ons  o f  the  ke lp  p lan ts .  

TEST FARM OPERATIONS 

To prov ide the  in fo rmat ion  requ i red  t o  assess the r e l a t i v e  and p o t e n t i a l  

value o f  open-ocean marine farms as a  source o f  biomass energy, a  major a c t i v i t y  

a t  the  Test Farm i n  1980 was the con t i nua t i on  o f  observing th ree  a d u l t  k e l p  p l a n t s  



Figure 9. 1979 and 1980 12.50~ isotherm Fluctuations 
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Figure 10. Comparisons o f  N contents  



t h a t  had been i n s t a l l e d  i n  the  f a l l  o f  1979. The t r a n s p l a n t s  were fas tened  t o  

s t a i n l e s s  s t e e l  b a r r e l  buoys which i n  t u r n  were a t tached  t o  t he  south mooring 

cable o f  t he  Farm, approx imate ly  midway between t h e  s p r i n g  buoy and t h e  t i p s  o f  

t he  arms p r o j e c t i n g  f rom the  machinery buoy. The 100+ l b s  buoyancy p rov ided  by 

each b a r r e l  prevented the t e t h e r  rope f rom t a n g l i n g  w i t h  i t s  mooring, and t h e  

d i s tance  from any obs t ruc t i ons  i n  midwater prevented t a n g l i n g  by t he  k e l p  f ronds .  

P e r i o d i c a l l y ,  numbers o f  j u v e n i l e  and a d u l t  f ronds  f o r  each t r ansp lan t ,  N con ten ts  

of se lec ted  blades, and growth r a t e s  o f  j u v e n i l e  f ronds  were recorded. Two o f  the  

t r a n s p l a n t s  were f e r t i l i z e d  f r om November i n t o  January, March, and again i n  June. 

F e r t i l i z i n g  was accomplished by enc los ing  t he  fronds i n  a  long  t u b u l a r  p l a s t i c  bag 

and pumping ammonium s u l f a t e  i n t o  t h e  bag, a l l o w i n g  an exposure o f  20-30 minutes 

t o  t he  f e r t i l i z e r .  The ammonium damaged some o f  t h e  a p i c a l  and immature b lades a t  

t he  f r ond  t i p s ,  so f e r t i l i z i n g  occur red  o n l y  when t h e  b lades appeared pale.  The 

h o l d f a s t s  were i n i t i a l l y  moored a t  depths of 15 meters. I t  was r e a l i z e d  i n  

m id -spr ing  t h a t  upwe l l i ng  i n t e n s i t y  was q u i t e  moderate. Consequently, t he  

h o l d f a s t s  were lowered t o  17 meter depths on May 13 and f i n a l l y  t o  21 meters deep 

on J u l y  11 th  i n  t he  hope t h a t  t he  deeper p o r t i o n s  o f  t he  t r a n s p l a n t s  w o ~ l d  o b t a i n  

n u t r i e n t s  f rom the  c o l d  deep water.  

Several  s i g n i f i c a n t  f i n d i n g s  emerged f rom t h i s  study: 

1. The t r a n s p l a n t s  su rv i ved  t he  w in te r - sp r i ng  p e r i o d  o f  stormy weather, 

i n d i c a t i n g  the  t i s s u e  s t r eng th  s u f f i c e d  t o  w i t hs tand  t h e  v i o l ence  of t h e  

oceanic water movements. 

2. A sharp increase i n  t i s s u e  N o f  the  basal  blades was observed immediate ly  

a f t e r  lower ing  the h o l d f a s t s  on May 13 th  (see F i g u r e  11). Th is  increase 

was accompanied by a  spu r t  i n  growth r a t e  and was t h e  f i r s t  i n d i c a t i o n  o f  

growth s t i m u l a t i o n  i n  an a d u l t  p l a n t  as a  r e s u l t  o f  enhanced n u t r i t i o n .  



3. N con ten t  o f  basal  blades re tu rned  t o  t he  more usual  va lue f o r  these 

p l a n t s  o f  1-1.5% d r y  weight du r i ng  June and J u l y  as u p w e l l i n g  i n t e n s i t y  

slackened. d one the less, good growth r a t e s  were maintained. Probably  t h e  

accumulated N was r a p i d l y  d i l u t e d  by new t i s s u e  f o rma t i on  so t h a t  t he  

o v e r a l l  N con ten t  remained f a i r l y  low. Th i s  f i n d i n g  strengtblens our  

p rev ious  p o s i t i o n  t h a t  a  N con ten t  i n  t h e  range o f  1 t o  1.5 pe rcen t  

represents  a  lean bu t  hea l t hy  c o n d i t i o n  f o r  t h e  a d u l t  p l a n t .  

Warm sur face  temperatures du r i ng  l a t e  J u l y  and e a r l y  August caused canopy 

d e t e r i o r a t i o n  which was exacerbated by f i s h  g raz ing  no t  o n l y  on enc rus ta t i ons  b u t  

a lso  on b i t s  o f  k e l p  t i s sue ,  l ead ing  t o  d e s t r u c t i o n  o f  t he  e n t i r e  b lade.  By t he  

end o f  August, most o f  t h e  b lades had been s t r i p p e d  f rom t h e  mature f ronds.  Frond 

numbers and growth r a t e s  dec l i ned  d r a s t i c a l l y ,  a l though N con ten ts  rern3ined i n  t h e  

1-1.5 percent  range. A l l  l i v i n g  t i s s u e  was dest royed on one p l a n t  by October, b u t  

the  two o the r  p l a n t s  p e r s i s t e d  and d isp layed  a few t a t t e r e d  j u v e n i l e  f r onds  

through November. 

I n d i v i d u a l  growth r a t e s  were examined f o r  each t r a n s p l a n t  t o  determine 

whether any e f f e c t s  were apparent f rom t h e  d i f f e r i n g  f e r t i l i z i n g  regimes. 

V a r i a b i l i t y  was so h i gh  t h a t  no p a t t e r n s  o r  d i f fe rences  were d i s c e r n i b l e .  

The s o l i d  s t r u c t u r e s  of t h e  Test  Farm were examined a t  l e a s t  month ly  f o r  

appearances of any j u v e n i l e  k e l p  p l a n t s .  No 1980 c rop  was seen except f o r  a  few 

i n d i v i d u a l s  on the  b a r r e l s  used t o  moor t he  t r ansp lan t s .  About 200 smal l  p l a n t s  

the 1979 j u v e n i l e  r ec ru i tmen t .  A l l  responded 

l l i n g .  Most, however, succumbed t o  f i s h  g raz ing  i n  

i n d i v i d u a l s  from 1979 were a t tached  t o  t he  mooring 

cables away f rom the  machinery buoy, and s t i l l  remain. 

To ta l s  o f  17 p l a n t  species and 50 animal species assoc ia ted  w i t h  t he  T e s t  

Farm were t a l l  i e d  i n  1980 (Table 2 ) .  

p e r s i s t e d  through spr  

v i go rous l y  t o  t he  spr 

August and September. 

i n g  f rom 

i n g  upwe 

A few 
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Figure 11. Parametric Fluctuations o f  Test Farm Transplants 



TABLE 2.  TEST FARM SPECIES 
Species observed at the Test Farm during che first nine months of 
1980 by W. J. North and Karen Rossberg. 

Chlorophyta 
- like 
a SD 

ANIMALS (cont ' d) 
Mollusca 
Dendronotus SD. 

~olpomenia sinuosa 
Dictyota sp 

Arthropoda 

~crbchaetiun thureti 
Ceramium racilimum 
Corallina o icina is -- + 
Gigartina canaliculata 
Jania crassa 
~ O t ~ s ~ e r ~ i l l u m  

d 

Pol siphonia acifica 
* a h d e a  

ANIMALS 
Porifera 
Leucetta losangelensis 
E o x e n i a  nautica 
Rhabdoclermella nuttingii 

Coelenterata 
Anthopleura elegantissima 
Corvnactis californica 
~ethdium senile 
m i H m s  

Bugula sp 
Diaporoecig sp 
Disporella sp 
Hippodiplosia insculpta 

~ n c o z ~ b n  rosiratum 
Thalamoporella californica 

~alaius tintinnabulum 
P 

Jassa falcata 

i s  polperus - 
Ec inodermata 
0 hiothrix spiculata - 
*@anteus 
Pisas ter ochraceus - - 

Strongylocentrotus 
Strongylocentrotus 

franciscanus 
purpuratus 

Tunicata 
Didemnum carnulenhm - 
Pvura haus tor 
Styela montereyensis 
Unident . colonial ?%. A 
Unident. colonial sp.  B 

Pisces 
Chromis punctipinnis - 
Hv~soblennius SD 

Mola mola 
G l s x  elathratus - 
- .  

Sebastes sp 
Trachurus smmetricus - 
Unident. Cottid 
Unident . Perciform 

Annelida 
Chaetopterus variopedatus 
Dexiospira spirillum 
Salmacina tribrxhiata 
Unident . Serpulid 
Unident. Sabellid 



PHYSIOLOGICAL STUDIES 

Purposes o f  t he  l a b o r a t o r y  s t ud ies  were t o  o b t a i n  t he  i n f o r m a t i o n  necessary 

t o  assure t h e  complete n u t r i t i o n  o f  k e l p  and t o  l e a r n  how b e s t  t o  produce k e l p  

t i s s u e  w i t h  t he  chemical  composi t ion most l i k e l y  t o  maximize t h e  va lue  o f  k e l p  

feedstock f o r  anaerobic d i g e s t i o n  and by-product  p rocess ing  opera t ions .  

M i c r o n u t r i e n t  Uptake 

The d e l i n e a t i o n  o f  t he  chemical  parameters needed f o r  t h e  max im iza t ion  o f  

growth o f  - Macrocys t i s  i s  no t  complete un less i t  i nc l udes  t he  s tudy of 

m i c r o n u t r i e n t s .  The f o l l o w i n g  r e s u l t s  a re  from a  s tudy  o f  t he  uptake parameters 

o f  i od ide ,  i r on ,  z i nc ,  c o b a l t ,  and manganese i n  an a r t i f i c i a l l y  d e f i n e d  seawater 

( A q u i l )  by b lade  t i s s u e  o f  j u v e n i l e  sporophytes ob ta ined  from rope  c u l t u r e .  A 

f l o w  diagram o f  t h e  c u l t u r i n g  methodology i s  seen i n  F i g u r e  12. A b r i e f  o u t l i n e  

of t h e  methodology i s  i nc l uded  h e r e i n :  

Free space i s  t h a t  p o r t i o n  o f  t he  t i s s u e  which i s  e x t r a c e l l u l a r .  I t i s  a  

f u n c t i o n a l  term which i s  de r i ved  f rom observa t ions  f rom uptake and e f f l u x  

exper iments.  Free space inc ludes  water f r e e  space (WFS) and Donnan f r e e  space 

(DFS), which a re  a l s o  f u n c t i o n  terms, bo th  o f  which have a  s t r u c t u r a l  b a s i s  of 

ex is tence .  WFS i s  an ex tens ion  o r  f i l m  o f  mo i s tu re  o f  t he  e x t e r n a l  so1ut;on 

l i n i n g  t he  e x t r a c e l l u l a r  space. M a t e r i a l  f r e e l y  d i f f u s e s  i n  t h e  WFS. DFS i s  a  

f u n c t i o n a l  term d e s c r i b i n g  t h e  r e s t r i c t i o n  of movement of m a t e r i a l  th rough  t he  

e x t r a c e l l u l a r  components ( i .e . ,  c e l l  w a l l  m a t e r i a l ) .  

Free space uptake (FSU), p r i m a r i l y  due t o  t h e  c a t i o n  exchange p r o p e r t i e s  of 

t h e  c e l l  w a l l  ( 1  a r g e l y  a l g i n i c  a c i d  and s u l f a t e d  po lysacchar ides ) ,  rep resen ts  a  

s i g n i f i c a n t  p r o p o r t i o n  o f  t he  c a t  i o n i c  gross uptake a f t e r  10 minutes (Tab le  3 ) .  

The chemical  spec ia t i on ,  r e l a t i v e  s o l u t i o n  concen t ra t ions ,  t h e  r e l a t i v e  b i n d i n g  

a f f i n i t i e s  w i t h  e x t r a c e l l u l a r  m a t e r i a l ,  and t h e  c e l l u l a r  uptake r a t e s  a l l  

i n f l uence  t he  percen t  FSU i n  these exper iements (uptake per iods ,  t i s s u e  q ~ a l  i t y  
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and q u a n t i t y  were cons tan t ) .  I t  i s ,  t he re fo re ,  d i f f i c u l t  t o  determine exact  

reasons f o r  percen t  FSU d i f f e r e n c e s .  The percen t  FSU f o r  Co and Mn were ve ry  

s i m i l a r .  The percen t  FSU f o r  Zn was ve ry  smal l  as compared t o  Co and Mn even 

though t h e  s o l u t i o n  concen t ra t i on  was t h e  same (10 nM). The r e p o r t e d  b i n d i n g  

constants  f o r  these t h r e e  c a t i o n s  t o  a l g i n i c  a c i d  a re  ve r y  s i m i l a r .  T h e i r  

s p e c i a t i o n  i s  a lso  s i m i l a r .  The r e l a t i v e  s o l u t i o n  concen t ra t i on  was n o t  a  f a c t o r  

s ince  i t  should  tend t o  lower t h e  % FSU f o r  Co and Mn as compared t o  t h e  Zn 

value. The d i f f e rence  may, t he re fo re ,  be due t o  c e l l u l a r  uptake r a t e s  o r  t h e  

a c c e s s i b i l i t y  o f  t h e  i ons  t o  t h e  c a r r i e r .  

Uptake of t h e  nonm ic ronu t r i en t  N i  was overwhelming ly  f rom c e l l  w a l l  b ind ing ;  

95% FSU a t  100 nM ( n e t  uptake=50 f-moles . crn-'.rnin-l). I o d i d e  e x h i b i t e d  

s i g n i f i c a n t  FSU which was exchangeable and no t  cons idered wa te r - f r ee  spiice. FSU 

f o r  i o d i d e  was due t o  an ion exchange s i t e s ,  e i t h e r  r e l eased  f r om c e l l s  r u p t u r e d  

du r i ng  c u t t i n g  o r  f rom g l y c o p r o t e i n s  assoc ia ted  w i t h  t h e  c e l l  w a l l .  I r o n  had a  

r e l a t i v e l y  low % FSU as compared t o  t h e  o t h e r  c a t i o n s  even though i t  was p resen t  

i n  l a r g e r  amounts. Also,  i r o n  was l e s s  r e a d i l y  exchangeable. The slow exchange 

r a t e  may r e f l e c t  a  g r e a t e r  a f f i n i t y  f o r  ~ e ' ~  by  t h e  i o n  exchange s i t e s  clr may be 

r e 1  ated t o  c e l l u l a r  uptake mechanism. 

The uptake v e l o c i t y  o f  Co, Zn, Mn, and I was a  f u n c t i o n  o f  d i s tance  f rom t h e  

base o f  t h e  b lade  which e i t h e r  may r e f l e c t  a  p h y s i o l o g i c a l  d i f f e r e n c e  due t o  c e l l  

age ( r a p i d l y  d i v i d i n g  near base) o r  perhaps a  s l i g h t  i nc rease  i n  b lade  t h i ckness  

(Tab le  3 ) .  Any inc rease  i n  I- uptake r a t e  a t  t he  b lade  t i p  was n o t  exp la ined .  

I o d i d e  uptake by - M. p y r i f e r a  was a  l ight - independent ,  a c t i v e  process, n o t  

i n v o l v i n g  i oda te  and was s i m i l a r  t o  o t h e r  a lgae i n  t h i s  regard.  Ana l ys i s  of v  vs 

I (F i gu re  13) revea led  a c l e a r  d e v i a t i o n  f r om  Michael is -Menten k i n e t i c s ,  

d i s p l a y i n g  b i p h a s i c  uptake t h a t  may, b u t  n o t  necessa r i l y ,  r e f l e c t  t h e  presence of 

two separate  c a r r i e r s .  2,4-Di n i  t ropheno l  (DNP) i s  an uncoupler  o f  photo-  and 



o x i d a t i v e  phosphoryl  a t i o n  and a l s o  causes c e l l  d e p o l a r i z a t i o n ,  and 3 - ( 3 , 4 -  

dicloropheny1)-1,l-dimethyl urea (DCMU), i s  an e l e c t r o n  t r a n s p o r t  i n h i b i t o r  i n  t h e  

r e g i o n  o f  photosystem 11. 

I r o n  uptake i s  l i g h t  independent and was no t  i n h i b i t e d  s i g n i f i c a n t l y  by  

DCF1U. I r o n  uptake was i n h i b i t e d  by DNP which suggests a c t i v e  uptz,ke. However, 

s i nce  i t  was seen o n l y  a f t e r  p r e c o n d i t i o n i n g  w i t h  DNP f o r  1 hour, i t  i s  d i f f i c u l t  

t o  conclude whether t h i s  decrease i s  i n d i c a t i v e  of a c t i v e  t r a n s p o r t  of i r o n ,  c e l l  

d e p o l a r i z a t i o n ,  o r  genera l  t i s s u e  weakening. I t  i s  a l s o  p o s s i b l e  t h a t  t h e  t i s s u e  

i s  impermeable t o  these substances. t h e  immediate decrease i n  i r o n  uptake i n  t h e  

presence of BPDS (bathophenanthro l  i ne d i  s u l  fona te )  w i t h o u t  p r e c o n d i t i o n i n g  

suppor ts  t h e  mechanism o f  a f e r r i c  t o  f e r r ous  r e d u c t i o n  p r i o r  t o  uptake, s i nce  

BPDS r e a d i l y  complexes w i t h  f e r r o u s  ion.  

Mn and Zn uptake was no t  decreased s i g n i f i c a n t l y  i n  t h e  dark or  i n  t h e  

presence of DCMU. I n h i b i t i o n  by  DNP, a f t e r  1 hour  p r e c o n d i t i o n i n g ,  was ve ry  

s l i g h t  f o r  Zn and i n s i g n i f i c a n t  f o r  Mn. Th i s  suggests t h a t  t h e i r  ~ p t a k e  i s  n o t  

a c t i v e  ( n o t  aga ins t  a f r e e  energy g r a d i e n t ) .  T h e i r  uptake probab1.y r e q u i r e s  an 

e l e c t r i c a l  p o t e n t i a l  across t h e  membrane and thus  i s  energy dependent. Co uptake 

was s i g n i f i c a n t l y  decreased i n  t h e  dark  and by DNP and DCMC. T h i s  suggests t h a t  

uptake may be a c t i v e .  However, s i nce  t h e  e f f e c t s  o f  t h e  i n h i b i t o r s  r e q u i r e d  

p recond i t i on i ng ,  i t  i s  d i f f i c u l t  t o  draw any conc lus ions.  F u r t h e r  exper iments  a re  

needed t o  c h a r a c t e r i z e  t he  uptake of these meta ls  i n  Macrocys t i s .  The p r ima ry  

purpose of these exper iments was t o  determine i f  c e l l u l a r  uptake c o u l d  be measured 

and t o  determine some parameters of t h e i r  uptake. The methods u t i l i z e d  do measure 

c e l l u l a r  uptake; however, s i g n i f i c a n t  v a r i a b i l i t y  i s  ev i den t .  Reflnernents o f  

procedure a re  i n  p rogress  and f u r t h e r  and more e x a c t i n g  uptake exper iments,  

u t i l i z i n g  mature b lade  t i s sues ,  a r e  planned so t h a t  t h e  ques t i on  o f  m i c r o n u t r i e n t -  

l i m i  t e d  growth can be reso lved.  



TABLE 3. UPTAKE PARAMETERS FOR MICRONUTRIENTS 

a) Values in parenthesis are concentrations of that rnic:ronutrient 
during its FSU determination, all other micronutrien,ts at 
standard value 

b) a f t e r  10 min uptake 

c) L = saturating light, D = dark, numbers indicate distance (cm) 
from base of blade 

d) Preconditioned for 1 hr in 50 pM DNP or D W ,  except for 
iodide which was preconditioned for 20 min 

e) BP == biphasic uptake I or 11 to distinguish which phase value 
applies, for iodide see text 

Micronutrient I Fe Zn Co Mn 

aConc. in Aquil 
(fi) 

b ~ ~ ~ ,  % gross 

%mm 

BPBS 



Experimenttcrl Values 

x Derived Values 

Figure 13. Relationship Between Iodide Uptake Rate and Concentration for 
Jwveni le  Macrocyst is Sporophytes. Hypothetical curves depicted by X 

values are also shown as a possible explanation of the biphasic 
character o f  the empirically derived curve. 



Figure 14. Curve Showing Variation in Uptake Rate of Ferric Iron as the Iron 
Concentration Changes. Experiements were conducted in Aqu i l  media, using 

EDTA to ensure complete solubilization of the i r on .  



Figure 15. Uptake Velocity v s  Micronutrient Concentration for Zinc, Cobalt, 
and Manganese 



N-Budget Experiment, ( P r e l i m i n a r l  ~ e s u l t s )  

Th is  exper'iment i nvo l ved  m o n i t o r i n g  t i s s u e  N con ten t  and growth o f  an a d u l t  

Macrocys t i s  p l a n t  he ld  i n  a  low n i t r o g e n  environment. The o b j e c t i v e s  w v e  t o  

determine (1) i n i t i a l  d i s t r i b u t i o n  o f  n i t r o g e n  w i t h i n  va r i ous  t i s s u e s  o f  a  p l a n t  

f rom a  r e l a t i v e l y  h i g h  N environment, ( 2 )  whether t i s s u e  N con ten t  i s  d i l u t e d  by 

growth under low ambient N cond i t i ons ,  ( 3 )  whether N i s  t r a n s l o c a t e d  w i t h i n  t h e  

p l a n t  t o  suppor t  growth o f  c e r t a i n  t i s s u e s  under low ambient N  cond i t i ons ,  and t h e  

( 4 )  c r i t i c a l  t i s s u e  N con ten t  below which f r o n d  growth r a t e s  d e c l i n e  under low 

ambient N cond i t  i ons. 

Dur ing  t h e  f i r s t  week o f  Ju ly ,  an a d u l t  p l a n t  was se lec ted  f rom 

t h e  inshore  f o r e s t  a t  Cameo Shores (Corona de l  Mar, C a l i f o r n i a ) .  Every f r o n d  50 

cm o r  more i n  l e n g t h  was tagged and measured g i v i n g  a  t o t a l  o f  16 f ronds .  Two 

laminae were c o l l e c t e d  f rom each o f  t h r e e  j u v e n i l e  f r onds  (50-400 cm l ong )  as w e l l  

as two basa l  laminae, two subcanopy laminae, and two spo rophy l l s  f rom each o f  

t h r e e  mature f r onds  (400-1000 cm long) .  Sec t ions  o f  s t i p e  (30-50 cm long, 

pneumatocysts inc luded)  were c o l l e c t e d  f rom t h r e e  j u v e n i l e  f r onds  and f rom basal  

and subcanopy sec t i ons  o f  t h r e e  mature f r onds  on an ad jacent  k e l p  p l a n t .  Core 

samples 2-3 cm deep were c o l l e c t e d  f r om t h e  h o l d f a s t  o f  t h e  exper imenta l  p l a n t .  

A l l  o f  these t i s s u e  samples were analyzed f o r  t o t a l  N  con ten t .  

The exper imenta l  p l a n t  was then  moved t o  t h e  o f f s h o r e  Test  Farm, and t h e  

h o l d f a s t  a t tached  t o  a  buoy a t  11 meter depth. Lengths o f  a l l  f r o n d s  g r e a t e r  than  

50 crn were measured t w i c e  weekly. Lamina samples were c o l l e c t e d  weekly f r om  

j u v e n i l e  and mature f r onds  f o r  N  ana l ys i s .  Frond c o n d i t i o n  was no ted  d u r i n g  every  

v i s i t .  

Temperature p r o f i l e s  down t o  18 meter depth were recorded  a t  t h e  Tes t  Farm 

s i t e  3-4 t imes per  week. From 9-16 Ju ly ,  t h e  12 .5 '~  i so therm remained below 15 

meter depth, and t h e  exper imenta l  p l a n t  was exposed o n l y  t o  warm, n i t r a t e - p o o r  



water. On 17 Ju l y ,  t h e  12 .5O~  i so therm rose  f rom below 18 meter t o  14 meter 

depth, i n d i c a t i n g  upwe l l i ng  o f  n i t r a t e - r i c h  water. The h o l d f a s t  of t h e  

~ r p e r i r n ~ n t a l  p l a n t  wa: then b rough t  up t o  S meter depth i n  o rder  t o  m a i n t a i n  a loa 

N environment. The isotherm remained between 7 and 8 meters  f o r  t h e  d u r a t i o n  of 

t he  exper iment.  

Dur ing  t h e  t h i r d  week o f  Ju l y ,  41 f ronds (40-1200 cm i n  l e n g t h )  were 

c o l l e c t e d  f rom the  inshore  f o r e s t  a t  Cameo Shores near t h e  o r i g i n a l  1oc:ation of 

t he  exper imenta l  p l a n t .  A l l  o f  these f r onds  had i n t a c t  a p i c a l  b lades, min imal  

lamina s loughing,  and min imal  ep iphy te  enc rus ta t i on .  Length, lamina wet weight,  

and s t  i pe wet weight  ( i n c l u d i n g  pneumatocysts) were recorded  f o r  each frond. 

Fronds more than  400 cm l ong  were d i v i d e d  i n  h a l f  by leng th ;  lamina and s t i p e  

weights  were recorded  sepa ra te l y  f o r  a p i c a l  and basal  ha lves.  These measurements 

were used t o  es t imate  f r o n d  weights  f r om  l e n g t h  da ta  and i n  c a l c u l a t i o n s  o f  f r o n d  

N content .  

On J u l y  28th, t he  exper iment was terminated.  The exper imenta l  p l a n t  was 

brought  t o  t he  l abo ra to r y ,  and length-weight  measurements were made on each tagged 

f rond .  The h o l d f a s t  was c leaned o f  dead hap te ra l  t i s s u e  and in fauna,  and 

weighed. Lamina and s t i p e  samples were c o l l e c t e d  f r om j u v e n i l e  and mature f ronds,  

and h o l d f a s t  cores were c o l l e c t e d  f o r  N ana l ys i s .  

Only  growth and t i s s u e  N da ta  from J u l y  7-14th a re  presented here in .  A f t e r  

J u l y  14th,  n a t u r a l  upwe l l i ng  of n i t r a t e - r i c h  water and damage t o  t h e  exper imenta l  

p l a n t  by f i s h  g raz i ng  (Medialuna c a l  i f o r n i e n s i s )  made i n t e r p r e t a t i o n  o f  r e s u l t s  

d i f f i c u l t .  For  example, f ronds more t han  300 cm long  showed decreased e l o n g a t i o n  

r a t e s  a f t e r  J u l y  21st .  Th i s  decrease was p robab ly  due t o  g raz i ng  damage and l o s s  

of pho tosyn the t i c  area, r a t h e r  than  t o  low N a v a i l a b i l i t y .  T issue N samples 

c o l l e c t e d  a f t e r  14 J u l y  were n o t  analyzed. 



The r e l a t i o n s h i p  between f r o n d  l e n g t h  ( x )  and wet weight  ( y )  i s  desc r ibed  by  

t he  power curve,  y = axb, where a  = 0.32 and b = 1.26 (r2 = 0.93). Other 

p e r t i n e n t  morphometric da ta  a re  shown i n  Tab le  4. 

When i n i t i a l l y  sampled, N con ten t  ranged f rom 1.4 t o  3.1 percen t  d r y  we igh t  

i n  va r ious  t i s s u e  types of t h e  exper imenta l  p l a n t  (see Table  5 ) .  S t i p e  t i s s u e s  

were a l l  r e l a t i v e l y  low i n  N. Of t h r e e  lamina types sampled, laminae f r om 

j u v e n i l e  f ronds had t he  h i ghes t  N con ten t .  Mean N con ten t  o f  spo rophy l l s  was 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  than t h a t  of basa l  laminae on mature f ronds ,  so no 

d i s t i n c t i o n  was made between these t i s s u e  types. H o l d f a s t  t i s s u e  was r e l a t i v e l y  

h i gh  i n  N. Only lamina t i s s u e s  were c o l l e c t e d  f o r  N a n a l y s i s  a t  t h e  end o f  t h e  

f i r s t  week o f  t he  exper iment.  N con ten t  o f  a l l  t h r e e  lamina types  decreased 

d u r i n g  t h a t  week. Laminae on j u v e n i l e  f ronds showed t h e  g r e a t e s t  N decrease. For 

N d i s t r i b u t i o n  c a l c u l a t i o n s ,  a l l  t i s s u e  types were assumed t o  have a  d r y  con ten t  

10 percen t  o f  wet weight .  

D i s t r i b u t i o n  o f  t o t a l  N w i t h i n  t he  exper imenta l  p l a n t  on 7 J u l y  i s  shown i n  

Table  6. T o t a l  N o f  each j u v e n i l e  f r o n d  was es t imated  f r om a  l e n g t h  measurement 

as t o t a l  wet weight x % lamina (and s t i p e )  weight  (Tab le  4)  x  10% d r y  weight  x  % N 

(Tab le  5 ) .  S i m i l a r  c a l c u l a t i o n s  were made f o r  a p i c a l  and basal  ha lves o f  mature 

f ronds .  T o t a l  wet weight  f o r  t he  p l a n t  was es t imated  t o  be 16.2 kg. Frond 

biomass composed approx imate ly  60 percen t  o f  t o t a l  weight ,  and h o l d f a s t  t i s s u e  ca. 

40 percen t .  However, a lmost 50 percen t  o f  t h e  p l a n t ' s  38 gm t o t a l  N was con ta ined  

i n  h o l d f a s t  t i s sue .  E i g h t y  percen t  o f  t h e  t o t a l  f r o n d  N was i n  lamina t i s s u e .  

Frond wet weights  and lamina N were c a l c u l a t e d  u s i n g  l e n g t h  and N con ten t  

da ta  c o l l e c t e d  J u l y  14 th  f o r  comparison w i t h  i n i t i a l  s t a t u s  c a l c u l a t i o n s  (see 

Table  7) .  Frond wet weight  increased f rom 8.7 t o  10.4 kg ( n o t  i n c l u d i n g  f r o n d  #4 

which was l o s t  d u r i n g  t h a t  week), g i v i n g  a  d a i l y  growth es t ima te  o f  3  percen t .  



TABLE 4. MORPHOMETRIC RESULTS OF FROND WET -WEIGHT MEASUREMENTS ( N  = 41,  X SHOWN) 

Frond weinht analvsis 

juvenile fronds = 67% lamina weight 

33% stipe weight 

mature fronds (>400 cm) 

apical half = 72% of total frond weight 

78% lamina weight 

22% stipe weight 

basal half = 28% of total frond weight 

57% lamina weight 

43% stipe weight 



TABLE 5. N CONTENTS OF T I S S U E  SAMPLES FROM THE EXPERIMENTAL PLANT ( N  =: 3, SHOWN) 

Tissue type N content  (% dr wt) 
7 /7 /80  7 / h  

juveni le  fronds : 

laminae 

s t i p e  

mature f ronds  : 

a p i c a l  laminae 

a p i c a l  s t i pe  

basa l  laminae 

basa l  s t i p e  

holdfas t 



TABLE 6., DISTRIBUTION OF WET WEIGHT AND TISSUE N CALCULATED FOR EXPERIMENTAL 
PLANT ON 7 JULY 1980 

Estiw. 
Length wet wt. N content ( p i )  

Frond # ( CW) ( g d  'lammae s tipe total 

juvenile 

mature 

Frond 
total 

Holdfast 

TOTAL 16.2 38.2 
kg 

- 



TABLE 7. FROND LENGTHS, WEIGHTS, AND L A M I N A  N COMPARED FOR 7 AND 14 JULY 

7/ 7/ 80 7/ 14/80 
Frond # Length Est. wet Lamina Length Est. wet Lamina 

weight N content weight N content 
(4 (gm) (gm) ( c d  (gm) (srm 1 

juvenile 

mature 

Total 

frond we. increase = 1 .7  kg = 20%/wk = 3 %/day 

A lamina N content = -0.2 grn = 1% 

* 
Frond #14 was treated as a juvenile frond, although i t s  length on 14 July was greater 
t h a n  400 cm. 



T o t a l  lamina N d i d  no t  change s i g n i f i c a n t l y ;  j u v e n i l e  f r onds  showed a  smal l  

decrease i n  lamina N, and mature f r onds  a  smal l  increase.  

When i n i t i a l l y  sampled, t h e  exper imenta l  p l a n t  showed t i s s u e  N  con ten t s  

c h a r a c t e r i s t i c  o f  p l a n t s  from a  moderate N  environment. N con ten t  o f  laminae f r om 

inshore  p l a n t s  t y p i c a l l y  ranges between 1 and 4 percen t  o f  d r y  weight .  I n  

j u v e n i l e  p l a n t s ,  N con ten ts  below 1 percen t  i n d i c a t e  N  s t a r v a t i o n ,  and va lues 

g rea te r  than 1.5 percen t  i n d i c a t e  accumulat ion o f  s t o r e d  N reserves.  Laminae on 

j u v e n i l e  f r onds  o f  i nshore  a d u l t  p l a n t s  o f t e n  have h i ghe r  N con ten ts  than  basal  

laminae on mature f ronds ,  desp i t e  s i m i l a r  p o s i t i o n s  and ambient n u t r i e n t  

cond i t i ons .  Th is  was found t o  be t r u e  i n i t i a l l y  f o r  t h e  exper imenta l  p l a n t .  The 

r e l a t i v e l y  low N  con ten ts  o f  s t i p e  t i s s u e s  i n d i c a t e  t h a t  s t i p e s  may f u n c t i o n  i n  N 

t r a n s p o r t ,  b u t  n o t  storage. The h i g h  N con ten t  o f  h o l d f a s t  t i s s u e  and t h e  l a r g e  

p r o p o r t i o n  o f  t o t a l  p l a n t  N con ta ined  w i t h i n  t h e  h o l d f a s t  suggest t h e  p o s s i b i l i t y  

of N s torage.  However, m o b i l i t y  o f  h o l d f a s t  N has n o t  y e t  been demonstrated. 

Dur ing  one week i n  a  low N environment, lamina t i s s u e s  o f  t h e  expl?rirnental 

p l a n t  showed d i l u t i o n  o f  t i s s u e  N i n  p r o p o r t i o n  t o  growth. S t i p e  samples a t  t h e  

end of one week would p robab l y  have a l s o  shown a  decrease i n  N con ten t ,  There was 

no i n d i c a t i o n  o f  s i g n i f i c a n t  N t r a n s l o c a t i o n  i n  o r  ou t  o r  between f ronds .  

However, on J u l y  14th,  a l l  laminae s t i l l  had N con ten t s  g r e a t e r  than  1,,5 pe rcen t  

of d r y  weight.  When t i s s u e  N con ten t  drops below 1 o r  1.5 percent ,  e i t h e r  

t r a n s l o c a t i o n  o f  N reserves o r  decreased f r o n d  growth r a t e s  a re  p r e d i c t e d  i n  a  low 

N  environment. Given an exper imenta l  p l a n t  w i t h  n u t r i t i o n a l  s t a t u s  s i m i l a r  t o  t h e  

one descr ibed here, a t  l e a s t  2-3 weeks i n  a  low N  environment w i l l  be necessary t o  

o b t a i n  f u r t h e r  i n f o rma t  i o n  about N  storage, t r a n s l o c a t i o n ,  and growth -:n a d u l t  

Macrocys t i s .  



A q u i l  Stud ies - 
A c t i v i t i e s  were con t inued  d u r i n g  1980, d i r e c t e d  toward deve lop ing  t h e  op t ima l  

a r t i f  i c i  a1 seawater f o r  c u l t u r i n g  Macrocyst i s  gametophytes and sporophytes. The 

f o r m u l a t i o n  known as Aqu i l  f o r  t he  basal  medium t h a t  con ta i ns  t h e  major i ons  o f  

seawater (C l ,  Na, SO4, Ca, P, e t c . )  was chosen because a computer progrbam i s  

a v a i l a b l e  f o r  c a l c u l a t i n g  concen t ra t i ons  o f  a l l  t h e  chemical  spec ies p resen t  i n  

any g iven  m i x t u r e  o f  major i ons  p l u s  m i c r o n u t r i e n t s .  A f o r m u l a t i o n  o f  

m i c r o n u t r i e n t s  i n  A q u i l  was devised i n  1979 by James Kuwabara of Cal-Tech, which 

was t he  f i r s t  such medium t h a t  success fu l l y  sus ta ined  growth by Macrocys t i s  

gametophytes through t h e i r  normal l i f e  c y c l e  t o  i t s  comp le t ion  by gamete 

p roduc t i on  and appearance o f  embryonic sporophytes. M r .  Kuwabara then  

exper imented w i t h  v a r i a t i o n s  i n  concen t ra t i ons  o f  t he  m i c r o n u t r i e n t s  d u r i n g  l a t t e r  

1979 and e a r l y  1980, u n t i l  he achieved what appeared t o  be an op t ima l  f o rmu la t i on  

as f o l l o w s :  NO3 - 20, PO4 - 2, Fe - 0.35, Mn -0 .03 ,  Cu -0 .01 ,  Zn - Cl.17, Co 

- 0.07, I - 0.10, Mo - 0.10 ( concen t ra t i ons  i n  uM). 

A d d i t i o n a l  s t ud ies  us i ng  M r .  Kuwabara's medium began i n  t h e  s p r i n g  1980. 

These exper iments were d i r e c t e d  toward c u l t u r i n g  smal l  Macrocys t i s  sporophytes t o  

see i f  requi rements  were s i m i l a r  t o  those o f  gametophytes. I n i t i a l  s t u d i e s  sought 

t o  determine op t ima l  concen t ra t i ons  o f  Fe and Mn. R e p l i c a t e  exper iments t e s t e d  

f o u r  combinat ions o f  t he  two elements, each a t  two d i f f e r e n t  concen t ra t i ons  (Mn 5 

- Fe 100 nM, Mn 5 - Fe 500 nM, Mn 25 - Fe 100 nM, and Mn 25 - Fe 500 nN). P l a n t  

wet weights  were measured every  t h r e e  days. Three p l a n t s  were used per  Erlenmeyer 

f l a s k  con ta i ne r .  Experiments were te rm ina ted  a f t e r  17 days because biomasses of 

t h e  sporoph.ytes were s t r a i n i n g  t h e  c a p a c i t y  o f  t h e  suppor t  system. Cons iderab le  

v a r i a b i l i t y  i n  growth r a t e s  prevented reach ing  any genera l  conc lus ions  rega rd i ng  

op t ima l  concen t ra t i ons  of Fe and Mn. I n  s p i t e  o f  t he  v a r i a b i l i t y  problem, t h e  

f i r s t  exper iments d i d  p r o v i d e  some u s e f u l  i n f o rma t i on .  Except f o r  v a r y i n g  Fe and 



Mn, t he  f o r m u l a t i o n  o f  t h e  A q u i l  medium used d u p l i c a t e d  t h e  composi t ioq of t h e  

medium s u c c e s s f u l l y  dev ised by  M r .  Kuwabara f o r  c u l t u r i n g  Macrocys t i s  

gametophytes. The p resen t  exper imenta l  s e r i e s  c l e a r l y  showed t h a t  M r .  Kuwabara's 

medium a l so  works w e l l  w i t h  sporophytes.  L ikewise, a  number o f  e x t r a o r d i n a r i l y  

h i g h  growth r a t e s  were recorded. Out o f  a  t o t a l  o f  144 growth r a t e  rnedsurements 

( three-day p e r i o d s )  n i n e  f e l l  i n  t h e  range 40 t o  50 percent/day, e x h i b i t e d  by  a  

p l a n t  he ld  i n  5 nM Mn and 100 nM Fe. High growth r a t e s  do no t  n e c e s s a r i l y  

t r a n s l a t e  i n t o  h i g h  y i e l d s  because t he  l a t t e r  a l so  r e q u i r e s  c o n s i d e r a t i o n  o f  

biomass dens i t y .  We can t e n t a t i v e l y  conclude t h a t  M r .  Kuwabara's A q u i l  i s  a  

b e t t e r  growth medium than  surface seawater enr i ched  w i t h  NO3 and PO4. Th i s  

g i ves  conf idence i n  t he  A q u i l  f o r m u l a t i o n  and p rov i des  hope t h a t  t h e  

g row th - s t imu la t i ng  p r o p e r t i e s  of seawater may be enhanced by  f u r t h e r  n b t r i e n t  

add i t i ons .  

Growth I n h i b i t i o n  S tud ies  

Dur ing  May and June 1980, s i x  m a t e r i a l s  t r a n s m i t t e d  by  GMDI were t e s t e d  f o r  

p o s s i b l e  growth i n h i b i t i n g  e f f ec t s  among j u v e n i l e  Macrocys t i s  sporophytes i n  DT 

aquar ia.  Two of t he  m a t e r i a l s  were panels  o f  PVC-coated Dacron c l o t h  ( S h e l t e r  

R i t e  7028 and 8130 XR-5), one was Glarescreen - a  smooth-surface p l a s t i c  n e t t i  

( J u l i u s  Koch #6517), and t h r e e  were samples o f  i n d u s t r i a l  ny l on  l a u n d r y  bag 

n e t t i n g  (Apex M i l l s ) .  The t h r e e  ny l on  n e t t i n g  samples were i d e n t i f i e d  by t h e  

l e t t e r s  A, B, and C. A l l  samples were a c i d  r insed ,  then  soaked i n  Q water p r i  

t o  t e s t i n g .  A group o f  30 j u v e n i l e  sporophytes was p recond i t i oned  f o r  ten days 

commencing May 28, 1980, i n  a  medium o f  o f f shore  su r f ace  seawater enr i ched  d a i l y  

w i t h  1 5 ~  M No3 and l p  M PO4 and h e l d  beneath an i l l u m i n a t i o n  o f  24000 e rgs /  

2  cm sec. The p l a n t s  were d i v i d e d  i n t o  groups o f  s i x ,  c u l t u r e d  i n  f i v e  d i f f e r e n t  

DT aquar ia .  On June 7 ,  f o u r  o f  t h e  GMDI m a t e r i a l s  were i n t r oduced  sepa ra te l y  t o  

each aquarium f o r  a  two-week exposure per iod .  The m a t e r i a l s  were removed June 21, 



and the  two remain ing samples were sepa ra te l y  i n t r oduced  t o  two o f  t h e  c u l t u r e s  

t h a t  had been l e a s t  a f f e c t e d  by t h e  i n i t i a l  exposure. None o f  t h e  m a t e r i a l s  

caused a  s i g n i f i c a n t  growth r e d u c t i o n  du r i ng  t h e  f i r s t  week o f  t e s t i n g ,  a l though  

one of t he  two PVC samples ( S h e l t e r  R i t e  7028) came c l o s e  t o  be ing  assoc ia ted  w i t h  

a  dec l i ne  i n  growth r a t e  t h a t  was s a g n i f i c a n t  a t  t h e  95% Conf idence I n t e r v a l .  

By t h e  end o f  t h e  second week, h i g h l y  s i g n i f i c a n t  d e c l i n e s  i n  growth had 

occurred i n  b o t h  c u l t u r e s  exposed t o  S h e l t e r  R i t e  PVC. A n o n s i g n i f i c a n t  d e c l i n e  

was apparent among p l a n t s  exposed t o  t h e  J u l i u s  Koch Glarescreen. A1 1  these  

p l a n t s  d i sp l ayed  abnormal appearances t o  va r y i ng  degrees ( p a l e  b l ade  ends, 

deformed b lade  surfaces, poor t i s s u e  s t r e n g t h ) .  No ill e f f e c t s  were apparent f rom 

t h e  c u l t u r e  exposed t o  ny l on  laundry  bag n e t t i n g  Sample A. We removed t h e  f i r s t  

f o u r  m a t e r i a l s  from t h e  aquar ia  a t  t h i s  p o i n t  and i n t r oduced  Samples B and C o f  

l aundry  bag n e t t i n g  i n t o  t h e  aquar ia  t h a t  f o r m e r l y  con ta ined  t h e  J u l i u s  Koch 

Glarescreen and Sample A. We reasoned t h a t  Samples B and C would p robab l y  n o t  be 

i n h i b i t o r y .  Any increases i n  growth r a t e s  among t h e  c u l t u r e s  f o rme r l y  exposed t o  

PVC and t o  Glarescreen would serve t o  s t reng then  t h e  hypo thes is  t h a t  thl2se 

substances were i n h i b i t o r y ,  by e l i m i n a t i n g  t h e  p o s s i b i l i t y  t h a t  some unknown 

f a c t o r  was caus ing t h e  observed s teady d e c l i n e  i n  growth r a t e s .  Bo th  c u l t u r e s  

exposed t o  S h e l t e r  R i t e  PVC showed s u b s t a n t i a l  increases i n  mean growth r a t e s  

du r i ng  t h e  f o l l o w i n g  week. Some o f  t he  abnormal f e a t u r e s  p e r s i s t e d  i n  o u t e r  b lade  

reg ions.  Th i s  represen ts  t i s s u e  a l r eady  l a i d  down t h e  p rev i ous  week. The i n n e r  

b lade  r e g i o n s  c o n t a i n i n g  new t i s s u e s  appeared normal. The rema in ing  two c u l t u r e s  

exposed t o  ny l on  n e t t i n g ,  as expected, d i d  no t  d i f f e r  s i g n i f i c a n t l y  f r om  t h e  

c o n t r o l s .  

The two samples o f  She l t e r  R i t e  PVC were then  soaked i n  r unn ing  seawater f o r  

one month t a  determine whether t h e  g r o w t h - i n h i b i t i n g  p r o p e r t y  can be re r~oved  by  

leach ing.  A f o l l o w - o n  s e r i e s  o f  exper iments was completed d u r i n g  t h e  n e x t  q u a r t e r  



which examined e f f e c t s  f rom these same two m a t e r i a l s  a f t e r  t h e  leach ing.  Means of 

t he  t e s t  p l a n t s  never d i f f e r e d  s i g n i f i c a n t l y  f r om  those  o f  t h e  c o n t r o l s  d u r i n g  t h e  

t h ree  weeks o f  t e s t i n g .  I n  con t ras t ,  exposure t o  S h e l t e r  R i t e  7028 i n  t h e  e a r l i e r  

exper iments had caused s i g n i f i c a n t  growth i n h i b i t i o n  a f t e r  one week, and b o t h  

types of PVC/Dacron were assoc ia ted  w i t h  h i g h l y  s i g n i f i c a n t  growth r e d u c t i o n s  

a f t e r  two weeks o f  exposure. L a t e s t  r e s u l t s  thus  i n d i c a t e  t h a t  one month of 

l each ing  s u f f i c e d  t o  e l i m i n a t e  t h e  g r o w t h - i n h i b i t o r y  p r o p e r t y  p r e v i o u s l y  recorded  

f o r  these m a t e r i a l s .  

I n  was a n t i c i p a t e d  t h a t  a  modest degree o f  growth i n h i b i t i o n  m igh t  be 

encountered i n  these exper iments which would r e1  a t e  t h e  phenomenon t o  p o s s i b l e  

e f f e c t s  on t i s s u e  N. I t was observed t h a t  b lade  c o l o r  deepened d u r i n g  t h e  e a r l i e r  

exper iments as growth i n h i b i t i o n  became more apparent. Consequently, i t  was 

surmised t h a t  t h e  growth i n h i b i t o r y  e f f e c t  was no t  a f f e c t i n g  N-uptake r a t e s .  If 

so, t he  deepening c o l o r  was a m a n i f e s t a t i o n  o f  r i s i n g  N con ten t  t h a t  occur red  

because of reduced e f f ec t s  of N d i l u t i o n  by  growth. A s i m i l a r  e f f e c t  was 

p r e v i o u s l y  observed when t e s t i n g  t h e  growth i n h i b i t i n g  e f f e c t s  o f  Cu. While c o l o r  

has been a r e l i a b l e  q u a l i t a t i v e  i n d i c a t o r  o f  N content ,  q u a n t i t a t i v e  documentat ion 

of these changes was necessary. Accord ing ly ,  a  few p l a n t  t i s s u e s  were analyzed 

f o r  N con ten ts  a t  t he  end o f  each exper imenta l  week t o  document t r ends  t h a t  m igh t  

appear. The f i r s t  se t  o f  samples was c o l l e c t e d  J u l y  26 th  a t  t h e  end o f  t h e  f i r s t  

exper imenta l  week. By t he  c l ose  o f  t he  second week, however, i t  became c l e a r  t h a t  

no growth i n h i b i t i o n  was occur r ing .  The r e s u l t s  are presented he rew i t h  because o f  

t h e i r  genera l  i n t e r e s t ,  w i t h  no r e l a t i o n  t o  t h e  p r e v i o u s l y  in tended  o b j e c t i v e  o f  

documenting changes i n  N content .  A l so  i nc l uded  a re  analyses f o r  two o the r  groups 

of p l a n t s  i n  t h i s  exper imenta l  s e r i e s  t h a t  were be ing  h e l d  f o r  comparisons i n  

su r f  ace seawater enr i ched  w i t h  3 0 r  M NO3 and zP M PO4, t w i c e  t h e  

concen t ra t ions  be ing  used i n  t h e  aquar ia  c o n t a i n i n g  p l a n t s  exposed t o  PVC/Dacron. 



There was no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  mean N con ten ts  o f  t h e  t h r e e  groups of 

p l a n t s  h e l d  i n  15p M NO3 no r  between t h e  two groups h e l d  i n  30p  M NO3. As 

expected, s i g n i f i c a n t  d i f fe rences  occur red  between a l l  groups h e l d  i n  15p M NO3 

and e i t h e r  of t he  two groups h e l d  i n  30p M NO3. There was, however, one 

ins tance  o f  a  s i g n i f i c a n t  d i f f e r e n c e  w i t h i n  t h e  15p M NO3 groups as w e l l  as 

w i t h i n  t h e  3 0 ~  M NOg groups. Poss ib ly ,  p l a n t  ages and growth r a t e s  o r  biomass 

d e n s i t i e s  need t o  be taken i n t o  account, b u t  such f a c t o r s  remain f o r  f u t u r e  

study. I t  appears t h a t  N-content a n a l y s i s  i s  ab le  t o  d i s t i n g u i s h  e f f e c t s  f r om  

two fo ld  d i f f e rences  of NO3 concen t ra t i ons  i n  media. A r a t h e r  s u b s t a n t i a l  

v a r i a b i l i t y  can occur, p o s s i b l y  due t o  unknown i n f l u e n c e s  on some aspect of N 

metabolism, so t h a t  c a u t i o n  should be used i n  drawing conc lus ions  from , c u l t u r i n g  

where d i f fe rences  i n  NO3 concen t ra t i ons  a re  smal l .  

Growth S tud ies  
v 

A c u l t u r i n g  experiment, t he  DT-61 s e r i e s  t e s t i n g  e f f e c t s  on growth f r om 

a l t e r i n g  t h e  n i t r a t e  l e v e l  a t  cons tan t  phosphate concen t ra t i on  was underway a t  t h e  

s t a r t  o f  t h e  r e p o r t i n g  per iod .  The DT-61 s e r i e s  of exper iments was completed on 

March 15, 1980. The f i r s t  p o r t i o n  o f  t h e  DT-61 s e r i e s  began i n  November 1979. 

The s e r i e s  has i n v e s t i g a t e d  e f fec ts  on growth r a t e s  o f  j u v e n i l e  sporoph.ytes f rom 

combinat ions o f  f o u r  n i t r a t e  concen t ra t i ons  (3, 6, 15, and 30p M)  and t l i r e e  

i ll uminat ions (5300, 24000, and 53000 ergs/cm2 sec) . Phosphate c o n c e n t ~ ~ a t i o n  

was k e p t  cons tan t  a t  2 1  M. Somewhat s i m i l a r  exper iments were conducted p r e v i o u s l y  

except t h a t  t h e  N/P r a t i o  had been h e l d  cons tan t  a t  15 ( i  .e., P was a l lowed t o  

va ry  w i t h  N ) .  It was imposs ib le  i n  these e a r l y  exper iments t o  separate  p o s s i b l e  

e f f ec t s  on growth o f  N l i m i t a t i o n  f r om  P l i m i t a t i o n .  The DT-61 s e r i e s  d i d  n o t  

have t h e  p o s s i b l e  comp l i ca t i on  o f  e f f e c t s  f rom P l i m i t a t i o n .  

Growth r a t e s  t end  t o  d e c l i n e  modera te ly  as j u v e n i l e  p l a n t s  age. Hence, i t  

was u s e f u l  t o  compare exper imenta l  r e s u l t s  on a week-by-week bas is .  Du r i ng  t h e  



f i r s t  week f o l l o w i n g  p recond i t i on i ng ,  no s i g n i f i c a n t  d i f f e r e n c e s  were found i n  

growth r a t e s  between c u l t u r e s  h e l d  a t  t h e  same l i g h t  i n t e n s i t i e s  b u t  a t  d i f f e r i n g  

NO3 concen t ra t  ions.  There were, however, s i  g n i f  i c a n t  d i f f e r e n c e s  between 

c u l t u r e s  i l l u m i n a t e d  a t  5300 ergs/cm2 sec and those a t  53000 ergs/cm2 sec f o r  

a l l  n i t r a t e  concen t ra t i ons  t e s t e d  except 30p M. D i f f e r e n c e s  between t h e  5300 

ergs/cm2 sec and t h e  24000 ergs/cm2 sec c u l t u r e s  were s i g n i f i c a n t  o n l j  a t  15 

pM NO3. There were no s i g n i f i c a n t  d i f f e r e n c e s  between t he  24000 and t h e  53000 

ergs/cm2 sec groups a t  any n i t r a t e  concen t ra t ion .  Th is  was n o t  s u r p r i s i n g  

because bo th  these i l l u m i n a t i o n s  were w e l l  above t h e  s a t u r a t i n g  va lue  o f  about 

13000 ergs/cm2 sec. One migh t  expect s i g n i f i c a n t  increases i n  growth r a t e s  as 

n i t r a t e  concen t ra t i on  increased, p a r t i c u l a r l y  a t  h i g h  i l l u m i n a t i o n s .  P robab ly  a l l  

p l a n t s  s t i l l  r e t a i n e d  s u f f i c i e n t l y  h i g h  l e v e l s  o f  N reserves  as a  con'jequence of 

t h r e e  weeks o f  p r e c o n d i t i o n i n g  i n  30p M NO3. Ef fec ts  on growth were e v i d e n t  i n  

da ta  f r om  subsequent weeks as t h e  N reserves  began dw ind l i ng  i n  t h e  media supp l i ed  

w i t h  low No3 concen t ra t ions .  

Resu l t s  from t h e  second week of t he  exper imenta l  p e r i o d  showed a  c l e a r l y  

de f i ned  r i s i n g  t r e n d  as n i t r a t e  increased t o  15y M among t h e  groups r e c e i v i n g  

53000 ergs/cm2 sec of i 11 uminat i o n  (F i gu re  16). Mean growth a t  30p M was 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  than  a t  1 5 ~  M NO3, suggest ing a  s a t u r a t i o n  t y p e  o f  

phenomenon. I t  i s  poss ib l e ,  however, t h a t  growth i s  s l i g h t l y  i n h i b i t e d  a t  30p M, 

p a r t i c u l a r l y  a t  low l i g h t  i n t e n s i t i e s .  The s i g n i f i c a n t l y  low va lue  ob ta i ned  a t  30 

PM NO3 and 5300 ergs/cm2 sec i n  F i g u r e  17 are i l l u s t r a t i v e .  Mean growths 

among c u l t u r e s  h e l d  a t  5300 and 24000 ergs/cm2 sec d i d  n o t  d i f f e r  s i g n i f i c a n t l y  

from each o t h e r  except  a t  3 0 ~  M NO3. F a i l u r e  of t h e  curves t o  show r i s i n g  

t rends  as NO3 concen t ra t i on  increased may s i g n i f y  t h a t  N reserves  were s t i l l  n o t  

dep le ted du r i ng  t h e  second week. 



Growth vs NO3 Concentration for Different Light Intensities 
(third week following preconditioning) 

F i  ure 16. Mean Specific Growth Rate as a Function of Concentration of Nitrate ? in he Medium for Three Levels of Illumination. Media Were Offshore Surface Water 
Enriched with 2 yM Phosphate. Vertical Bars Represent 95% Confidence Intervals. 



Growth vs NO3 Concentration for Different bight intensities 
(fourth week following preconditioning) 

F i g u r e  17. E f f e c t s  on Mean Growth Rates o f  Juven i l e  Macroc s t i s  Sporophytes From 
Various Combinations of N i t r a t e  Concentrat ions and 6 um~na  ions.  Basal  Media 
Were Of fshore  Sur face Seawater Enr iched w i t h  2 pM Phosphate. V e r t i c a l  Bars 

Represent 95% Confidence I n t e r v a l s .  
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Figure 18. Relationship Between Chlorophyll ,  Nitrogen, I1 lumination, and Nitrate 



Results from the third and fourth weeks of the experimental period showed 

rising trends in growth rates as NO3 concentrations increased from 3 to 6 P M  for 

both the 24000 and the 53000 ergs/cm2sec groups of cultures and from 6 to 15 pM 

for the 53000 ergs/cm2sec group (see Figures 16 and 1 7 ) .  Third and fourth week 

data for cultures held in 30 F M  at the two highest illuminations was accumulated 

during the next report period. Mean growths among the cultures held at 5300 

2 egs/cm sec did not vary significantly with changes in NO3 concentrat ion. Thi s  

suggests that these groups were strongly limited by available light. Hence 

reducing NO3 concentration to as low as 3 FM did not alter growth 

significantly. This is somewhat surprising because earlier experiments indicated 

that growth at 5300 ergs/cm2sec was well up on the shoulder of the graph showing 

variation in growth rate with light intensity. Likewise, N contents of plants 

held under 5300 ergs/cm2sec at 3 bM and 6 1 r M  NO3 were both substantially 

reduced below cultures held in 15 pM and 30 pM at this illumination (Figure 18). 

The explanation may lie in the apparent ability of Macrocystis to irlcrease its 

chlorophyll content at low illuminations and perhaps thereby increase its 

photosynthetic capacity. Evidence of this capability will be preserted below. 

Both 3 and 6 F M  NO3 were apparently growth-limiting concentrations at 24000 and 

53000 ergs/crn2sec. At 15p M NOg, growth rates were always greater for the 

53000 ergs/crn2sec culture vs the 24000 ergs/cm2sec group. Differences between 

the two, however, were significant only during the second week. Results from the 

24000 ergs/cm2sec culture seemed anomalous during the second week and this 

portion of the study was eventually repeated. 

In a later experimental series (DT-62), it was impossible to compare growth 

rates among the plants in the 30 P M  No3 media with a control culture growing in 

10 P M  No3. The objective was to confirm the finding described above; that 

increasing the nitrate concentration above 15 pM did not result in higher growth 



r a t e s  when l i g h t  i n t e n s i t y  i s  w e l l  above t he  s a t u r a t i o n  l e v e l  o f  about 13000 

ergs/cm2sec. The recen t  s tudy  y i e l d e d  r e s u l t s  s im i  1  a r  t o  our p rev i ous  f ' i nd i  ngs 

du r i ng  t he  f i r s t  q u a r t e r  o f  1980. I t  should be no ted  t h a t  t h e  mean growth r a t e s  

achieved from t h e  more recen t  s tudy  ( r ang ing  from 23.1 t o  31.0 percen t l t l ay )  were 

w e l l  above values recorded du r i ng  t h e  e a r l i e r  s t ud ies  (14.0 t o  22.1 pe rcen t l day ) .  

I t  i s  con jec tu red  t h a t  t he  increased r a t e s  r e s u l t e d  f r om improvements i n  t h e  

c u l t u r i n g  technique. 

Several  r eco rd  growth r a t e s  from i n d i v i d u a l  p l a n t s  were ob ta ined  d u r i n g  t h e  

DT-62 exper imenta l  se r i es .  The h i ghes t  va lue  was 43.5 percent /day ob ta ined  from 

p l a n t  DT-62-60 du r i ng  p r e c o n d i t i o n i n g  ( J u l y  12-19). 

Ch lo rophy l l  analyses and de te rmina t ions  o f  N con ten ts  among t h e  p l d n t s  i n  t h e  

DT-61 s e r i e s  were a l so  conducted. T issue N  va lues were s i g n i f i c a n t l y  d i f f e r e n t  

f rom each o ther ,  comparing c u l t u r e s  h e l d  a t  d i f f e r i n g  n i t r a t e  concen t ra t i ons  

except f o r  t h e  two h i ghes t  i n t e n s i  t y / l owes t  n i t r a t e  c u l t u r e s  ( 3  and 6 pM NO3 a t  

53000 ergs/cm2sec, F i gu re  18) .  Comparing c u l t u r e s  a t  d i f f e r i n g  1  i g h t  

i n t e n s i t i e s  b u t  s i m i l a r  n i t r a t e  concentat ions,  t h e  15 PM NO3 s e r i e s  was t h e  o n l y  

one c o n s i s t e n t l y  showing s i g n i f i c a n t  d i f f e r e n c e s  between a l l  i n t e n s i t i e s .  The 

c h l o r o p h y l l  con ten t  va lues showed ove r l app ing  con f idence  i n t e r v a l s  f o r  a l l  t h e  30 

JLM NO3 c u l t u r e s  f o r  a l l  i n t e n s i t i e s .  S i m i l a r  ove r l app ing  occur red  i n  t h e  3 q M  

NO3 c u l t u r e s  w h i l e  t h e  6  pM and 15 PM NO3 s e r i e s  were d i s t i n c t  a t  t h e  v i i r i ous  

i n t e n s i t i e s .  

F i gu re  18 a l so  i l l u s t r a t e s  t he  anomalous c h l o r o p h y l l  l e v e l s  o c c u r r i n g  i n  

p l a n t s  r a i s e d  i n  3 0 p M  NO3 and beneath 5300 ergs/cn2sec. The f i r s t  such 

c u l t u r e s  was analyzed December 10, 1979. The f i n d i n g s  seemed so unusual t h a t  t h e  

exper iment was repeated. A second se t  o f  analyses on February  21, 1980 con f i rmed 

t h e  anomalous c h a r a c t e r i s t i c  p r e v i o u s l y  noted. None o f  t h e  mean growth r a t e s  

observed a t  30 pM NO3 under any i l l u m i n a t i o n  were s i g n i f i c a n t l y  b e t t e r  than  



observed a t  15 FM and u s u a l l y  they  were s l i g h l y  lower ( F i g u r e  16 t o  17 ) .  Thus, i t  

appears t h a t  concen t ra t i ons  as h i g h  as 30pM NO3 a re  no b e t t e r  than  a t  15 pM 

NO3. E a r l i e r  exper iments had shown a  genera l  r i s e  i n  growth r a t e  as NO3 

concen t ra t i on  was increased i n  t h e  medium t o  30 pM. A major  d i f f e r e n c e  between 

t h a t  and t h e  p resen t  s e r i e s  was t he  frequency o f  n u t r i e n t  renewal (once per  2 days 

f o r  t h e  1979 s e r i e s  vs d e i l y  f o r  t h e  1980 s tudy) .  Thus, t h e  30 p M NO3 medium i n  

t he  1979 s e r i e s  was e q u i v a l e n t  t o  t h e  15 pM NO3 c u l t u r e s  of t he  present  study. 

Hence, b o t h  s t ud ies  were i n  agreement i n  f i n d i n g  t h a t  k e l p  growth r a t e  inc reased  

up t o  1 5 i i M  NO3 added d a i l y  o r  i t s  equ i va l en t .  A t  low i l l u m i n a t i o n s ,  30pM 

NO3 produces an i r r e g u l a r i t y  i n  c h l o r o p h y l l  con ten t  whose s i g n i f i c a n c e  i s  s t i  11 

unknown. Poss ib ly ,  NO3 a t  30 PM added d a i l y  s t resses  t h e  enzyme systems 

reduc ing  t h e  N and t r a n s f e r r i n g  i t  t o  amino acids,  p a r t i c u l a r l y  a t  low 

i l l u m i n a t i o n s  where growth does n o t  a c t  as e f f e c t i v e l y  t o  " d i l u t e "  t h e  incoming N 

w i t h  new t i s sue .  

Thus, t he  op t ima l  n i t r a t e  concen t ra t i on  f o r  ba tch  c u l t u r i n g  o f  Macrocys t i s  

sporophytes appears t o  be around 15 uM NO3 f o r  i l l u m i n a t i o n s  o f  53000 r.rgs/cm 

sec or  less.  The N i t r a t e  Uptake Model (NUM) has p r e d i c t e d  t h a t  a f l o w i n g  medium 

c o n t a i n i n g  3 t o  6  P M  NO3 ( t h e  exac t  va l ue  depending on biomass concen t r ta t ion )  

was t h e  e q u i v a l e n t  o f  a  ba tch  c u l t u r i n g  medium renewed w i t h  15 pM NO3 every  

o ther  day w i t h  respec t  t o  t o t a l  amounts o f  n i t r o g e n  p rov i ded  t o  t h e  p l a n t s .  

Evidence thus  suggests t h a t  t h e  NO3 concen t ra t i on  used as a  des ign c r i t e r i o n  f o r  

t h e  Test  Farm would be s u i t a b l e  p rov i ded  biomass concen t ra t i ons  o f  around one wet 

gram o f  k e l p  per  l i t e r  o f  seawater were achieved. Typ i ca l  biomass concen t ra t i ons  

i n  Macrocys t i s  - canopies may range f r om 5  t o  30 grams per  l i t e r .  

Mann i to l  S tud ies  -- 
During  May and June, mann i t o l  con ten t s  were analyzed i n  55 samples o f  d r i e d  

Macrocys t i s  blades, r ep resen t i ng  t i s s u e s  f rom two DT aquarium s t u d i e s  conducted 



du r i ng  e a r l y  summer 1979. The samples had thus  spent almost one year  i n  s to rage  

between t imes of c o l l e c t i o n  and ana l ys i s .  The samples were m a t e r i a l  rema in ing  

f rom b lade  t i s s u e s  preserved f o r  N con ten t  analyses. They a l l  had been c u l t u r e d  

i n  media s t r o n g l y  enr i ched  w i t h  n i t r ogen ,  b u t  t h e  c u l t u r e s  represen ted  a wide 

range o f  i l l u m i n a t i o n s .  D i f f i c u l t i e s  were exper ienced w i t h  21 o f  t h e  analyses 

because o f  i n s u f f i c i e n t  sample s i ze .  Thus, s u i t a b l e  da ta  were recovered f o r  34 

samples. No r e l a t i o n  was found between mann i t o l  con ten t  and t h e  i l l u m i n a t i o n s  

used d u r i n g  c u l t u r i n g  (Tab le  8 ) .  There was r o u g h l y  a  t w o - f o l d  d i f f e r e n c e  between 

average rnanni to l  con ten ts  computed f o r  groups o f  p l a n t s  coming f r om t h e  same 

aquarium. Several  p l a n t s  from t h e  same aquarium tended t o  show a c h a r a c t e r i s t i c  

rnanni to l  con ten t  t h a t  m igh t  d i f f e r  s u b s t a n t i a l l y  f rom another group. Thus, p l a n t s  

7 and 8 from the  June 3 and June 10 sampl ing were q u i t e  d i s t i n c t  f rom p l i t n t s  13 

and 14 f rom the  same dates, and t hey  ma in ta ined  t h i s  d i s t i n c t i o n  over  a  lapse  o f  

one week. I t  was con jec tu red  t h a t  some o the r  v a r i a b l e  m igh t  be in f luenc ' ing  

mann i to l  con ten t .  S p e c i f i c  growth r a t e s  and N con ten ts  were examined, b u t  no 

obvious c o r r e l a t i o n s  were found as t o  t h e  na tu re  o f  t he  supposed v a r i a b l e .  The N 

con ten t  da ta  i n d i c a t e d  a l l  p l a n t s  con ta ined  1 arge reserves  o f  n i t r o g e n .  

Obviously,  t h e  n e x t  s tep  i s  t o  analyze specimens r a i s e d  a t  lower concen t ra t i ons  of 

n i t r a t e  i n  t h e  medium. P l a n t  20 was c u l t u r e d  i n  an ammonium-enriched medium ( a l l  

t he  r e s t  were i n  n i t r a t e - e n r i c h e d  media), b u t  i t  d i d  n o t  y i e l d  an unusual mann i t o l  

content .  

N i t r a t e  Uptake 

Knowledge of t he  n u t r i e n t  dynamics o f  Macrocys t i s  i s  e s s e n t i a l  t o  our  a b i l i t y  

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

t o  formulate  s t r a t e g i e s  f o r  e f f i c i e n t  f e r t i l i z i n g  o f  b o t h  inshore  and o f f sho re  

popu la t ions .  our  c u r r e n t  knowledge o f  NOj uptake by Macrocys t i s  comes from 

measurements made w i t h  t i s s u e  p ieces  o r  detached b lades  f rom a d u l t  p l a n t s  



TABLE 8. SUMMARY OF MAWNITOL CONTENTS 

Sumary o f  manni to1 contents determined f o r  juveni  1 e Macroc s t i  s sporophytes r a i  sea under var ious c u l t u r i n g  
condi t ions as indicated.  Nu t r ien ts  were renewed d a i l y  i n  t e c u l t u r i n g  media, P l a n t s  f rom the same aquarium 
shown w i t h  no spacing between rows. 

-I+ 

L i g h t  Spec i f i c  
[NO Jl I n t e n s i t y  Growth Rate % Dry Ave % 

P lan t  No. Date u M ~ r g s l c m 2  sec "lo day W t  a s  N % M~anni to1 Manni to1 



TABLE 8. SUMMARY OF MANNITOL CONENTS (Cont )  

b igh t  Speci f i c 
[ N ~ J  / [POJ ln tens j t y  Growth Rate I Dry Ave % 

Plant  No. Oa t e  u M Ergslcrn sec %/day W t  as U % Mannitol M a m i  toll 

* 
The medium used f o r  p lant  DT-59-20 was enriched w i t h  NH4 i n s t e a d  o f  NO3 which was used for a l l  the other 
cul tu res shown. 



(Wheeler, 1978) and w i t h  whole j u v e n i l e  p l a n t s  (Haines and Wheeler, 197'8) under 

l a b o r a t o r y  cond i t i ons .  Such measurement cou ld  d i f f e r  s i g n i f i c a n t l y  f r om  a c t u a l  - i n  

s i t u  uptake by  i n t a c t  a d u l t  p l a n t s .  A method of a c c u r a t e l y  measur ing NO; up take  - 
i n  s i t u  has now been developed and used t o  compare r a t e s  o f  uptake by d i f f e r e n t  -- 
types o f  Tntact  a d u l t  p l a n t  t i s sues .  The method has a l s o  been used t o  examine t h e  

i n f l u e n c e  o f  va r i ous  env i ronmenta l  f a c t o r s  on NO; uptake r a t e s .  

Severa l  exper iments were designed t o  t e s t  t h e  accuracy o f  t h i s  -- i n  s i t u  

method. Dur ing A p r i l  and May when phy top lank ton  s tand ing  s tocks  were r e l a t i v e l y  

h igh,  c o n t r o l  i n cuba t i ons  were c a r r i e d  ou t  w i t h  no k e l p  t i s s u e .  E i g h t  c o n t r o l s  

showed an average apparent change o f  o n l y  0.1 pM f rom i n i t i a l  NO3 conct !n t ra t ions 

between 22 and 25 uM d u r i n g  a 1 hour i ncuba t i on  per iod .  I n  t h e  second exper iment  

NO; uptake by  mature b lades on canopy f r onds  was measured f o r  i ncuba t i on  pe r i ods  

rang ing  f r om 0.3 t o  2.2 hours. Resu l t s  i n d i c a t e d  a l i n e a r  r e l a t i o n s h i p  between 

uptake and i ncuba t i on  p e r i o d  f o r  t h e  range t e s t e d  ( F i g u r e  19) .  To determine 

whether water mot ion  w i t h i n  t h e  bag was l i m i t i n g  t o  NOS uptake, t h e  t h i r d  

exper iment compared uptake by mature b lades on canopy f r onds  i n  bags t h a t  were 

con t i nuous l y  shaken by d i v e r s  t o  unshaken c o n t r o l s .  Uptake r a t e s  a t  two ranges o f  

i n i t i a l  concen t ra t  i o n  were s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  two t rea tments  (Tab le  

9 ) .  Al though ambient sea s t a t e  was calm d u r i n g  t h i s  experiment, water  mot ion 

w i t h i n  t he  unshaken bags was p robab l y  s i m i l a r  t o  ambient water n o t i o n  (Gust, 

1977). Furthermore, movement o f  t h e  k e l p  blades w i t h i n  t h e  unshaken bags was 

p e r c e p t i b l e  du r i ng  t he  s l i g h t e s t  swe l l s .  The f i n a l  t e s t  o f  t h e  method i n v o l v e d  

r i n s i n g  incubated t i s s u e  i n  low-NO; seawater t o  determine what p r o p o r t i o n  o f  

measured uptake was due t o  d i f f u s i o n  i n t o  t i s s u e  f r e e  space. Four matwre b lades  

on canopy f r onds  were incubated f o r  1 hour a t  h i g h  NO3 concen t ra t i ons  (22-30 

vM), then r i n s e d  f o r  20 minutes.  Dur ing  t h e  f i r s t  5 minutes,  2-6 percen t  o f  t h e  

NOS taken up was r i n s e d  from t h e  blades. No NOS was removed d u r i n g  t h e  n e x t  

15 minutes o f  r i n s i n g .  



Incubation Period (hr) 

Figure 19. NO- Uptake by Mature Blades on Canopy Fronds o f  i During 
Incuba i o n  Periods o f  Varying Length. I n i t i a l  NOT = 

The r e 1  a t  ionsh ip  between N O j  concentrat  i on  and uptake r a t e  was determ 

exper imenta l ly  f o r  mature blades on canopy fronds. NO; uptake fo l l owed  

sa tu ra t i on  k i n e t i c s .  K i n e t i c  parameters ca lcu la ted  f rom the  Hanes-Woolf p 

2 
Vm ax = 2.9 pg-at/gm/hr or  70 kg-at/cm /hr  and Ks = 17.2 pM. These values 

i ned 

1 o t  were 

were comparable t o  those determined under l abo ra to ry  cond i t i ons  by Haines and 

Wheeler (1978) f o r  juven i  1 e Macrocyst i s  sporophytes and by Wheeler (1978) f o r  

lamina d iscs  and detached blades from adu l t  p lants.  

NO; uptake r a t e s  measured dur ing  the  sp r ing  upwel l ing  pe r iod  were s i m i l a r  

t o  ra tes  measured dur ing  f a l l  when coasta l  upwel l ing was l ess  preva len t  (F igure  

20). These r e s u l t s  cont ras ted  w i t h  the f i n d i n g s  o f  Haines and Wheeler (15178) t h a t  

j u v e n i l e  - Macrocyst is p l a n t s  grown i n  n u t r i e n t - r i c h  seawater had a h igher  average 

Vmax than p l a n t s  from a nu t r ien t -poor  background. Temperature, n u t r i e n t  

concentrat ion, and N content o f  k e l p  t i ssues  are a l l  in f luenced by upwel l ing  



TABLE 9. Mean Rates of NO3 Uptake by Mature Blades on Canopy Fronds (A,B) 
and Apices on J u v e n i l e  Fronds ( C )  Compared f o r  Two Exper imenta l  Treatments.  

R 2 1 SD Shown 

A No Shaking Continuous Shaking 

n Initial [NO;] Uptake r a t e  n I n i t i a l  [NO;] Uptake r a t e  
(?-w ( v g - a t l g d h r )  ( f l )  (:vg-at/gm/hr) 

B I n t a c t  Detached 

C I n t a c t  Detached 



Initial NOT - Concentration (1 M) 

Figure 20. Relationship between h103 Concentration and Uptake Rate fo r  Mature 
Blades on Canopy Fronds o f  Macroc s t i s .  Incubations Were Carried O u t  During 

Apri 1 _b_ -June X and October (0). 



(North e t  a l . ,  i n  press; Gerard, unpublished data). On d i f f e r e n t  experimental 

days, ambient temperatures ranged from 10 t o  1 8 0 ~ ,  and ambient NOT ranged from 

0.05 t o  8.9 pM. N content  o f  i n d i v i d u a l  experimental t i ssues  var ied  between 1.5 

and 4.4 percent o f  d ry  weight.  No obvious changes i n  N O j u p t a k e  r a t e s  occurred 

i n  con junc t ion  w i t h  f l u c t u a t i o n s  i n  any o f  these parameters. S i m i l a r l y ,  

d i f f e rences  i n  epiphyte cover, which var ied  between 0 and 30 percent  o f  t o t a l  

surface area, had no obvious r e l a t i o n  t o  No: uptake. However, more dat i i  are 

necessary t o  adequately t e s t  t he  i n f l uence  o f  these factors.  

Rates of uptake by seven t i s s u e  types were compared a t  near -sa tura t ion  

concentrat ions ( i n i t i  a1 N O 7  = 20-34 i l M ) .  Mean uptake r a t e s  ranged from 0.1 

pg-at/gm/hr f o r  h o l d f  ast  t i s s u e  t o  2.1 g-at/gm/hr f o r  apices o f  canopy f ronds  

(Table 10). Uptake r a t e s  d i d  no t  vary w i t h  t i s s u e  age; e.g., young basal blades 

on j u v e n i l e  f ronds  and o l d  basal b l  ades on canopy f ronds  had comparable uptake 

ra tes .  Tissues loca ted deeper i n  the  water column had lower uptake r a t e s  than 

shal low t issues,  even f o r  s i m i l a r  t i s s u e  types, e.g., apices o f  juvenile1 and 

canopy f ronds.  

Several experiments were designed t o  determine whether d i f f e rences  i n  r a t e s  

of NOyupake by d i f f e r e n t  types o f  t i s s u e  were phys io log i ca l  o r  envi ronn~enta l  l y  

influenced. A l l  t i s sues  used i n  these experiments were detached f rom the  p l a n t  

p r i o r  t o  incubat ion.  Detachment had no s i g n i f i c a n t  e f fec t  on NOyuptake by 

mature blades or f rond  apices (Table 9 ) .  During incubat ions c a r r i e d  ou t  both a t  

the sur face and a t  the bottom (10-12 meter depth), canopy f rond  apices took up 

~ 0 3  2-3X f a s t e r  than j u v e n i l e  f rond  apices (Table 11). These r e s u l t s  i n d i c a t e  

phys io log ica l  d i f f e rences  between the  two types o f  t issue.  However, both t i s s u e  

types showed s i g n i f i c a n t l y  h igher  uptake ra tes  a t  the  sur face than a t  the bottom, 

i n d i c a t i n g  an environmental i n f l uence  as we l l .  



TABLE 10. COMPARISON OF I N  S I T U  NO- UPTAKE RATES BY VARIOUS TISSUES OF ADULT 
MACROCYSTIS PYRI~TRKT-RAT& WERE MEASURED AT NEAR-SATURATION 

CONCENTRATIONS ( I N I T I A L  [NOS] = 2 0 - 3 4  pM) 

NO; uptake rate NO- uptake rate 
(vg-at/gm/hr) (dg- at/cm2/hr) 

Tissue n range - x range R 
~ S D  *SD 

canopy frond 

apex 7 1.6-3.0% 

mature blade 9 1.3-1.9 

basal blade 6 0.0-0.8 

sporophyll 3 0.2-0.2 

juvenile frond 

apex 17 0.3-1.4 

basal blade 9 0.0-1.0 

68* 
-b40 

4 3  
a5 

13 
21 0 

7 
2 2  

36 
21 5 

11 
fll 

holdfas t 3 0.1-0.1 0.1 - - - - 
20 

* 
NO- concentrations in bags at end of incubation periods were 
re?atively low (10-19 pM) ; therefore, values reported may be 
significdntly lower than actual saturation uptake rate:;. 



TABLE 11. RATES OF No-  UPTAKE BY MACROCYSTIS FROND AP ICES COMPARE[) FOR FOUR 
EXPERIMENTAL  TREATMENT^. INITIAL ATIOLNS RANGED FROM :!Z-ZE; PM. 

S I G N I F I C A N C E  LEVELS INDICATED ARE T-TESTS FOR DIFFERENCES BETWEEN 
MEANS. 

Tissue NO3 uptake rate 
type Treatment n (ug-at/gm,'hr) 

.- 
range :K 

f SD 

apex of surface 
juvenile frond incubation 

1v bottom 

incubation 

apex of surface 
canopy frond incubation 

surface 
incubation, 
shaded 

bottom 
incubation 

bottom 
incubation, 
shaded 



The r a t e  d i f f e r e n c e s  found a t  d i f f e r e n t  depths were n o t  r e l a t e d  t o  

temperature o r  ambient NO; concen t ra t ion ,  which v a r i e d  f rom su r f ace  t o  bot tom by  

l e s s  than 1°c and 1 pM, r e s p e c t i v e l y ,  on t h e  exper imenta l  days. Therefore,  

l i g h t  was examined as a  p o t e n t i a l l y  i n f l u e n t i a l  f a c t o r .  Uptake r a t e s  were 

measured f o r  ap ices o f  canopy f r onds  incubated i n  dark bags a t  bo th  t ~ i e  su r f ace  

and bottom. L i g h t  w i t h i n  t h e  bags was reduced t o  5 pe rcen t  o f  ambient i n t e n s i t y .  

Uptake by shaded apices was 26-33 percen t  lower t han  uptake by unshaded ap ices a t  

bo th  depths (Tab le  11). Th i s  r a t e  r e d u c t i o n  was comparable t o  t h a t  found by 

Wheeler (1978) f o r  dark vs. l i g h t  i h cuba t i ons  i n  t h e  l abo ra to r y .  However, i t  i s  

c r i t i c a l  t o  no te  t h a t  shaded ap ices incubated a t  t h e  su r f ace  had s i g n i f i c a n t l y  

h igher  uptake r a t e s  than  unshaded ap ices incubated a t  t h e  bottom, even though t he  

l a t t e r  were exposed t o  h i ghe r  1  i g h t  i n t e n s i t i e s  ( es t ima ted  a t  100 p ~ / n ~ 2 / s e c )  

than t h e  shaded t i s s u e s  (es t imated  a t  50 p ~ / m ~ / s e c ) .  It must be concluded t h a t  

NO; uptake was i n f l uenced  by some dep th - re l a ted  env i ronmenta l  f a c t o r  clther than  

temperature,  ambient NOS, o r  1  i g h t  i n t e n s i t y .  That f a c t o r  may have been 

pressure.  

The -- i n  - s i t u  method descr ibed  h e r e i n  p rov i ded  accura te  measurements o f  NO; 

uptake by a d u l t  Macrocys t i s  p l an t s .  Because t h e  exper imenta l  t i s s u e s  underwent 

min imal  hand l i ng  - then  were no t  c u t  i n t o  p ieces,  exposed t o  a i r ,  scraped c l e a n  o f  

ep iphytes,  e t c .  - t h e  r e s u l t i n g  da ta  i n v o l v e d  l i t t l e  a r t i f a c t u a l  e r r o r .  The 

r e s u l t s  were comparable t o  r e s u l t s  of p rev ious  l a b o r a t o r y  s t u d i e s  (Haines and 

Wheeler, 1978; Wheeler, 1978). Th i s  was s u r p r i s i n g  i n  v iew o f  ev idence t h a t  

su r f  ace- re la ted  f u n c t i o n s  such as r e s p i r a t i o n  (Hatcher,  1977) and exuddt i o n  of 

d i s so l ved  organic  carbon (Fankboner and de Burgh, 1977; Moebus and Johnson, 1974) 

were a f fec ted  by damage and hand l i ng  o f  brown algae. 

The importance of depth t o  NOS uptake cou ld  o n l y  have been determl  ned by - i n  

s i t u  exper imentat ion.  Whatever t h e  env i ronmenta l  f a c t o r  t h a t  i n f l u e n c e s  uptake - 



k i n e t i c s  i n  synergism w i t h  l i g h t  i n t e n s i t y ,  knowledge o f  t h e  o v e r a l l  e f f e c t  of 

depth i s  c r i t i c a l  t o  our unders tanding of Macrocys t i s  n u t r i e n t  dynamics. For  

example, t h e  e f f i c i e n c y  of a  f e r t i l i z i n g  p r o j e c t  cou ld  be reduced by  50 pe rcen t  o r  

more i f  c u r r e n t s  h e l d  t h e  p l a n t s  i n  a  h o r i z o n t a l  p o s i t i o n  a t  depths 0.F 10-12 

meters.  

Accurate  measurements of NO; uptake by d i f f e r e n t  t i s s u e  types  can be used 

t o  es t imate  uptake by whole a d u l t  Macrocys t i s  p l a n t s  under a  v a r i e t y  o f  

cond i t i ons .  Ove ra l l  c a p a c i t y  must depend t o  some e x t e n t  on p o p u l a t i o n  s t r u c t u r e .  

For  example, a  p o p u l a t i o n  w i t h  a  h i g h  p r o p o r t i o n  o f  j u v e n i l e  f r onds  which have 

r e l a t i v e l y  low uptake r a t e s  should  have a  lower  uptake c a p a c i t y  than  a p o p u l a t i o n  

w i t h  a  h i g h  p r o p o r t i o n  o f  canopy f ronds .  Such d i f f e r e n c e s  occur seascmal ly i n  

inshore  k e l p  popu la t i ons  (Gerard, 1976). Removal o f  canopy t i s s u e s  d ~ r i n g  

ha rves t i ng  should  s i g n i f i c a n t l y  reduce uptake capac i t y  o f  a  k e l p  popu la t i on ,  

because those t i s s u e s  have t h e  h i ghes t  uptake r a t e s .  

The e f f e c t  o f  v e r t i c a l  s t r a t i f i c a t i o n  o f  n u t r i e n t s  i n  t h e  water column on 

n u t r i e n t  uptake by  a d u l t  Macrocys t i s  p l a n t s  can a l s o  be p r e d i c t e d  u s i n g  t h e  r a t e  

measurements r epo r t ed  h e r e i n  f o r  d i f f e r e n t  t i s s u e  types. High N O T  

concen t ra t i ons  throughout  t h e  water column would c e r t a i n l y  p r o v i d e  maximum uptake, 

b u t  no t  n e c e s s a r i l y  maximum f e r t i l i z i n g  e f f i c i e n c y .  Uptake should  be g r e a t l y  

reduced by a  s t a b l e  midwater thermocl ine,  a  common occurrence i n  summer when 

n u t r i e n t s  a re  dep le ted  and remain low i n  su r f ace  waters,  A l though Jac:tson (1977) 

hypothes ized t h a t  growth o f  canopy f r onds  was supported by  upward t r a n ' s l o c a t i o n  o f  

n i t r o g e n  taken up b y  deeper p o r t i o n s  o f  k e l p  p l a n t s ,  low r a t e s  o f  NOT uptake by 

deeper t i s s u e s  make t h i s  l e s s  than  probable.  Conversely, h i g h  r a t e s  of uptake b y  

sha l low t i s s u e s  enhance t h e  e f f i c i e n c y  o f  f e r t i  1  i z i n g  methods which expose o n l y  

t he  k e l p  canopy t o  h i g h  NOS concen t ra t ions .  A  mathemat ica l  model i s  now be ing  

developed t o  p r e d i c t  ac tua l  uptake r a t e s  by  a d u l t  Macrocys t i s  p l a n t s  under 

d i f f e r e n t  p o p u l a t i o n  and n u t r i e n t  cond i t i ons .  



CONCLUSIONS 

Upwe l l i ng  i n t e n s i t y  i n  1980 was s u b s t a n t i a l l y  reduced compared t a  1979. 

Techn ica l  f e a s i b i l i t y  now seems w e l l  e s t a b l i s h e d  t h a t  a d u l t  Mac rocys t i s  - p l a n t s  can 

be ma in ta ined  throughout  an average yea r  i n  an oceanic environment even as 

i s o l a t e d  i n d i v i d u a l s .  A p o p u l a t i o n  o f  thousands o f  p l a n t s  would undoubted ly  

c o n s t i t u t e  a  l ess  s t r e s s f u l  s i t u a t i o n  compared t o  i s o l a t e d  i n d i v i d u a l s .  Adu l t  

Macrocys t i s  - p l a n t s  d i s p l a y i n g  average va lues o f  t i s s u e  N i n  t h e  range of 1 t o  1.5 

percent  d r y  weight  can s u s t a i n  normal growth r a t e s .  Th is  range appa ren t l y  

represen ts  a  c o n d i t i o n  where n i t r o g e n  reserves are comp le te ly  l ack i ng .  A1 1  

n i t r o g e n  accumulated goes i n t o  newly c rea ted  t i s s u e ,  so t h e  average N  con ten t  o f  

t he  e n t i r e  p l a n t  remains constant .  The average N con ten t  appa ren t l y  remains i n  

t h i s  range d u r i n g  moderate n i t r o g e n  1  i m i t a t i o n ,  b u t  growth r a t e s  o f  j u v e n i l e  

f r onds  dec l ine .  N con ten ts  below 1 percent ,  which we have observed among some 

k e l p  t i s s u e s  i n  p rev i ous  years  ( i  .e. San Onofre k e l p  bed i n  1976-77), p robab l y  

represen t  a  c o n d i t i o n  o f  severe n i t r o g e n  s t a r v a t i o n .  Macrocys t i s  gametophytes 

responded o p t i m a l l y  t o  an Aqu i l  medium enr i ched  w i t h  t h e  f o l l o w i n g  micrornolar 

~ ~ n c e n t r a t i o n s  of n u t r i e n t s :  20 NO3, 2 PO4, 0.35 Fe, 0.03 Mn, 0.07 Co, 0.01 

Cu, 0.17 Zn, 0.1 I ,  0.1 Mo. I r o n  was a c t i v e l y  taken  up by a f r o n d  f r om an a d u l t  

Macrocys t i s .  The op t ima l  Aqu i l  medium f o r  Macrocys t i s  gametophytes a l s o  suppor ts  

s u p e r l a t i v e  growth r a t e s  among j u v e n i l e  sporophytes. An a d u l t  Mac rocys t i s  p l a n t  - 
i n  a  n i t r o g e n - d e f i c i e n t  medium was ab le  t o  grow a t  about a  3 percen t  d a i l y  weight  

increase.  N i t r o g e n  reserves  were appa ren t l y  drawn f r om mature t i s s u e s  and 

t r a n s l o c a t e d  t o  suppor t  p roduc t i on  of new t i s s u e  i n  t h e  mer is ternat ic  areas. N 

con ten t  o f  the  e n t i r e  p l a n t  remained constant .  Fresh PVC-containing m a t e r i a l  

i n h i b i t s  - Macrocyst i s  growth under t he  r e s t r i c t e d  c o n d i t i o n s  o f  aquarium 

c u l t u r i n g .  The g r o w t h - i n h i b i t i n g  p r o p e r t i e s  were e l i m i n a t e d  by l each ing  t h e  PVC 

pane ls  f o r  one month i n  r unn ing  seawater. Enrichments of 15p M NOS and l p  M 



Po4 support k e l p  growth ra tes  equ iva len t  t o  30p M NO? and 2p M PO4 under 

batch c u l t u r i n g  condi t ions.  Ch lorophy l l  content o f  Macrocyst is - (and poss ib l y  

photosynthet ic  capac i ty )  i s  in f luenced by n i t r a t e  concentrat ion and 1  i g h t  

i n t e n s i t y  used i n  c u l t u r i n g .  

Work Perfarmed from September t o  December 1980 

Upwel l ing i n t e n s i t y  was g r e a t l y  reduced dur ing the  F a l l .  Depth o f  t h e  

12 .5 '~  isotherm f requen t l y  occurred deeper than 150 f e e t  and was deeper than the  

arms o f  the Test Farm most o f  the time. F i sh  graz ing completely destroyed one of 

the th ree  t ransp lan ts  and l e f t  o n l y  a  few small f ronds on the o ther  two. Three 

new t ransp lan ts  were in t roduced t o  decoy the  f i s h ,  bu t  blades on these p l a n t s  were 

completely s t r i pped  o f f  i n  about a  month. Attempts were unsuccessful t o  e l im ina te  

the f i s h  by g i l l  n e t t i n g  and by i n t roduc ing  a  r a f t  t o  a t t r a c t  sea l i ons .  I r o n  was 

found t o  be concentrated severa l fo ld  w i t h i n  the exudate from a  s t i p e  o f  an a d u l t  

Macrocyst i s  - f rond  compared t o  the  ex te rna l  concent ra t ion  ba th ing  the  h lades. This  

s t r o n g l y  suggested t h a t  i r o n  i s  a c t i v e l y  accumulated by Macrocyst is.  Var iab i  1 i t y  

was c o n t r o l l e d  t o  reasonable propor t ions  i n  our Aqu i l  c u l t u r i n g  i n v o l v i n g  j u v e n i l e  

sporophytes. Two c u l t u r i n g  ser ies  were completed examining e f f e c t s  o f  n i t r a t e  and 

phosphate concentrat ion and of l i g h t  i n t e n s i t y  on manni to1  content  o f  j u v e n i l e  

sporophytes. High manni to l  i n  the j u v e n i l e  may be a  t r a n s i e n t  response t o  a  

reduc t ion  i n  n u t r i e n t  a v a i l a b i l i t y .  No e f f e c t s  were observed on manni to l  content  

from var ious l i g h t  i n t e n s i t i e s .  High manni to l  contents occurred i n  the  mature 

blades o f  an adu l t  frond. Three dye d  

subs tan t i a l  reduc t ion  o f  ocean cu r ren t  

i n  t he  v i c i n i t y  o f  adu l t  p lan ts .  Stud 

us ing an a d u l t  p lan t .  

i spersa l  s tudies were conducted and showed a  

by k e l p  beds b u t  enhanced v e r t i c a l  m ix ing  

i e s  o f  buoyancy and drag were co~iducted 
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5.3 INOCULUM DEVELOPMENT 

The p r ima ry  o b j e c t i v e  of the  Inoculum Development Phase o f  t he  Mar ine Biomass 

Program cont inues t o  be t h e  development o f  op t im i zed  anaerobic m i c r o b i a l  c u l t u r e s  

f o r  t he  b ioconvers ion  o f  k e l p  (Macrocys t i s  p y r i f e r a )  t o  methane gas. I n  o rde r  t o  

accomplish t h i s  o b j e c t i v e ,  i t  i s  necessary t o  e x p l o r e  and d e f i n e  t h e  fundamental 

m i c r o b i o l o g i c a l  r e a c t i o n s  and i n t e r a c t i o n s  i n  t h e  process t o  t h e  degree t h a t  i t  

becomes p o s s i b l e  t o  e f f e c t i v e l y  maximize methane y i e l d  and p r o d u c t i o r  r a t e .  

Cons is ten t  w i t h  t h i s  o b j e c t i v e ,  va r i ous  tasks  were o u t l i n e d  and conducted 

du r i ng  t h i s  c o n t r a c t  pe r iod .  These s tud ies  centered m a i n l y  upon s u b s t r a t e  

compet i t i on ,  development o f  techniques t o  mon i to r  m i c r o b i a l  food  cha in  

popu la t ions ,  and f a c t o r s  a f f e c t i n g  k e l p  d i g e s t i b i l i t y .  

BASELINE DIGESTERS 

Base l ine  d i g e s t e r  systems e s t a b l i s h e d  w i t h  m a t e r i a l s  ob ta ined  f rom va r i ous  

mar ine environments were ma in ta ined  as exper imenta l  t e s t  systems, and as sources 

of se l ec ted  m i c r o b i a l  s t r a i n s  i nvo l ved  i n  the  convers ion o f  k e l p  t o  mzthane. 

These smal l  (1.5 l i t e r  l i q u i d  volume) CSTRs* were charged w i t h  k e l p  d i l u t e d  w i t h  

a r t i f i c i a l  sea water ( I n s t a n t  Ocean) on a  3-t imes-per week schedule, w i t h  

performance be ing  moni tored by gas p roduc t ion ,  gas composi t ion and pH 

measurements. D igested s o l  i d s  ( g r a v i t y  s e t t l e d  f o r  20 minutes under iin atmosphere 

o f  f l o w i n g  n i t r o g e n  gas) were r e c y c l e d  w i t h  t h e  f eed  on a  20 percen t  ( V / V )  bas is .  

The k e l p  l o t s  u t i l i z e d  d u r i n g  t h i s  r e p o r t i n g  p e r i o d  were L o t  #48 (supplemented 

w i t h  mann i t o l  t o  g i v e  a  f i n a l  mann i t o l  concen t ra t i on  o f  18.58 percen t )  and L o t  #49 

(supplemented w i t h  amnonium c h l o r i d e  t o  g i v e  a C/N r a t i o  o f  13).  No a t tempt  was 

made t o  op t im i ze  performance d u r i n g  t h i s  per iod .  A l l  d i g e s t e r s  had p e r i o d i c  

w i thd rawa ls  of samples f o r  va r i ous  exper imenta l  purposes. Therefore,  ac tua l  gas 

p roduc t i on  da ta  was n o t  s i g n i f i c a n t  and i s  n o t  presented here in .  

*Cont i nuouny  s t i r r e d  Reactors 



A genera l  obse rva t i on  i s  wor th  no t ing ,  however. When k e l p  L o t  #49 was 

employed as a  feedstock,  t he  pH of t he  d i g e s t e r s  had t o  be c o n t r o l l e d  i n  t he  

ope ra t i ng  pH range of 6.7 t o  7.0 by t h e  a d d i t i o n  o f  sodium hydrox ide.  T h i s  i s  i n  

c o n t r a s t  t o  t h e  performance w i t h  L o t  #48 where t he  pH was r o u t i n e l y  i n  t h e  7.0 - 
7 . 1  range w i t h o u t  base add i t i on .  The reason f o r  t h i s  d i f f e r e n c e  may l i e  i n  t h e  

h igher  mann i t o l  con ten t  i n  L o t  #49 (24  percen t  vs. 18 percen t  i n  L o t  1148) which, 

i n  t u r n ,  may r e s u l t  i n  enhancement o f  ac idogenic  r e a c t i o n s  w i t h  a  c o n c o m i t a n t  

drop i n  pH. Th is  remains t o  be v e r i f i e d .  

DIGESTION TO COMPLETION 

The o b j e c t i v e  of these s t u d i e s  was t o  determine t h e  l i m i t a t i o n s  on t h e  

b i o l o g i c a l  degradat ion of k e l p  w i t h  t h e  purpose o f  maximiz ing t h e  e x t e n t  and r a t e  

of subs t ra te  convers ion t o  methane. 

Prev ious s tud ies  performed on s teady-s ta te  d i g e s t e r  e f f l u e n t s  (15-18 day 

h y d r a u l i c  r e t e n t i o n  t imes)  had shown incomplete  u t i l i z a t i o n  o f  severa l  o rgan ic  

components, p a r t i c u l a r l y  the  s t r u c t u r a l  polymers. Development o f  s t r a t e g i e s  f o r  

f u r t h e r  convers ion o f  these m a t e r i a l s  r e q u i r e s  t h a t  a  de te rm ina t i on  be made o f  t h e  

composi t ion of t he  r e s i d u a l  f r a c t i o n  a f t e r  cessa t i on  o f  methanogenesis. S tud ies  

o f  t h i s  k i n d  p r o v i d e  i n s i g h t  as t o  whether incomplete  degrada t ion  i s  a  f u n c t i o n  of 

t h e  a c t i v i t y  and r a t e  o f  t he  microorganisms invo lved .  

I n i t i a l  s t ud ies  were aimed a t  examining t h e  e x t e n t  o f  k e l p  degrada t ion  under 

long- term d i g e s t i o n  cond i t i ons .  Both CSTR and serum b o t t l e  techniques were 

employed as exper imenta l  veh i c l es .  CSTR u n i t s  were be ing  used t o  p r o v i d e  

s u f f i c i e n t  m a t e r i a l  t o  develop c o r r e l a t i o n  between gas y i e l d  da ta  and 

composi t iona l  changes d u r i n g  d i g e s t i o n  o f  k e l p  and a t  t h e  cessat 

methanogenesis. Serum b o t t l e  s t ud ies  exp lo red  t h e  e f f e c t  o f  va r  

i nc reas ing  u l t i m a t e  gas y i e l d s  and eva lua ted  p o s s i b l e  procedures 

methane p roduc t i on  a f t e r  i t  has ceased. 

i o n  of 

i ous  ad 'd i t i ves  on 

t o  r e i n i t i a t e  



I n  o rder  t o  address t h e  r e s i d u a l  composi t ion problem, f e e d  t o  an a c t i v e  1.5 

l i t e r  kelp-to-methane d i g e s t e r  was d iscon t inued .  Th i s  d i g e s t e r  had been charged 

w i t h  a r t  i f  i c i a l  seawater ( I n s t a n t  Ocean) d i l u t e d  k e l p  ( L o t  #48, supplemented t o  

18.5 d r y  weight  percen t  m a n n i t o l )  a t  a  l oad ing  of 0.1 pound v s / f t 3  on an 

a l t e rna te -day  b a s i s  and a r e t e n t i o n  t ime  o f  30 days. A 20 percen t  s e t t l e d  s o l i d s  

r e c y c l e  was a l so  i nco rpo ra ted  w i t h  the  feed. 

Gas measurements (gas volume and cornposi t i o n )  and d i g e s t e r  con ten t  samples 

were ob ta ined  a t  zero t i m e  and a t  r e g u l a r  i n t e r v a l s .  Analyses were perfcrmed t o  

determine t h e  pH, s o l  i d s  con ten t  ( t o t a l  s o l i d s  and v o l a t i l e  s o l  i d s ) ,  v o l a t i l e  

f a t t y  ac ids,  mann i to l ,  a l g i n  and f i b e r  con ten t  of these samples. A f t e r  a  p e r i o d  

o f  severa l  weeks, an apparent slow leak developed i n  t h e  gas c o l l e c t i o n  system. 

Attempts t o  l o c a t e  and r e p a i r  t he  leak  were unsuccessful ;  and a l though  no oxygen 

cou ld  be de tec ted  i n  t h e  system, t h e  methane concen t ra t i on  con t inued  t o  drop, and 

t h e  exper iment had t o  be te rm ina ted .  

Th is  exper iment has been redes igned t o  i n c l u d e  an assessment o f  inoculum 

source and temperature on d i g e s t i b i  1  i t y  (b iomethana t i  on) and i s  scheduled t o  be 

performed a t  a l a t e r  date.  

The o the r  aspect o f  t h i s  s tudy  i s  t o  a s c e r t a i n  whether t h e  r e s i d u e  rema in ing  

a f t e r  cessa t i on  o f  methanogenesis i s  b i o l o g i c a l l y  i n e r t ,  or ,  g i ven  t h e  proper  

organisms o r  n u t r i t i o n a l  fac to rs ,  i s  f u r t h e r  degradable. A sc reen ing  t e s t  was 

developed t o  eva lua te  c e r t a i n  n u t r i t i o n a l  aspects on long- term d i g e s t i o n .  These 

s tud ies  i nc l uded  bo th  p re -  and post -methanat ion cessa t i on  e f f e c t s .  A l though 

p rev ious  s h o r t  term s tud ies  (15-18 days) have shown no improvements i n  

b iomethanat ion by  n u t r i e n t  a d d i t i o n  (un less  n u t r i e n t  l i m i t e d ,  i.e., C/N > l ! j ) ,  l ong  

term c u l t u r i n g  cou ld  r e s u l t  i n  c e r t a i n  f a c t o r s  e i t h e r  be ing  dest royed o r  made 

unava i l ab l e  f o r  f u r t h e r  use. 



A s e r i e s  o f  serum b o t t l e  c u l t u r e s  were e s t a b l i s h e d  f rom an a c t i v e  k e l p  

d i g e s t e r  be ing  charged w i t h  N - supplemented k e l p  L o t  #49 d i l u t e d  w i t h  a r t i f i c i a l  

seawater. One se t  r ece i ved  no f u r t h e r  add i t i ons ,  w h i l e  t h e  second s e t  r e c e i v e d  

one o f  t he  n u t r i t i o n a l  supplements l i s t e d  i n  Table 12. Each s e t  was r l o n i t o r e d  f o r  

methane con ten t  u n t i l  gas p roduc t i on  ceased. A l l  c u l t u r e s  were then purged w i t h  

o2 - f r e e  n i t r o g e n  t o  remove a l l  t r a c e s  o f  methane f rom the  headspace. Those 

t h a t  had rece i ved  a d d i t i o n s  i n  t h e  f i r s t  phase were g iven  an i d e n t i c a i  

supplement . Those which had i n i  t i  a1 1y r ece i ved  no a d d i t i o n s  were a1 so cha l  lenged 

w i t h  supplements (except  c o n t r o l s ) .  The r e s u l t s  o f  t h e  f i r s t  phase a re  presented 

i n  Table  12. 

These data i n d i c a t e  t h a t  i n i t i  a1 n u t r i e n t  supplementat ion does no t  

s i g n i f i c a n t l y  i nc rease  long- term gas y i e l d s  f rom ke lp .  The s l i g h t l y  h i ghe r  l e v e l s  

ob ta ined  w i t h  c e r t a i n  a d d i t i o n s  a re  a  r e s u l t  o f  b iomethanat ion o f  the  a d d i t i o n .  

For example, a d d i t i o n s  o f  mann i t o l  a t  a  f i n a l  concen t ra t i on  o f  0.1 gm/l  should  

t h e o r e t i c a l l y  inc rease  gas y i e l d  by 3.0 percen t .  The ac tua l  va lue  found was 3.1 

percent ,  we1 1  w i t h i n  exper imenta l  e r r o r .  The inc rease  observed w i t h  t h e  a d d i t i o n  

of an a c e t o c l a s t i c  enr ichment can be a t t r i b u t e d  t o  t h e  consumption o f  the  r e s i d u a l  

ace ta te  and i s  n o t  due t o  any added m i c r o b i a l  a c t i v i t y ,  as t h e  non-v iab le  c u l t u r e  

gave e s s e n t i a l l y  t h e  same gas y i e l d s  as t h e  v i a b l e  c u l t u r e .  The s l i g h t  

s t i m u l a t i o n  by v i t am ins  and h i g h  concen t ra t i ons  o f  yeas t  e x t r a c t  may i n d i c a t e  some 

minor  n u t r i t i o n a l  requ i rements ,  bu t  t h i s  w i l l  have t o  be exp lo red  l a t e r .  

Phase 2 r e i n f o r c e d  t h e  r e s u l t s  ob ta ined  i n  t h e  f i r s t  p a r t  o f  these  

exper iments.  Whi le s l i g h t l y  h i ghe r  l e v e l s  o f  methane p r o d u c t i o n  were observed 

w i t h  c e r t a i n  add i t i ons ,  these inc reases  cou ld  be a t t r i b u t e d  t o  degradat ion o f  t h e  

n u t r i e n t  supplements. 



TABLE 12. EFFECT OF SELECTED SUPPLEMENTS ON EXTENDED BIOMETHANATION OF KELP 

N H O C l  (1 gm/l) + K HP04 (0.4 gm/l) 
2 

Yeast Extract (0.1 gm/l) 

Yeast Extract (0.5 grn/l) 

**Vitamin Solution (5 ml/1) 

Mannit01 (0.1 gm/l) 

Mamito1 (0.5 gm/l) 

X Change 
From Control-': 

Methanogenic Acetate Enrichment - 5% V/V 4-1.9.2 

Methanogenic Acetate Enrichment (killed) - 5% v/V 918.2 

Average of Replicate Samples 

3rJ; Wolin et al. (1963) -- 
- 

I t  thus appears t h a t  n u t r i e n t s  per - se are  p robab l y  no t  a  l i m i t i n g  f a c t o r  i n  

t h e  e x t e n t  o f  k e l p  d i g e s t i o n  (biornethanat ion) and t h a t  o t h e r  f a c t o r s  a re  

r e s t r i c t i n g  t h e  e x t e n t  o f  conversion. An a n a l y s i s  of t h e  r e s i d u a l  f r a c t i o n  as 

planned may p r o v i d e  i n f o r m a t i  on r ega rd i ng  these f ac to r s .  

M I X E D  CULTURE STUDIES 

Stud ies  o f  t h e  i n t e r a c t i o n s  between microorganisms a re  an impor tan t  f a c t o r  i n  

develop ing and c o n t r o l  1  i n g  b i  oconvers i  ons r e q u i r i n g  more than one m i c r o b i  a1 

spec ies ( i .e . ,  a food cha in ) .  React ions o f  a  s p e c i f i c  s t r a i n  a re  o f t en  ve ry  

d i f f e r e n t  when grown i n  co - cu l t u re ,  and i t  i s  these d i f fe rences  which can c o n t r o l  

t h e  r a t e  and e x t e n t  of degradat ion.  

I n i t i a l  s t u d i e s  were designed t o  i n v e s t i g a t e  s imp le  b i n a r y  m i x t u r e s  

c o n s i s t i n g  o f  ac idogenic  microorganisms (i .e., a l g i n o l y t i c ,  c e l l u l o l y ~ t i c )  and 

a c e t i c l a s t i c  methanogens, t hus  e s t a b l i s h i n g  food cha ins  i n  which a h i g h l y  

po lymer ic  carbohydrate  and o the r  k e l p  c o n s t i t u e n t s  are conver ted t o  methane. 



Two s t r a i n s  o f  ace ta te  u t  i 1 i z i  ng methanogens (ace t  i c l  a s t i c  methanclgens) were 

ob ta ined  f rom Dr. Robert  Mah, UCLA. These s t r a i n s  a re  members o f  t he  genus 

Methanosarc - i na ( S t r a i  ns 227 and W )  and were i s o l a t e d  f rom enr ichments developed 

from sewage sludge d i g e s t e r s  (Hyper ion waste t rea tment  f a c i l  i ty, E l  Segundo, 

C a l i f o r n i a ) .  These c u l t u r e s  were rece i ved  i n  l i q u i d  basal  media c o n t a i n i n g  

methanol as t h e  methanogenic subs t ra te .  

Due t o  t h e  f a c t  t h a t  t h e  non-methanogenic s t r a i n s  t o  be used i n  t t lese 

exper iments were o f  marine o r i g i n  and growing i n  media c o n t a i n i n g  3 percen t  NaC1, 

i t  was necessary t o  mod i fy  t h e  methanogenic growth medium t o  a l s o  c o n t a i n  3 

percent  NaC1. A f t e r  an i n i t i a l  l a g  per iod,  S t r a i n  227 grew w e l l  i n  t h e  presence 

o f  s a l t  w i t h  methanol as t h e  growth s u b s t r a t e  and was l i k e w i s e  adapted t o  grow 

r e a d i l y  i n  ca lc ium ace ta te  p l u s  NaC1. Al though we a l s o  have been ab le  t o  achieve 

good growth o f  t h i s  s t r a i n  i n  sodium a t e t a t e  ( F i g u r e  21), we have no t  tieen 

successful  i n  g e t t i n g  i t  t o  grow i n  sodium ace ta te  f o r t i f i e d  w i t h  NaC1. 

0 10 2 0 
Tfme - davs  

F i g u r e  21. Methanogenesis by Methanosarcina S t r a i n  227 Growing i n  Sodium Ace ta te  



S t r a i n  W, which grows on methanol and s l o w l y  on ca lc ium acetate ,  w i l l  no t  

grow i n  3 percen t  NaCl and adap ta t ion  exper iments i n  which t r a n s f e r  was made i n t o  

media w i t h  i nc reas ing  s a l t  concen t ra t i on  were unsuccessfu l .  A summary of t h e  

growth c h a r a c t e r i s t i c s  of these two s t r a i n s  i s  shown i n  Table  13. 

t o  adapt these 

i n i n g  s a l t  p r i o r  t o  mixed 

r e q u i r e d  

ium con ta  

These da ta  i n d i c a t e  t h a t  a d d i t i o n a l  work i s  

methanogenic s t r a i n s  t o  a  comp le te ly  s o l u b l e  med 

c u l t u r e  s t ud ies  (see Note 1). 

Other a c e t i c l a s t i c  methanogens a re  a c t i v e l y  be ing  so 

f rom marine environments. Ace ta te  u t i l i z i n g  methanogenic 

ught ,  p a r t i c u l a r l y  those 

enr ichments developed 

from k e l p  d i g e s t e r s  (marine inoculum),  a long w i t h  d i g e s t e r  e f f l u e n t  samples, were 

forwarded t o  D r .  Mah. From those sources, Dr. Mah has i n d i c a t e d  t h a t  he has 

i s o l a t e d ,  and i s  now c h a r a c t e r i z i n g ,  severa l  new s a l t - t o l e r a n t  methanogenic 

s t r a i n s  which w i l l  be u t i l i z e d  i n  t h i s  c u l t u r e  development study. 

FOOD CHAIN STUDIES 

Prev ious e f f o r t s  on t he  i s o l a t i o n  o f  mann i to l  degrading microorganisms i n  

marine de r i ved  anaerobic d i g e s t i o n  systems have been repor ted .  These organisms 

TABLE 13. COMPARISON OF GROWTH OF TWO METHANOSARCINA STRAINS 

*Growth as measured by methane product ion i n  nedim of 
mh 2. 

+ = Growth; - = No growth 
Note 1: M i x t u r e o f  ca lc ium ace ta te  medium w i t h  a l g i n a t e  medium w i l l  r e s u l t  i n  t he  

f o rma t i on  o f  i n s o l u b l e  ca lc ium a lg i na te ,  t h a t  w i l l  p r e c i p i t a t e  from t h e  
medium and l i m i t  i t s  a v a i l a b i l i t y .  



were found t o  be m a i n l y  c l o s t r i d i a l - l i k e  i n  morphology w i t h  some p roduc ing  

spores. These r e p o r t s  a l so  descr ibed  a  Cytophaga sp. which appears t o  be t he  

major a l g i n a t e - u t i l i z i n g  organism i n  these systems. We have f u r t h e r  examined t h i s  

species and have found t h a t  i t  w i l l  a l s o  u t i l i z e  mann i t o l  as a  growth subs t ra te .  

Experiments were es tab l i shed  t o  determine how t h e  presence o f  a  r e a d i l y  s o l u b l e  

methanogenic subs t ra te  such as mann i to l ,  a f fec ts  t he  u t i l i z a t i o n  (degrada t ion )  o f  

a l g i n  by t h i s  spec ies.  C e l l s  were grown i n  a  ba t ch  mode i n  a  de f i ned  medium w i t h  

e i t h e r  a l g i n  (0.25%, W / V )  o r  a l g i n  (0.25%) + mann i to l  (0.25%) as growth 

subs t ra tes .  Samples were taken a t  va r i ous  t ime  i n t e r v a l s  f o r  measurement o f  

growth ( o p t i c a l  d e n s i t y  a t  650 nrn) and a n a l y s i s  o f  subs t ra tes  ( a l g i n  and 

mann i t o l ) .  F i g u r e  22 shows t h e  r e s u l t s  o f  t h i s  growth study. A l g i n  degrada t ion  

was n e a r l y  i d e n t i c a l  i n  t h e  presence o r  absence o f  mann i t o l  - bo th  i n  terms o f  t he  

t ime p r o f i l e  and e x t e n t  o f  u t i l i z a t i o n  (-95%). Decrease i n  o p t i c a l  d e n s i t y  a f t e r  

80 hours i s  due t o  c e l l  l y s i s .  The corresponding mann i t o l  consumption curve  i s  

shown i n  F i g u r e  23. I n  add i t i on ,  t h e  growth curves were v e r y  s i m i l a r ,  t h e  o n l y  

d i f f e rence  being, as a n t i c i p a t e d ,  t h e  h i ghe r  c e l l  y i e l d  ob ta ined  because more 

s u b s t r a t e  i s  a v a i l a b l e  i n  t h e  a l g i n  + mann i t o l  medium. The i n i t i a l  disappearance 

of a l g i n  before n o t i c e a b l e  growth was p robab ly  due t o  ve r y  a c t i v e  a l g i nase  

a c t i v i t y  i n t r oduced  w i t h  t h e  inoculum. 

The r e s u l t s  of these ba tch  f e rmen ta t i on  s t u d i e s  i n d i c a t e  t h a t  a l g i n  

degradat ion i s  apparen t l y  una f fec ted  by t h e  presence, and simultaneous consumption 

of mann i t o l .  C e l l  growth r a tes ,  a l g i n  breakdown r a t e s  and t o t a l  amount, o f  a l g i n  

u t i l i z e d  were t h e  same i n  bo th  cases. I t  should  be noted t h a t  t h e  m a n r ~ i t o l  

concen t ra t i on  employed (0.25%, W/V) i s  r o u g h l y  e q u i v a l e n t  t o  t he  c o n c e r ~ t r a t i o n  o f  

mann i to l  expected i n  a  d i g e s t e r  be ing  f e d  a t  a  maximum loading.  I t  migh t  be 

expected, t he re fo re ,  t h a t  a l g i n o l y t i c  a c t i v i t y  i n  k e l p  d i g e s t e r  systems i s  a l s o  

una f f ec ted  by t h e  mann i t o l  con ten t  o f  t h e  ke lp ,  p a r t i c u l a r l y  s i nce  t h e r e  a re  many 
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other  microorganisms competing f o r  manni t o1  and t h e  ac tua l  s teady-s ta te  l e v e l  of 

t h i s  compound i s  p robab ly  much lower.  Th is ,  o f  course, must be v e r i f i e d .  

PARTICULATE STUDIES 

Prev ious da ta  generated i n  t h i s  l abo ra to r y ,  as we11 as i n  those  o f  o thers ,  

i n d i c a t e  t h a t  s i g n i f i c a n t  improvements i n  methanogenic a c t i v i t y  cou ld  be r e a l i z e d  

by c u l t u r i n g  methanogens on p a r t i c u l a t e  m a t e r i a l s .  I n  t h i s  manner, t h e  nethane 

genera t ion  r a t e ,  which i s  dependent upon t h e  number o f  methanogenic b a c t e r i a  i n  

the  system, i s  maximized as these b a c t e r i a  a re  concen t ra ted  and no t  washed o u t  i n  

f 1 owi ng systems. 

Many f a c t o r s  are i nvo l ved  i n  t h i s  attachment process. I t  i s  t h e  ob, ject ive o f  

t h i s  research t o  d e f i n e  these growth and adherence phenomena, bo th  i n  teinms o f  t h e  

i n d i v i d u a l  b a c t e r i a l  species, and the  p a r t i c l e  type.  

An impor tan t  parameter i n  s t ud ies  o f  t h i s  na tu re  (and a l s o  i n  mixed c u l t u r e  

s t ud ies )  i s  t o  a s c e r t a i n  t h e  concen t ra t i on  o f  v i a b l e  c e l l s  p resen t  as a  f u n c t i o n  

o f  process s ta tus  ( o r  as a  f u n c t i o n  o f  t o t a l  popu la t ions ,  e t c . )  Many techniques 

are a v a i l  ab le  t o  determine c e l l  numbers (m ic roscop ic  counts,  p l a t i n g ,  e t c . ) ,  b u t  

these methods are no t  s u i t a b l e  f o r  use w i t h  p a r t i c u l a t e  mat te r .  

An approach t o  t h i s  problem, which i s  be ing  i n v e s t i g a t e d  i n  t h i s  program, i s  

t o  at tempt t o  u t i l i z e  t h e  f a c t  t h a t  methanogens have a unique co - f ac to r ,  Fac to r  

420 (F420), which i s  a  component of t h e i r  e l e c t r o n  t r a n s p o r t  system. Not o n l y  

i s  t he  compound unique t o  methanogens ('1, bu t  i t  has been found i n  a l l  

methanogens descr ibed t o  date. C o r r e l a t i o n  of t h i s  component w i t h  c e l l  n l~mbers 

would p rov i de  a d i r e c t  measurement of t he  methanogenic popu la t i on  a t tachet l  t o  

p a r t i c u l a t e s  o r  i n  mixed c u l t u r e s .  T o t a l  p o p u l a t i o n  counts can r e a d i l y  be 

determined u s i n g  an ATP ana l ys i s  ( L u c i f e r i n - L u c i f e r a s e  r e a c t i o n ) .  

FQO has r e c e n t l y  been found i n  t h e  non-methanogen, Streptomyces r i s e u s  
bu t  t h i s  organism i s  an aerobe and does no t  f u n c t i o n  under con +-, I t i o n s  
conducive t o  methanogenesis (Eker e t  a1 FEMS L e t t e r s  8:161-165, 1980). - -* - 



A sample of p u r i f i e d  F420 ob ta ined  f rom D r .  J. G .  Ferry ,  Anaerobe 

Labora to ry  VPI, was used t o  v e r i f y  a  F420 e x t r a c t i o n  technique descr ibed  by 

De la fon ta i ne  -- e t  a l l  3 and t o  e s t a b l i s h  s tandard values. Emission and e x c i t a t i o n  

spec t ra  of Pure F420 i n  I N  NaOH, as ob ta ined  us i ng  an H i t a c h i - P e r k i n  Elmer 

Fluorescence Spectrophotorneter, a re  shown i n  F i g u r e  24. The e x c i t a t i o n  maximum i s  

a t  420 nm, and t h e  ernisslon maximum i s  a t  464 nm. Less than  1 x gramslml 

i s  r e a d i l y  de tec tab le  us i ng  t h i s  technique, making i t  as s e n s i t i v e  as, i f  no t  more 

s e n s i t i v e  than, t he  ATP a n a l y s i s  technique.  

Stud ies t o  determine t h e  concen t ra t i on  of F420 per  c e l l ,  and t h e  t : f f e c t  o f  

growth c o n d i t i o n s  on t h i s  concen t ra t ion ,  a re  be ing  conducted. I n i t i a l  e f f o r t s  

were conducted w i t h  Methanosarcina S t r a i n  227 growing on methanol. A comparison 

of F420 w i t h  o p t i c a l  d e n s i t y  (650 nm), as shown i n  F i g u r e  25, i n d i c a t e d  t h a t  

i s  growth r e l a t e d ,  b u t  does n o t  c o r r e l a t e  w i t h  o p t i c a l  d e n s i t y  - - se. 

T h i s  i s  no t  unexpected, however, as o p t i c a l  d e n s i t y  i s  a  measure o f  bo th  v i a b l e  

and non -v i ab le  c e l l s .  T o t a l  c e l l  count becomes h igher  than  v i a b l e  count  as t h e  

c u l t u r e  ages. 

A t  t h e  p resen t  t i m e  t h e  Most Probable Number (MPN)* technique i s  be ing  

eva lua ted  as a  means o f  e s t i m a t i n g  v i a b l e  c e l l  counts. Ac tua l  counts  determined 

by t h i s  procedure may be low due t o  t h e  f a c t  t h a t  Methanosarcina s t r a i n s  do n o t  

grow as s i ng le ,  i s o l a t e d  c e l l s ,  b u t  r a t h e r  as v a r i o u s l y  s i zed  c l u s t e r s  o f  a t tached  

c e l l s  which a re  n o t  r e a d i l y  d i ssoc ia ted .  

ADDITIONAL STUDIES 

Autoc laved ( S t e r i l i z e d )  Kelp  as a  Subs t ra te  

A l though many s tud ies  have been conducted us i ng  pure m i c r o b i a l  i s o l a t e s  

growing on "pure"  subs t ra tes ,  no e f f e c t  t o  da te  has been made t o  examinie t h e  

De la fon ta i ne  -- e t  a l .  (B i o techno l  L e t t e r s  - 1:71-73, 1979) 

*Standard Methods f o r  t h e  Examinat ion o f  Water and Waste-water APHA 13t11 Ed. 1971. 
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growth and subs t ra te  u t i l i z a t i o n  o f  pure s t r a i n s  growing on ke lp .  I n  o rde r  t o  

accompl ish t h i s ,  i t  i s  necessary t o  des t roy  t h e  m i c r o b i a l  p o p u l a t i o n  n a t u r a l l y  

assoc ia ted  w i t h  t h e  biomass. S t e r i l i z a t i o n  o f  k e l p  by au toc l av i ng  i s  il convenient  

procedure, b u t  some a l t e r a t i o n  of t h e  biomass can be expected; t h e  ques t i on  be ing  

t o  what e x t e n t ?  One measure o f  " f i t n e s s "  o f  autoc laved k e l p  as a  mode: " n a t u r a l "  

subs t ra te  would be i t s  c o n v e r t i b i l i t y  t o  methane. A comparat ive b ioassay o f  raw 

and s t e r i l i z e d  k e l p  (15 P S I ,  121°C, 15 minutes)  was performed us i ng  ke:p 

d i g e s t e r  e f f l u e n t  as an inoculum. Methane y i e l d s  f o r  raw and autoc laved k e l p  were 

3.09 SCF/lb. VS and 3.18 SCF/lb. VS, r e s p e c t i v e l y ,  i n d i c a t i n g  l i t t l e  i f  any change 

i n  d e g r a d a b i l i t y  by t h i s  t reatment .  Autoc laved k e l p  thus  may be used i ls a  t e s t  

subs t ra te  f o r  pure c u l t u r e  s t ud ies .  

P r e l i m i n a r y  exper iments i n d i c a t e  t h a t  t h e  a l g i n o l y t i c  C y t o p h a s  sp. w i l l  grow 

i n  autoc laved k e l p  + a r t i f i c i a l  seawater, b u t  da ta  on a l g i n  and n a n n i t o l  

consumption a re  n o t  a v a i l a b l e .  



SUMMARY OF ACTIVITIES 

SEPTEMBER 1, 1980 TO DECEMBER 31, 1980 

BASELINE DIGESTERS 

A l l  base l i ne  d i g e s t e r s  were conver ted t o  an u n d i l u t e d  feed  regime a t  a  

cont inued l oad ing  o f  - 0.1 1b. v s / f t 3 .  Th is  e f f e c t i v e l y  increased t he  d e t e n t i o n  

t ime t o  - 100 days. D i f f i c u l t i e s  i n  c o n t r o l l i n g  pH developed and gas p r o d u c t i o n  

performance d e t e r i o r a t e d .  

I n  p repa ra t i on  f o r  Temperature/Inoculum e v a l u a t i o n  s tud ies ,  two a d d i t i o n a l  

d i g e s t e r s  were e s t a b l  ished w i t h  e f f l u e n t  f rom IGT1s base1 i n e  d i g e s t e r  ( sewage 

inoculum).  These were charged as above and appeared t o  s u f f e r  f rom the  same pH 

c o n t r o l  and g a s i f i c a t i o n  problems. 

The feedstock f o r  a l l  d i g e s t o r s  was swi tched f rom k e l p  L o t  #49 t o  L o t  #53-1 

i n  mid December. The d i g e s t e r s  began g r a d u a l l y  r e t u r n i n g  t o  a  s a t i s f a c t o r y  

performance. 

E f f l u e n t  f rom these d i g e s t e r s  w i l l  be used as i n o c u l a  f o r  d i g e s t i b i l i t y  

s tud ies ,  and f o r  t h e  temperature/ inoculum exper iments.  

MIXED CULTURE STUDIES (Methanogenic S t r a i n s )  

A new s a l t  t o l e r a n t  (3% NaC1) Methanosarcina s t r a i n  i s o l a t e d  by Dr. Rober t  

Mah from mater i a1 s  p rov ided  by t h i s  1  abo ra to r y  has been rece ived.  Pre l . iminary  

eva lua t i ons  o f  t h i s  s t r a i n  i n d i c a t e  t h a t  i t  grows r e a d i l y  i n  methanol, and i n  

ca lc ium acetate ,  b u t  o n l y  ve r y  s l o w l y  i n  sodium acetate .  As a  r e s u l t ,  i t  may have 

a  l i m i t e d  va lue i n  mixed c u l t u r e  s tud ies .  A d d i t i o n a l  mar ine de r i ved  s t r a i n s  a re  

expected s h o r t l y .  

PARTI CULATE STUD1 ES (F420/~TP Stud ies )  

I n i t i a l  a t tempts  t o  c o r r e l a t e  F420 and ATP w i t h  v i a b l e  counts o f  

Methanosarcina have been completed. These da ta  i n d i c a t e  an average of 2 x 

gm ATP per  methane f o rm ing  u n i t  ( c e l l ? ) ,  which i n c l u d e  recovery  losses  ( t o  be 



determined),  and i s  c o n s i s t e n t  w i t h  l e v e l s  found i n  o the r  b a c t e r i a l  c e l l s .  F420 

l e v e l s  average 1 x gm per methane fo rming  u n i t .  Due t o  t he  f a c t  t h a t  

Methanosarcina grows i n  c l u s t e r s  r a t h e r  than as i s o l a t e d  s i n g l e  c e l l s ,  ac tua l  

values per c e l l  cannot be determined. I t  t h e r e f o r e  becomes more app rop r i a t e  t o  

c o r r e l a t e  t h e  F420 and ATP l e v e l s  o f  these organisms w i t h  methanogenic 

co lony- fo rming  u n i t s .  V a r i a t i o n s  i n  t h e  l e v e l s  o f  these two components as t h e y  

r e l a t e  t o  t h e  p h y s i o l o g i c a l  s t a t e  o f  t he  microorganism w i l l  be i n v e s t i g a t e d .  

TEMPERATURE/INOCULUM STUDIES 

I n  p repa ra t i on  f o r  a  comparat ive e v a l u a t i o n  o f  marine de r i ved  and sewage 

de r i ved  i n o c u l a  f o r  t h e  b iomethanat ion o f  ke l p ,  and f o r  an e v a l u a t i o n  o f  methane 

y i e l d s  ach ievab le  a t  ambient temperature w i t h  those a t  3 7 O ~ ,  f o u r  1 0 - l i t e r  CSTR 

r e a c t o r s  are be ing  cons t ruc ted .  The design o f  these r e a c t o r s  i s  t h e  same as t h a t  

used by IGT fo r  t h e i r  s t ud ies .  D iges te r  c u l t u r e s  a re  be ing  read ied  f o r  t h i s  

exper imenta l  eva lua t ion .  Both types o f  c u l t u r e s  w i l l  a l s o  be u t i l i z e d  t o  assess 

long  term d i g e s t i b i l i t y  and r e c a l c i t r a n t  f r a c t i o n s .  
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5.3.1 ISOLATION AND PURE CULTURE WORK ON ACETATE-USING METHANOGENS FROM KELP 

INTRODUCTION 

One of t h e  key r e a c t i o n s  i n  t h e  b ioconvers ion  area which has no t  a3s y e t  been 

f u l l y  de f i ned  i s  t he  anaerobic convers ion o f  ace ta te  t o  methane and carbon 

d i ox i de .  The i s o l a t i o n  and c h a r a c t e r i z a t i o n  o f  t h e  n u t r i t i o n a l  and p h y s i o l o g i c a l  

r e q u i  rements f o r  growth and ace ta te  methanogenesis by these  organisms i s  c r u c i  a1 

t o  t h e  improved a p p l i c a t i o n s  f o r  methane format ion by p roduc t i on  sca le  fermentors .  

The p r ima ry  o b j e c t i v e  o f  t h i s  i s o l a t i o n  and pure c u l t u r e  work task  by ERG i s  

t o  i s o l a t e ,  cha rac te r i ze ,  adapt and p reserve  ace ta te -us ing  methanogens f o r  f u r t h e r  

s t ud ies  which w i l l  l ead  t o  an unders tanding o f  t h e  f e rmen ta t i on  processes i n v o l v e d  

i n  t he  anaerobic convers ion of ace ta te  t o  methane and carbon d i ox i de .  

To t h i s  end, ERG rece i ved  two k e l p  i n o c u l a  samples f r om  Dr. John F o r r o  of t h e  

General E l e c t r i c  Company which were t o  serve as a  source f o r  t he  i s o l a t i o n  o f  

a c e t i c l a s t i c  methanogens. One was an ace ta te  enr ichment inoculum ob ta ined  f rom a  

k e l p  d i g e s t e r  and subsequent ly  c a r r i e d  th rough  severa l  enr ichment t r a n s f e r s .  The 

o the r  was f rom a  k e l p  d i g e s t e r  ma in ta ined  by Dr. Forro .  

The anaerobic media used f o r  growing these methanogens were prepared 

accord ing t o  t h e  usual  Hungate method I ,  w i t h  t h e  two media composi t ion be ing  

m o d i f i e d  t o  i n c l u d e  a  h i ghe r  concen t ra t i on  o f  NaCl and KC1 i n  o rde r  t o  s imu la te  

t he  s a l t  con ten t  o f  the  inocu la .  The composi t ion o f  t he  two media are as fo l l ows :  

IT R o l l  Tube Methods f o r  S t r i c t  Anaerobes. Methods i n  M i c rob io l ogy  Vol . 3B. 
J.R. N o r r i s  and D.H. Ribbons (eds) Academic Press N. York 1969. 



Medium I Medium I 1  

NH4C 1 1.0 g  NH4C1 1.0 g  

K2~PO4'3H20 0.4 g  K2HP04 '3H20 0.4 g  

MgC12*6H20 0.1 g  MgCl2'6H20 0.1 g  

Yeast E x t r a c t  2.0 g  Yeast E x t r a c t  2.0 g  

T r y p t i  case 2.0 g  T r yp t i case  2.0 g  

KC 1 

Na Acetate  

Cys te i  ne 

15.0 g  NaCl 

6.8 g Ca Ace ta te  

0.5 g  Cys te i  ne 

0.1% resazur  i n 1.0 ml 0.1% r e s a z u r i n  1.0 ml 

Tap Mat er 1000 m l  Tap water 1000 m l  

Both media were ad jus ted  t o  pH 6.7 and dispensed i n  50 ml a l i q u o t s  be fo re  

au toc lav ing .  The f o l l o w i n g  were added j u s t  p r i o r  t o  i n o c u l a t i o n :  

0.5 m l  1% Naps 

0.5 rnl 1% C a C 1 2 * 2 ~ 2 ~  

0.25 rnl 10% MeOH 

The i n o c u l a  were d i l u t e d  s e r i a l l y  i n t o  r o l l - t u b e  media, incubated a t  3 7 O ~ ,  

and a c e t i c l a s t i c  co l on ies  p resumpt ive ly  i d e n t i f i e d  by t h e i r  c h a r a c t e r i s t i c  

appearance o f  c o l o r ,  s i ze ,  and shape (and l a t e r ,  i n  o l d e r  co lon ies ,  o f  ca lc ium 

carbonate p r e c i p i t a t i o n ) .  Several  l i k e l y  c o l o n i e s  were p i cked  and t r a n s f e r r e d  

a f t e r  t h r e e  weeks o f  i ncuba t ion .  From these, pure c u l t u r e s  were i s o l a t e d  a f t e r  

approx imate ly  t e n  success ive t r a n s f e r s ,  each r e q u i r i n g  " p i c k i n g "  o f  an i s o l a t e d  

co lony  and i n o c u l a t i o n  i n t o  f r e s h  r o l l  tube media f o l l o w e d  by i ncuba t i on  a t  3 7 ' ~  

f o r  10-20 days. 

Three pure c u l t u r e s  o f  a c e t i c l a s t i c  methanogens were ob ta ined  by these 

methods. A l l  t h r e e  organisms were o f  t h e  Methanosarcina type. The f i r s t  i s o l a t e  

was a  slow growing organism which r e q u i r e d  NaC1, grew p o o r l y  on Sodiua acetate ,  



bu t  grew w i t h o u t  d i f f i c u l t y  on ca lc ium acetate .  The second i s o l a t e  was a gas 

vacuola ted pseudosarc ina o r i g i n a l l y  i s01  ated i n  medium c o n t a i n i n g  t h e  composi t ion 

of Medium I1 supplemented w i t h  33 percen t  s ludge supernatant.  On subsequent 

c u l t u r e  t r a n s f e r ,  t h e  s ludge supernatant  was e l i m i n a t e d  f rom t h e  medium. A l though 

t h e  i s o l a t e  grew adequate ly  on t h i s  medium, i t  l o s t  t h e  c h a r a c t e r i s t i c  f o r  gas 

vacuole  fo rmat ion .  I t  seems l i k e l y  t h a t  t h e  gene t i c  t r a i t  f o r  gas vacuole  

f o rma t i on  may depend, f o r  phenotyp ic  expression, on some unknown f a c t o r ( s )  p resen t  

i n  t h e  s ludge supernatant .  The t h i r d  i s o l a t e  i s  a  Methanococcus mazei t ype  o f  

pseudosarcina, - e x h i b i t i n g  p a r t  o f  t h e  l i f e  c y c l e  o f  ou r  p rev i ous  i s o l a t e s ,  b u t  

d i f f e r i n g  i n  t h a t  i t  r e q u i r e s  a  h i g h  s a l t  concen t ra t i on  f o r  op t ima l  growth. 

The slow-growing, NaC1-requi r ing organism and t h e  KC1- requ i r ing  organism have 

bo th  been sent  t o  John F o r r o  f o r  f u r t h e r  exper imenta l  work. 
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5.4 CONVERSION PROCESS DEVELOPMENT 

The i n i t i a l  o b j e c t i v e  o f  IGT 's  e f f o r t  i n  Conversion Process Development i s  t o  

op t im i ze  t h e  anaerobic d i g e s t i o n  process f o r  p roduc ing  methane f r om ke lp .  Toward 

t h i s  o b j e c t i v e ,  near- term goa ls  have been developed and t h e  performance o f  an 

on-going comprehensive research program on t h e  anaerobic d i g e s t i o n  o f  k e l p  i s  i n  

progress.  These goals ,  d i r e c t e d  toward achievement o f  t h e  p r o j e c t  o b j e c t i v e  are 

as f o l l o w s :  

0 Eva lua t i on  o f  t he  performance o f  k e l p  under conven t iona l  base l i ne  

c o n d i t i o n s  o f  anaerobic d i g e s t i o n  

0 Opt im i za t i on  o f  methane y i e l d s  and p roduc t i on  r a t e s  by: 

- i d e n t i f i c a t i o n  o f  f a c t o r s  t h a t  a f f e c t  methane y i e l d s  and p r o d u c t i o n  

r a t e s  

- i n v e s t i g a t i o n  o f  unconvent iona l  d i g e s t e r  systems 

- eva lua t i on  o f  ope ra t i ng  c o n d i t i o n s  

r Deve 1 opment o f  process des i gn 

Al though t h e  o v e r a l l  p r o j e c t  o b j e c t i v e  and near- term goa ls  remain unchanged, 

t he  s p e c i f i c  o b j e c t i v e s  o f  i n d i v i d u a l  c o n t r a c t  pe r i ods  have been m o d i f i e d  as 

r e q u i r e d  by budgetary  c o n s t r a i n t s .  The r e s u l t s  o f  t h i s  s tudy  w i l l  be implemented 

i n  t he  design, c o n s t r u c t i o n  and ope ra t i on  o f  l a rge -sca le  b iomethanat ion systems 

under t h e  management o f  IGT. 

D iges te r  Design and Opera t ion  

S ix teen  d i g e s t e r s  were con t inued  i n  ope ra t i on  o r  i n i t i a t e d  d u r i n g  t h i s  r e p o r t  

pe r iod .  An o u t l i n e  of each d i g e s t e r  and i t s  mode o f  ope ra t i on  o r  s t a t u s  d u r i n g  

t he  c u l t u r e  maintenance o r  process development p r o t o c o l s  o f  t h i s  r e p o r t  p e r i o d  i s  

presented i n  Table 14. These d i g e s t e r s  r ece i ved  u n d i l u t e d  o r  f r eshwa te r - . d i l u t ed  

ke lp ,  depending upon t h e  spec if i c  o b j e c t i v e  o f  each exper iment,  



TABLE 14. DIGESTER OPERATION DURING CULTURE MAINTENANCE AlVD 
PROCESS DEVELOPMENT PROTOCOLS 

Run 
No. - 

4 1  

4 2 

43 

44 

39 

8 

13 8 

136 

13 9 

14 0 

5 0 

5 1 

5 2 

5 3 

5 4 

0 0 

Diges te r  
- Type 

10-R CSTR 

10-11 CSTR 

10-2 CSTR 

10-1 CSTR 

10-1 CSTR 

1.5-R CSTR 

1.5-11 CSTR * 
1.5-R TR 

1.5-11 TR 

1.5-2 TR 

50-R CSTR 

10-R BF 

5-R UFSB 

5-R EBR 

5-11 PBR 

50-11 drum 

Operat ion During Cul ture  
Maintenance P ro toco l s  

Maintenance 

Maintenance 

Maintenance 

Maintenance/kelp l o t  eva lua t ion  

Maint enance/Autof eeder  

~ a i n t e n a n c e / m a n n i t o l  s t u d i e s  

~ a i n t e n a n c e  /mannit01 s t u d i e s  

Inoculum G 

I n o c u l m  H 

Inoculurn A 

Construction/maintenance 

Construct im/rnaintenance 

Design 

Design 

Design 

Stock Cul ture  

Operat ion During Process  
Development P ro toco l s  

D i a l y s i s  eva lua t ion  

Acid-phase operat  ion  

Basel ine f o r  BE3 

Basel ine system 

Maintenance/Autof eeder  

Mannitol s t u d i e s  

Mannit 01 s t u d i e s  

Inoculurn G 

I n o c u l m  H 

I n o c u l m  A 

Basel ine  f o r  UFSB 

Shakedown/Operat ion  

Construct ion/Operat ion 

ConstructionlShakedown 

Cmst ruc t  ion/Shakedown 

Stock Culture 

* 
TR-non-st i r r e d  tank  r e a c t o r .  



Unless o therw ise  spec i f i ed ,  a l l  o f  the  severa l  types o f  d i g e s t e r  u n i t s  used 

were operated a t  35O~ ,  w i t h  gases c o l l e c t e d  and measured by displacement o f  an 

a c i d - s a l t  s o l u t i o n  f rom c a l i b r a t e d  gas bure t tes ,  and were f e d  d a i l y .  One d i g e s t e r  

t ype  (Runs 8 and 138) cons i s t ed  o f  P l e x i g l a s s  CSTR u n i t s  w i t h  a  c u l t u r e  volume o f  

1.5 l i t e r s  t h a t  were shaken con t i nuous l y  a t  approx imate ly  130 rpm by  us i ng  a New 

Brunswick g y r a t o r y  shaker, and incubated i n  a  t h e r m o s t a t i c a l l y - c o n t r o l l e d  

environmental  chamber. Another CSTR d i g e s t e r  t y p e  (Runs 41, 42, 43, 43 and 39) 

had a c u l t u r e  volume of 10 l i t e r s ,  was ma in ta ined  a t  a  cons tan t  temperature w i t h  

hea t i ng  tape connected t o  a  temperature c o n t r o l l e r ,  and was mechan i ca l l y  mixed. 

Other d i ges te r s ,  t oge the r  w i t h  gas c o l l e c t i o n  devices,  autofeeders ,  and suppo r t i ve  

equipment, are  d iscussed be1 ow. 

Table 15 shows t he  a n a l y t i c a l  schedule employed f o r  maintenance- leve l  

d i g e s t e r  opera t ion .  The f requency o f  o p e r a t i o n a l  analyses was reduced d u r i n g  t h e  

c u l t u r e  maintenance phase, w i t h  f eed  s l u r r y  and e f f l u e n t  samples s t o r e d  f o r  f u t u r e  

ana lys is ,  and t h e  normal schedule was resumed d u r i n g  t h e  process development 

p r o t o c o l .  

A n a l y s i s  F requency  

TABLE 15. ANALYTICAL SCHEDULE FOR DIGESTER OPERTION* 

Gas P r o d u c t i o n  Measurement 

D i g e s t e r  Temperature 

D i g e s t e r  E f f l u e n t  pH 

V o l a t i l e  Acids  

Gas Cornposit ion  

C o n d u c t i v i t y  

A l k a l i n i t y  

D a i l y  

D a i l y  

D a i l y  

Weekly 

Weekly 

Weekly 

Bi-Weekly 

* 
A l l  methods used a s  d e s c r i b e d  i n  t h e  Annual R e p o r t ,  
P r o j e c t  6118,  February  1978. 

Three c u l t u r e s  were eva luated as sources o f  inocu lum f o r  t h e  anaerob ic  

d i g e s t i o n  o f  ke l p .  These c u l t u r e s ,  ob ta ined  f rom d i f f e r e n t  sources, a re  r e f e r r e d  



t o  as i n o c u l a  A, G, and H. Inoculum A, o r i g i n a l l y  d e r i v e d  f r om a  m i x t u r e  of 

e f f l u e n t s  from an IGT p i l o t - s c a l e  d i g e s t e r  t h a t  was r e c e i v i n g  mun i c i pa l  s o l i d  

waste/sewage sludge and from a  mun ic ipa l  h i g h - r a t e  d i g e s t e r ,  has been g r a d u a l l y  

conver ted t o  as - rece ived  raw k e l p  under a  v a r i e t y  o f  ope ra t i ng  c o n d i t i o n s .  Th i s  

inoculum i s  c u r r e n t l y  used f o r  most o f  t h e  exper imenta l  work r epo r t ed  on t h i s  

p r o j e c t .  Inoculum G was developed a t  room temperature f rom anaerobic mar ine 

sediment r ece i ved  f rom Ke rckho f f  Marine Laboratory .  Dur ing  t h e  i n i t i a l  p e r i o d  o f  

development, the  d i g e s t e r  r ece i ved  sodium ace ta te  and u n d i l u t e d  ke lp .  The feed  

was g r a d u a l l y  conver ted t o  u n d i l u t e d  raw k e l p  alone a f t e r  t h e  successful  

development o f  inoculum. Inoculum H was developed a t  room temperature f rom t h e  

anaerobic marine sediment c o l l e c t e d  i n  Newport Harbor, C a l i f .  I n  t h e  beginn ing,  

t he  d i g e s t e r  r ece i ved  a  m i x t u r e  o f  sodium acetate ,  sodium formate,  and yeas t  

e x t r a c t .  La te r ,  i t  rece i ved  i nc reas ing  pu lses o f  u n d i l u t e d  raw k e l p  and m ix tu res  

o f  sodium ace ta te  and sodium formate. F i n a l l y ,  t he  feed  was conver ted  t o  

u n d i l u t e d  raw k e l p  alone. 

Raw k e l p  was used i n  a l l  d i g e s t e r  runs  d u r i n g  t h i s  t ime  pe r i od .  Ke lp  was 

e i t h e r  commerc ia l ly  harvested i n  southern C a l i f o r n i a  o r  harvested by t h e  Western 

Regional  Research Center (WRRC), then  d ra i ned  o f  phys i ca l  water,  chopped, ground, 

and f r ozen  p r i o r  t o  use. 

D iges te r  Design and Techniques Study 

I n  o rder  t o  improve t he  l oad ing  r a t e s  and methane y i e l d s  by u t i l i z i n g  

i n n o v a t i v e  d i g e s t e r  designs as combined o r  as two-phase systems, fou r  

unconvent iona l  d i ges te r s ,  b a f f l e - f l o w ,  up f low s o l i d s  b lanke t ,  expanded bed, and 

packed-bed - were se lec ted  f o r  p r e l i m i n a r y  concept and process eva lua t i on .  

Emphasis was p laced on r e t a i n i n g  t he  organisms i n  the  r e a c t o r  and m a i n t a i n i n g  low 

h y d r a u l i c  r e t e n t i o n  t imes. Table 16 o u t l i n e s  some o f  t h e  schemes under 

c o n s i d e r a t i o n  i n  t h i s  program and p a r t i c u l a r  u n i t s  under eva lua t i on .  



TABLE 16. OUTLINE OF DIGESTER DESIGN AND TECHNIQUES STUDY SCHEMES -- 
Scheme Combined Acid 
No. Feed Phases Phase 

1 Undiluted kelp CSTR* +CSTR* 

2 Undiluted kelp 

3 Undiluted kelp 

4 Undiluted kelp 

5 Seawater - 
diluted kelp 

6 Seawater- 
diluted kelp 

7 Undiluted kelp 

CSTR* +STR 

Upf low *Upf low 
solids 
blanket * 
Baffle +Baffle 
flow flow 

Expanded 
bed* 

Methane 
Separation Phase -- 
Settling, CSTR 
vacuum 
filtration 

Dialysis* Packed bed* 

Settling, Packed Bed 
vacuum 
filtration 

Expanded bed 

Upflow solid 
blanket -- 

*Under evaluation during 1980. 

Baff le-Flow D iaes te r  

A 10 l i t e r  b a f f l e - f l o w  d i g e s t e r  was designed, f ab r i ca ted ,  and i n i t i a t e d  w i t h  

t h e  inoculum f rom the  b a f f l e - f l o w  d i g e s t e r  which was i n  ope ra t i on  l a s t  year .  The 

design i s  based on unmixed p l ug - f l ow  w i t h  b a f f l e s  t o  promote s o l i d s  s e t t l i n g  and 

p reven t  

promote 

serpent  

channel 

average 

l ami nar  

s h o r t - c i r c u i t i n g .  The o b j e c t i v e  o f  t h e  design was t o  m in im ize  c o s t  and t o  

phase separa t ion  and s o l i d s  r e t e n t i o n  t ime  (see F igu re  26).  The 

ne c o n f i g u r a t i o n  of t he  d i g e s t e r  develops a  v e l o c i t y  g r a d i e n t  across t h e  

a t  any l eng th  of t he  f low, which causes l o n g i t u d i n a l  shear. However, t h e  

v e l o c i t y  o f  a l l  f l o w  streams p a r a l l e l  t o  t h e  channel i s  t h e  same. The 

f low p a t t e r n  develops l o n g i t u d i n a l  shear, which generated l o c a l i z e d  mix ing .  

Upf low S o l i d s  B lanke t  D iges te r  

A p ro to t ype  r e a c t o r  (F i gu re  2 7 )  f o r  up f low s o l i d s  b l anke t ,  packed-bed, and 

expanded-bed bench-scale d i g e s t i o n  s t ud ies  was designed, and t h r e e  u n i t s  were 





Figure 27. B a s i c  Design o f  Upflow Digester 



cons t ruc ted .  The bas i c  u n i t  c o n s i s t s  o f  1 /4  i n c h  P l e x i g l a s ,  except f o r  t h e  3/4 

inch  head p l a t e .  The u n i t ,  which i s  funnel-shaped, con ta i ns  a  lower d i f f u s e r  r i n g  

and severa l  p e r i p h e r a l  r i n g s  t o  p reven t  s h o r t - c i r c u i t i n g  and an ad jus tab le  we i r  

assembly t o  a l l o w  f o r  v a r i a t i o n s  i n  t h e  c u l t u r e  vo 

wall-mounted and equipped w i t h  temperature c o n t r o l  

those used on o t h e r  d i ges te r s .  

Expanded-Bed D iqes te r  

lume. These u n i t s  were 

l e r s  and gas b u r e t t e s  s i m i l a r  t o  

A p r o t o t y p e  expanded-bed d i g e s t e r ,  employing t h e  up f low des ign descr ibed 

above, was cons t ruc ted  and i s  shown i n  F i g u r e  28. Th i s  d i g e s t e r  con ta ined  sand as 

a  microorganism suppor t  medium and u t i l i z e d  a newly designed automat ic  gas 

collecting-and-wasting-system. A f u l l y  s e l f - p r i m i n g ,  f l e x i b l e  p r o p e l l e r  pump o f  1 

i nch  NPT p o r t  s i z e  (Gelber No. 14540-0001) was se lec ted  and connected t o  a  1/4-hp 

var iab le-speed motor (Bodine Nos. 594 and 598) f o r  f l u i d  r e c i r c u l a t i o n .  

r e c i  

s y r i n g e  
to f e e d  
ke l? 

t 
lve  

t c  vent  

i e l e c t r i c a l  
i components 

op t ica l  
sensor 

F i g u r e  28. Schematic Diagram of Expanded-Bed D iges te r  



Packed-Bed D iges te r  

Using t h e  up f low s o l i d s  b l anke t  r e a c t o r  des ign descr ibed  above, a packed-bed 

d i ges te r ,  u t i l i z i n g  p o r c e l a i n  r asch ig  r i n g s  as a  suppor t  medium, was cons t ruc ted .  

F i gu re  29 shows t h e  schematic diagram of t h e  packed-bed d i g e s t e r  w i t h  a  connected 

va l ve l ess  me te r i ng  pump (Cole Palmer No. C-7115-70). 

D i a l y s i s  U n i t  

A p o r t a b l e  u n i t  f o r  d i a l y s i s  sepa ra t i on  f o r  anaerobic m i c r o b i a l  phases, 

s i m i l a r  t o  t h a t  r epo r t ed  by Hamner and ~ o r c h a r d t , ~  was designed and f , i b r i ca ted .  

Th is  u n i t ,  shown i n  F i g u r e  30, c o n s i s t s  o f  two c i r c u l a r  chambers (4.5 i n .  

d iameter )  separated by one 0.20- pm pore  s i z e  p o l y t e t r a f  1  uoroe thy lene  (PTFE) 

membrane f i l t e r  (Sch le i che r  & Schuel l ,  Keene, NH, TE 35 Type). Th i s  membrane 

f i l t e r  was designed t o  perform a t  h i gh  o r  low temperatures w i t h  c o r r o s i v e  

chemicals.  The PTFE i s  supported w i t h  non-woven po lyp ropy lene  and a  s t a i n l e s s  

s e n s o r  

r e f r i g e r a t e d  

r e s e r v o i r  

p e r i s t a l t i c  
P'J="P 

F igu re  29. Schematic Diagram of Autofeed Packed-Bed D iges te r  



-NEOPRENE 
RUBBER-0- RING 

-PTFE MEMBRANE 
FILTER SLlPPORTEO 
BY POLYPROPYLENE 
AND STAIMI-ESS 
STEEL SCREEN 

F i gu re  30. Bas ic  Design o f  D i a l y s i s  U n i t  

w i r e  screen on bo th  faces f o r  b e t t e r  s t a b i l i t y .  Both c i r c u l a r  chambers have an 

i n l e t  and o u t l e t  and are fas tened  toge ther  w i t h  O- r ing  sea ls  and f o u r  b o l t s .  

Autofeeder 

A 10 l i t e r  base l i ne  d i g e s t e r  was connected t o  an autofeeder (F i gu re  31).  

The d i g e s t e r  a l s o  was equipped w i t h  an automat ic g a s - c o l l e c t i n g  and was t ing  

system, and t h e  e f f l u e n t  was withdrawn a u t o m a t i c a l l y  through an o v e r f l o w  tube 

connected t o  t h e  d i g e s t e r  a t  t h e  10 l i t e r  mark. A se rpen t i ne  c o n f i g u r a t i o n  o f  t h e  

over f low tube p reven ts  any gas l o s s  through t he  tube. The autofeeder  was mod i f i ed  

and i n s t a l l e d  t o  feed  f r e s h - w a t e r - d i l u t e d  k e l p  w i t h  a b u i l t - i n  o p t i o n  t o  add 

n u t r i e n t  o r  c a u s t i c .  It fed k e l p  L o t  49 a t  a  l oad ing  of 0.10 1b vs / f t3 -day  and 

a  r e t e n t i o n  t ime  of 15 days (Tab le  17) .  The f eed ing  f requency o f  t h e  autofeeder  

a t  t h i s  ope ra t i ng  c o n d i t i o n  i s  21  t imes per  day. Note t h a t  t h i s  autofeeder  des ign  



CONTROL PANEL F W  

DIGESTER UXER 

FEED VIA4ERS 
WATER SYRINGE 

MEASUREMENT 

TEMPERATURE ~f~ 
SENSOR \WELL 

MIXER !%MY WEWO 
TBBMlMETeR WELL 

M A W  TAPE 

EFFLUENT M R W  TUBE 

F i gu re  31. 10-1 Anaerobic D iges te r  w i t h  Autofeeder 

cannot be used f o r  u n d i l u t e d  k e l p  because o f  t h e  r i n s e  cyc le ,  which n e c e s s a r i l y  

adds water t o  t he  feed. 

The feed tank i s  a 12- inch-d iameter  s t a i n l e s s  s t e e l  tank w i t h  a  p n e m a t i c a l l y  

a c t i v a t e d  p lunger .  I t  i s  equipped w i t h  a  m i x i n g  paddle  and smal l  va r iab le -speed  

motor t o  ensure proper  concen t ra t i on  o f  feed  go ing  i n t o  t he  d i g e s t e r .  The s i z e  o f  

the  paddles was increased f rom t h a t  o f  t h e  o r i g i n a l  des ign t o  f a c i l i t a t e  b e t t e r  

mix ing.  The feed tank i s  wrapped w i t h  a  c o i l  connected t o  a  r e f r i g e r a t i o n  u n i t .  

The whole tank i s  i n s u l a t e d  t o  m a i n t a i n  a  low feed  temperature.  

Jus t  below t h e  feed p lunger  i s  a  funnel  connected t o  t he  d i g e s t e r  feed  

valve.  The i n s i d e  d iameter  of t h e  funnel  o u t l e t  was inc reased  f r om t h e  o r i g i n a l  

design t o  a l l o w  t h i c k  feed  s l u r r y  t o  be used. A wash-water sy r i nge  i s  cclnnected 

t o  t he  top  of t he  f unne l  t o  r i n s e  t h e  f unne l  and t o  add n u t r i e n t  o r  c a u s t i c  t o  t h e  

d i ges te r .  The two ac tua to r s ,  one f o r  t he  feed p lunger  and the  o t h e r  f o r  



wash-water sy r inge ,  a re  pneumatic c y l i n d e r s  connected t o  t h r e e  so lenoids.  The t ho  

c y l i n d e r s  are operated by one s i n g l e  so l eno id  du r i ng  t h e  upward s t r o k e  and by two 

so leno ids  d u r i n g  t h e  downward s t r okes  (one so leno id  f o r  each c y l  i n d e r l .  Th i s  

a l l ows  a  t ime  de lay  i n  wash-water p lunger .  Timings f o r  t h e  f eed  c y c l e  are 

c o n t r o l l e d  by e l e c t r o n i c  t imers .  A l l  e l e c t r o n i c  components a re  assembled i n s i d e  

the  c o n t r o l  box. 

Automat ic Gas-Co l lec t ing  and Wasting System 

The so leno id  va lve  ( # l o o )  ac t s  as a  se t  o f  two synchron ized va lves.  I n  t h e  

"no rma l l y  open" p o s i t i o n ,  t h e  d i g e s t e r  i s  connected t o  t h e  gas collec1;or ( w h i l e  

gas i s  c o l l e c t e d )  and t he  ven t  i s  i s o l a t e d .  Gas e v o l v i n g  f rom t h e  d i g e s t e r  

d isp laces  t he  water ( o r  r e d  s o l u t i o n )  i n  t h e  gas c o l l e c t o r  u n t i l  t he  l e v e l  i n  t h e  

s i de  arm passes below t h e  sensor, a t  which t ime  t h e  so leno id  and coun te r  are 

actuated f o r  a  l e n g t h  o f  t ime  (about  12 seconds, determined by  c o n t r o l ) .  Dur ing  

t h i s  t ime, t h e  d i g e s t e r  i s  i s o l a t e d  f r om t h e  gas c o l l e c t o r  and t h e  vent,  t h e  f l u i d  

r e t u r n s  from t h e  r e s e r v o i r  t o  t he  c o l l e c t o r ,  and t h e  c o l l e c t e d  gas i s  e x p e l l e d  o u t  

t he  vent. By t h e  end o f  t h e  i n t e r v a l  (about  60 seconds), t h e  l i q u i d  must have 

re tu rned  t o  t h e  datum l e v e l .  With d e a c t i v a t i o n  o f  t he  so lenoid ,  t he  c y c l e  begins 

again as d i g e s t e r  gas i s  admi t ted t o  t h e  c o l l e c t o r .  

For automat ic  opera t ion ,  t he  c o l l e c t o r  volume, V ( f r o m  t h e  datum l e v e l  t o  t h e  

sensor l e v e l ) ,  i s  determined by c a l i b r a t i o n  and gas p r o d u c t i o n  a t  t h e  ambient 

temperature,  and t h e  h y d r o s t a t i c  head, h, i s  c a l c u l a t e d  by: 

gas c o l l e c t e d  (T, h )  = n  x V 

where n  i s  t h e  number o f  c yc l es  counted. Subsequent adjustment can be made f o r  

t h e  presence o f  water vapor and/or t h e  e q u i v a l e n t  gas produced a t  a  s e t  of 

standard c o n d i t i o n s .  

To b r i n g  t h e  p o s i t i v e  p ressure  d i g e s t e r  t o  ambient pressure,  t h e  

"auto-off-man" sw i t ch  i s  a c t i v a t e d  t o  t he  "man" p o s i t i o n  as r equ i r ed ;  gas e x p e l l e d  



during this operation must be manually accounted for. (It would be convenient to 

feed just after a recycle. Perhaps an alarm could be added for this purpose). 

Figure 32, shows the design details of the system. An optical sensor, activated 

by gas displacement fluid level, activates solenoid valve, which regenerates 

volume and frequency of gas collection. The gas is expelled from the system at 

the termination of the cycle. 

A pressure relief valve was provided to allow the release of pressure from 

the digester in the event of prolonged actuation of the solenoid valve. This 

valve also can be utilized at feed and waste times to ascertain the status of the 

pressure in the digester. 

Feed Characteristics 

The physical and chemical characteristics of all lots of kelp used during 

this report period are listed in Table 17. All kelp lots had a similar moisture 

content; however, Lots 48 and 50 were significantly lower in volatile solids, 

TABLE 17. COMPOSITION OF KELP FEEDS USED DURING REPORT PERIOD 
* * * 

Analyses Lot 48 Lot 49 Lot 50 --- 
Harvest Date 4/29/79 10/16/79 5/6/80 

Moisture, % 88.9 87.9 88.3 

Total Solids (TS), % 11.1 12.1 11.7 

Volatile Solids (VS) , % TS 53.8 62.7 56.3 

Ash, % TS 46.2 37.3 43.7 

Elements, % TS 

C 25.5 31.4 26.5 

H 3.39 4.01 3.53 

N 1.89 0.96 1.78 

P - - 0.20 0.28 

S 1.01 1.10 .lo 12 * fc 
Mannital, X TS 9.06 23.9 8.27 

Heating Value, Btu/lb dry 4072 5032 4275 -- 
* Raw kelp, commercially harvested by Stauffer Chemicals, and processed by U.S.  

Department of Agriculture, Western Regional Research Center (WRRC), Albany, 
Cal., and shipped to IGT in Trans-temp. containers at -50 to -150C. 

** Analysis of WRRC. 
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carbon content ,  and hea t i ng  va lue.  L o t  49 had h i g h  v o l a t i l e  s o l i d s ,  carbon 

content ,  and hea t i ng  value, bu t  i t  was d e f i c i e n t  i n  n i t r o g e n  and r e q u i r e d  n i t r o g e n  

supplements f o r  s t a b l e  d i g e s t i o n .  The mann i t o l  con ten t  o f  t h e  d i f f e r e n t  l o t s  

showed cons iderab le  v a r i a b i l i t y .  

To eva lua te  t h e  performance o f  k e l p  d i g e s t i o n  runs  and t o  p r o v i d e  a  b a s i s  f o r  

e s t a b l i s h i n g  t a r g e t  y i e l d s ,  maximum t h e o r e t i c a l  y i e l d s  o f  methane f rom t h e  

b iomethanat ion o f  d i f f e r e n t  l o t s  of raw k e l p  (RK) were c a l c u l a t e d  f rom t h e  da ta  i n  

Table 17. These y i e l d s  were determined as f o l l o w s :  Composi t iona l  da ta  were used 

t o  c a l c u l a t e  t h e  e m p i r i c a l  formulas o f  each RK l o t .  S t o i c h i o m e t r i c  equa t ions  f o r  

t he  convers ion of each feed  t o  methane and carbon d i o x i d e  were determined. The 

r e s u l t i n g  molar y i e l d s  of methane were expressed as SCF/lb VS added. Because a  

f r a c t i o n  o f  o rgan ic  ma t t e r  i n  a l l  b a c t e r i a l  fe rmenta t ions  i s  conver ted  t o  

bac te r i a ,  these y i e l d s  were c o r r e c t e d  f o r  c e l l  syn thes is  by us i ng  t h e  da ta  

r epo r t ed  by  McCarty and speece12, and ~ c ~ a r t ~ l ~  f o r  t h e  anaerobic d i g e s t i o n  o f  

pure carbohydrate  and p r o t e i n .  The f i n a l  t h e o r e t i c a l  methane y i e l d s  are r epo r t ed  

below i n  Table  18. 

TABLE 18. EMPIRICAL FORMULA AND THEORETICAL METHANE YIELD FOR 
KELP USED DURING REPORT PERIOD 

1 

Kelp Lot Empirical ~ o m u l a ~  

4 8 0 '2.13 H3 .39  1 . 3 8  

4 9 '2.61 H 4 . 0 1  '1.58 

5 0  C2 .21  H3.53  O 1 . 4 4  

%xcluding N ,  P ,  and S .  

S to ich iometr ic  Y i e l d ,  Corrected Y i e l d ,  c 
SCFIlb VS added SCF/lb t'S added 

P 

8 .12  6 . 7 2  

Corrected f o r  b a c t e r i a l  product ion,  assuming 20% of s o l u b l e  carbohydrate a n d  
7% of s o l u b l e  p r o t e i n  f o r  c e l l  maintenance. 



The t h e o r e t i c a l  y i e l d s  f o r  t he  k e l p  l o t s  used du r i ng  t h i s  r e p o r t  p e r i o d  

ranged f r m  6.62 t o  6.97 SCF/lb VS added. I t  i s  n o t  s u r p r i s i n g  t h a t  these y i e l d s  

are d i r e c t l y  r e l a t e d  t o  v o l a t i l e  s o l i d s ,  carbon content ,  and hea t i ng  value. The 

r e l a t i o n s h i p  between mann i t o l  con ten t  and methane y i e l d s  i s  d iscussed l a t e r .  

I nocu la  Eva lua t i on  

Three 1.5 l i t e r  d i g e s t e r s  (Runs 136, 139 and 140) were used t o  develop and 

eva lua te  t he  performance o f  t h e  t h r e e  descr ibed i n o c u l a  under t h e  same o p e r a t i n g  

cond i t i ons .  Runs 136 and 139, operated on anaerobic mar ine sediment i n o c u l a  G and 

H, r e s p e c t i v e l y ,  were s t a r t e d  du r i ng  1979. Run 140, s t a r t e d  w i t h  1G"'s Inoculum 

A, was i n i t i a t e d  a t  t h e  end of February 1980. These runs,  ma in ta ined  a t  ambient 

room temperature,  r ece i ved  u n d i l u t e d  raw k e l p  a t  a  l oad ing  of 0.10 i t ,  vs / f t3-day.  

Summaries o f  t h e  performance o f  t h e  t h r e e  inocu la ,  A, G and H, on k e l p  L o t s  

48 and 50, are presented i n  Tables 19 and 20, r e s p e c t i v e l y .  Us ing k e l p  L o t  48 

feed, t h e  methane y i e l d s  were h i ghe r  i n  t h e  i n o c u l a  G and A c u l t u r e s  than  i n  

i n o c u l a  H. A l though no s u b s t a n t i a l  d i f f e rence  i n  t h e  methane y i e l d s  were observed 

i n  t he  t h r e e  d i g e s t e r s  a f t e r  changing t o  k e l p  L o t  50 (Tab le  20), t h e  h i g h e s t  

v o l a t i l e  ac ids  concen t ra t i ons  were found i n  t h e  inoculum G d i g e s t e r .  Observat ion 

o f  t he  performance o f  these t h r e e  d i ges te r s ,  as shown i n  F i g u r e  33, suggests, 

however, t h a t  t h e  performance of inoculum A was more s t a b l e  than  t h a t  o f  t he  o the r  

two i n o c u l a  when operated under s i m i l a r  cond i t i ons .  

Mann i to l  Exper ience 

Dur ing  1979, k e l p  L o t  46 gave a low methane y i e l d  even though d i g e s t e r  

performance was s tab le .  The low mann i t o l  con ten t  (5.19 pe rcen t  d r y  we igh t )  of 

t h i s  l o t  was hypothes ized t o  be a major f a c t o r  c o n t r i b u t i n g  t o  these low y i e l d s  

because rnanni to1  i s  t h e  major  b iodegradable  k e l p  component. To eva lua te  t h i s  

hypothes is ,  t he  r e l a t i o n s h i p  between mann i to l  and t h e  t h e o r e t i c a l  and exper imenta l  

methane y i e l d  f o r  p rev i ous  IGT k e l p  feeds and d i g e s t e r  runs  was eva luated.  Based 



TABLE 19. COMPARISON OF DIGESTER PE-RFORMANCE OF I G T  INOCULUM A AND 
MARINE INOCULA G AND H M A I N T A I N E D  AT ROOM TEMPERATURE R E C E I V I N G  K E L P  L O T  48* 
( C u l t u r e  V o l u m e  1-51 ;  L o a d i n g  0.10 1 b v s / f t 3 - d a y ;  R e t e n t  i o n  T i m e -  40 d a y s )  

Analyses  h o c u l u m  G I n o c u l m  H I n o c u l m  A - -- 
Run No. 

Da te  I n i t i a t e d  

Da ta  P e r i o d  

No. of R e t e n t i o n  Times i n  P r o g r e s s  

Gas Y i e l d ,  SCF/lb VS added 

& t h a n e  C o n t e n t ,  rnol X 

Methane Y i e l d ,  SCF/lb VS added 

Methane P r o d u c t i o n  R a t e ,  
S C F / ~  t3 cu l tu re -day  

T o t a l  V o l a t i l e  A c i d s ,  mg/k a s  a c e t i c  

A l k a l i n i t y ,  mg/k a s  CaCOj 

Pilean C a u s t i c  Added, meq/ll f eed  

C o n d u c t i v i t y ,  vmhos /cm 

* 
A l l  rms were  conver ted  t o  Lot 50 i n  t h e  f i r s t  veek  of  June because  
of t h e  s h o r t a g e  of Lot  48. 
7 - 

T A B L E  2 0 .  COMPARISON OF DIGESTER PERFORMANCE OF I G T  INOCULUM A AND 
MARINE INOCULA G AND H M A I N T A I N E D  AT ROOM TEMPERATURE R E C E I V I N G  K E L P  L O T  5 0  
(Culture V o l u m e  1.51; L o a d i n g  0.10 1b v s / f t 3 - d a y ;  R e t e n t i o n  T i m e  40 d a y s )  

k ~ a l y s e s  

& a n  Ho. 

Da ta  P e r i o d  

No. of R e t e n t i o n  Times i n  P r o g r e s s  

Gas Y i e l d ,  SCF/lb VS added 

Herhane C o n t e n t ,  mol X 

Methane Y i e l d  , SCF / l b  VS added 

Methane P r o d u c t I a n  R a t e ,  SCF/ft 3 

c u l t  ure-day 

T o t a l  V o l a t i l e  A c i d s ,  m g / L  as a c e t i c  

Mean C a u s t i c  Added, meqlli f e e d  

A l k a l i n i t y .  mgli l  as CaC03 

C m d u c t  i v i t y  , yrnhos /cm 

Inoculum G I n o c u l m L  Inoculum A 

136 139 140 

8/18-8/31/00 ------ 
1.2 1 . 2  1..2 

6.32 6.03 6.76 

49.2 4 9 . 5  47 .2  

3 .06  2.99 3 . 2 0  

0 . 3 1  0.29 0 .32  
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Figure 33. Methane Yield of PGT Inoculum A and Marine Inocula G and M 
at Room Temperature Receiving Kelp Lot 50 



on t h e  data f r om  p rev i ous  s tud ies ,  a  l i n e a r  r e l a t i o n s h i p  was developed f o r  

p r e d i c t i n g  methane y i e l d ,  g i ven  t he  k e l p  e m p i r i c a l  fo rmu la  ( es t ima ted  f rom C, H, 

and 0  a n a l y s i s ) ,  and t h e  manni to1  con ten t :  

YE = YT 0.02(Xm) + 0.375 

where 

Y E  = exper imenta l  methane y i e l d ,  SCF/lb VS added 

YT = t h e o r e t i c a l  methane y i e l d ,  SCF/lb VS added 

X m = mann i to l  concen t ra t ion ,  % d r y  wt.  

To expe r imen ta l l y  con f i rm  t h i s  model, two 1.5 l i t e r  d i ges te r s ,  Runs 8  and 

138, were used t o  eva lua te  t h e  e f f e c t  o f  mann i to l  con ten t  on d i g e s t e r  

performance. Run 8  was i n i t i a l l y  a  c o n t r o l  run,  r e c e i v i n g  f r e s h w a t e r - d i l u t e d  k e l p  

L o t  48, which 9 percen t  d r y  weight  o f  mann i t o l .  Run 138 rece i ved  t h e  same k e l p  

supplemented w i t h  manni t o1  t o  a  t o t a l  concen t ra t i on  o f  12 percen t  d r y  weight .  

A f t e r  c o l l e c t i n g  t he  s teady -s ta te  da ta  and samples i n  A p r i l ,  Runs 138 and 8  

r ece i ved  k e l p  L o t  48 supplemented w i t h  mann i t o l  t o  a  t o t a l  concen t ra t i on  o f  15 and 

20 percen t  d r y  weight,  r e s p e c t i v e l y .  These runs reached s teady s t a t e  a t  t h e  end 

o f  August and, f o r  v e r i f i c a t i o n  o f  t h i s  model a t  ve r y  h i g h  mann i t o l  

concen t ra t ions ,  a  f i n a l  se t  o f  mann i to l  s t ud ies  were i n i t i a t e d  by supplement ing 

Runs 8  and 138 w i t h  25 and 30 percen t  d r y  weight  mann i to l ,  r e s p e c t i v e l y .  

The performance o f  two d i g e s t e r s  (Runs 8  and 138) r e c e i v i n g  k e l p  flied L o t  48, 

c o n t a i n i n g  mann i t o l  concen t ra t i ons  o f  9 and 12 percen t  d r y  weight ,  r e s p e c t i v e l y ,  

i s  presented i n  Table 21. Run 8  was f e d  as- rece ived ke lp ,  hav ing a  mann i t o l  

concen t ra t i on  o f  9 percen t  d r y  weight,  w h i l e  Run 138, was fed k e l p  w i t h  t h e  

mann i to l  concen t ra t i on  ad jus ted  t o  12 percent .  Methane y i e l d s  of 3.88 and 4.23 

SCF/lb VS added were observed i n  Runs 8  and 138, r e s p e c t i v e l y .  These f i n d i n g s  a re  

i n  c l ose  agreement w i t h  the  c a l c u l a t e d  values, based on t h e  model presented above, 

o f  3.76 and 4.14 SCF/lb VS added f o r  d i g e s t e r s  r e c e i v i n g  k e l p  c o n t a i n i n g  9 percen t  



TABLE 21. STEAUY-STATE PERFORMANCE AND OPERATING CONDITIONS FOR 
DIGESTER RECEIVING KELP LOT 48 WITH 9 AND 12% MANNITOL 

( C u l t u r e  Volume 1.5 i ;  Loading 0.10 1b vs/ft3-days; Re ten t i on  t ime  15 days) 

Run KO. 8 - 138* 

Data Period 4/28-5/25/80 

No. of Retention Times in Progress 4.7 2.1 

Total Mannitol Concentration, % dry wt 9 12 

Gas Yield, SCF/lb VS added 6.95 8.20 

Methane Content, mol % 56.3 55.2 

Methane Yield, SCF/lb VS added 3.88 4.23 
3 Methane Production Rate, SCF/ft culture-day 0.39 0.45 

Total Volatile Acids, mg/L as acetic 250 140 

Mean Caustic Added, meq/R feed 0 0 

Alkalinity, mglL as CaCOj 5300 5220 

Conductivity, pmhos/cm 8500 8500 

*Received feed supplemented with mannitol to a total mannitol 
concentration of 12% dry wt. 

and 12 percen t  mann i to l ,  r e s p e c t i v e l y .  The methane y i e l d s  f o r  t h e  salne d i g e s t e r s  

w i t h  mann i to l  concen t ra t i ons  ad jus ted  t o  15 percen t  and 20 percen t  a re  shown i n  

Table 22 and were found t o  be 4.57 and 4.99 SCF/lb VS added. These y i e l d s  a re  

ve r y  s i m i l a r  t o  t h e  c a l c u l a t e d  va lues of 4.52 and 5.21 SCF/lb VS added f o r  k e l p  

d i g e s t e r s  con ta i n i ng  15 percen t  and 20 percen t  mann i to l ,  r e s p e c t i v e l y .  When 

p l o t t e d  on a  curve (F i gu re  34) ob ta ined  from t h e  p rev ious  work and used t o  develop 

t h e  p r e d i c t i v e  model, these exper imenta l  da ta  v e r i f y  t h e  model a t  t h e  mann i to l  

concen t ra t i ons  s tud ied .  

Base l i ne  D iges t i on  System 

The o b j e c t i v e  of t h i s  on-going task,  which was i n i t i a t e d  a t  t he  end o f  Ju ly ,  

i s  t o  opera te  a  d i g e s t e r  a t  op t ima l  demonstrated performance l e v e l s .  The b a s e l i n e  

d i g e s t i o n  system (Run 44 ) -  w i t h  20 percen t  mann i to l ,  a  C/N r a t i o  o f  1 5 ,  and a  

l oad ing  of 0.175 l b  vs/ f t3-day, were i n i t i a t e d  on k e l p  L o t  50 i n  August and 

p r e l i m i n a r y  data a re  presented i n  Table  23. The methane y i e l d  a f t e r  0.5 r e t e n t i o n  



TABLE 22. STEADY-STATE PERFORMANCE AND EFFLUENT Q U A L I T Y  DATA FOR 
DIGESTER R E C E I V I N G  K E L P  L O T  48 W I T H  1 5  AND 2 0 %  MANNITOL 

( C u l t u r e  V o l u m e  1 . 5 8 ;  L o a d i n g  0.10 1b v s / f t 3 - d a y ;  R e t e n t i o n  T i m e  1 5  d a y s )  

Run No. 

Data P e r i o d  

No. of R e t e n t i o n  Times i n  P r o g r e s s  

T o t a l  Manni tol  Concen t ra t ion ,  % d r y  w t  

Gas Y i e l d ,  SCF/lb VS added 

Methane C o n t e n t ,  mol % 

Methane Y i e l d ,  SCF/lb VS added 

Methane P r o d u c t i o n  R a t e ,  S C F / ~  t3 cu l tu re -day  

T o t a l  V o l a t i l e  Ac ids ,  mg/R a s  a c e t i c  

Mean C a u s t i c  Added, meq/k feed  

A l k a l i n i t y ,  mg/P as CaCO) 

C o n d u c t i v i t y ,  urnhos/cm 

TABLE 2 3 .  P R E L I M I N A R Y  PERFORMANCE DATA AND OPERATING C O N D I T I O N S  OF 
B A S E L I N E  D I G E S T I O N  SYSTEM DURING AUGUST 1980 

Run KO. 

C u l t u r e  Volume, 2  

Da ta  P e r i o d  

Kelp Lot 
3  Loading,  l b  VS/f t  -day 

Residence Time, days  

No. of R e t e n t i o n  Times i n  P r o g r e s s  

Gas Y i e l d ,  SCF/lb VS added 

Methane C o n t e n t ,  mol X 

Methane Y i e l d ,  SCF/lb VS added 
3 Methane P r o d u c t i o n  R a t e ,  SCF/ft cu l tu re -day  

T o t a l  V o l a t i l e  Ac ids ,  mg/L as a c e t i c  

Mean C a u s t i c  Added, meq/2 f e e d  

A l k a l i n i t y ,  mg/R a s  CaC03 

C o n d u c t i v i t y ,  vmhos/cm 
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t imes was 3.63 SCF/lb VS  added. A t  the  end o f  August, a  program d e c i s i o n  was made 

t o  r e d e f i n e  t h e  base l i ne  c o n d i t i o n s  t o  those which have g i ven  t h e  h i g h e s t  s t a b l e  

methane y i e l d s  f rom k e l p  on a  sus ta ined  bas is .  These c o n d i t i o n s ,  based on Run 8 

w i t h  Lo t  37, which showed a  4.5 SCF/lb VS methane y i e l d  and was repo r t ed  i n  t h e  

1978 Annual Report  f o r  t h i s  p r o j e c t , 3  a re  a  mann i to l  concen t ra t i on  o f  15 

percent ,  a  C /N  r a t i o  of 15, a  0.1 l b  K / f t 3 - d a y  load ing,  and an 18-day res idence  

t ime.  The b a s e l i n e  d i g e s t i o n  system was ad jus ted  t o  a l l  these ope ra t i ng  

cond i t i ons ,  except t h a t  t he  res idence  t ime  was ma in ta ined  a t  15 days. Data a re  

no t  a v a i l a b l e  f o r  t h i s  r e p o r t  p e r i o d  on t h e  performance o f  t h i s  d i g e s t e r  under t h e  

r e d e f i n e d  ope ra t i ng  cond i t i ons .  

Base l ine  Stock C u l t u r e  Maintenance and Opera t ion  

F i v e  10 l i t e r  d i ges te r s ,  Runs 39, 41, 42, 43 and 44, were ma in ta ined  f o r  

k i n e t i c  s t ud ies  du r i ng  t h e  f i r s t  and second q u a r t e r s  o f  1980. However, as t h e  

program s t a t u s  changed from c u l t u r e  maintenance t o  normal opera t ion ,  the 

o b j e c t i v e s  and u t i l i z a t i o n  o f  these runs  were reassessed and changed acco rd i ng l y .  

Dur ing  t h e  f i r s t  qua r t e r ,  Runs 39 and 41 through 44 were ma in ta ined  on k e l p  L o t  

49, supplemented w i t h  n i t r o g e n  and phosphorus, a t  a  l o a d i n g  of 0.10 I b  

vs/ f t3-day. Runs 41 and 42 rece i ved  u n d i l u t e d  ke lp ,  w h i l e  Runs 39, 43 and 44 

rece i ved  f r e s h w a t e r - d i l u t e d  ke lp .  Dur ing  t h e  second qua r t e r ,  Run 41 was 

ma in ta ined  on a  twice-per-week f eed ing  schedule a t  a  l oad ing  o f  0.05 l b  

~ ~ / f t ~ - d a y ,  w h i l e  Runs 39, 43 and 44 were cont inued a t  a  0.10 1b vs / f t3 -day  

load ing .  

To eva lua te  a  new k e l p  l o t  p r i o r  t o  i t s  use i n  new d i g e s t i o n  s t ud ies ,  Run 44 

was conver ted t o  L o t  50 and i t s  performance, d u r i n g  Ju ly ,  i s  presented i n  Tab le  

24. A methane y i e l d  o f  3.70 SCF/lb VS w i t h  s t a b l e  d i g e s t e r  performance con f i rmed 

t he  s u i t a b i l i t y  o f  k e l p  L o t  50 f o r  i n c l u s i o n  i n  o the r  d i g e s t i o n  s t ud ies .  



TABLE 24. DIGESTER PERFORMANCE DATA AND OPERATING CONDITIONS 
RUNS 44 AND 50 RECEIVING KELP LOT 50 

( ~ o a d i n g  0.10 lb  vs/f t3-day;  15 Day Retention Time) 

Run No. 

C u l t u r e ,  Volume, R 

Data Period 

No. of Retent ion Times i n  Progress  

Gas Y i e l d ,  SCF/lb VS added  

Methane Content,  mol  % 

Methane Y i e l d ,  SCF/lb VS added 

Methane Production Rate,  S C F / ~  t' culture-day 0.37 0.37 

T o t a l  Vo la t i l e  A c i d s ,  mg/R as a c e t i c  1580 3450 

Mean Caust ic  Added, m e q / E  feed  40 0 

A l k a l i n i t y ,  mg/R as CaC03 5970 10,740 

Conduct ivi ty ,  pmhos/cm 14,500 20,000 

Another 50 l i t e r  d i g e s t e r  was modified and i n s t a l l e d  in March 1980. I t  was 

equipped w i t h  a  var iable-speed motor t o  provide mixing i n  t he  d i g e s t e r ,  a  

proport ional  c o n t r o l l e r  t o  maintain cons tan t  d i g e s t e r  temperature,  and an 

automatic gas -co l l ec t ing  and wasting system, as  shown in Figure 32 abcve. This 

d i g e s t e r ,  operated a s  R u n  50, was s t a r t e d  i n  March from t h e  inoculum s to red  in the  

15-gallon polyethylene d rum and received undi luted kelp Lot 49 a t  a  lclading of 

0.10 l b  vs/ft3-day. Due t o  uns tab le  d i g e s t e r  performance on ke lp  Lot 49, t h i s  

d i g e s t e r  was converted t o  Lot 50 a t  t h e  end of J u l y  1980. As shown i r  Table 12,  

methane y i e l d s  s imi l a r  t o  those found in Run 44 were observed with kelp Lot 50 in  

Run 50. The methane y i e l d  in Run  50 when operated a t  a 0.10 l b  vs/ft3-day 

loading was 3.66 SCF/lb VS added. After  t he  process development protclcol was 

i n i t i a t e d ,  the  o the r  base l ine  d i g e s t e r s  were operated as  c o n t r o l s  f o r  



unconvent iona l  d i ges te r s ,  a  base l i ne  d i g e s t i o n  system, o r  as a  d i g e s t e r  f o r  

cont inuous f eed ing  s tud ies .  

One 50 l i t e r  s tock  c u l t u r e ,  ma in ta ined  i n  a  15 -ga l l on  po l ye thy l ene  b l ack  drum 

a t  room temperature,  r ece i ved  k e l p  L o t  49 once per  week a t  a  l oad ing  o f  0.025 1b 

vs/ f t3-day.  The d i g e s t e r  was shaken manual ly  once a  day and t h e  gas was 

p e r m i t t e d  t o  escape through a  water column; except once pe r  month when t h e  gas 

composi t ion,  v o l a t i l e  acids,  and pH were measured. 

D iqes te r  Design and Techniques Study 

Ba f f l e -F l ow  D iges te r  

The 10 l i t e r  b a f f l e - f l o w  d i ges te r ,  Run 51, was i n i t i a t e d  a t  t h e  end o f  March 

1980 u t i l i z i n g  t h e  50 l i t e r  room temperature d i g e s t e r  c u l t u r e  as an inoculum. 

A f t e r  i n i t i a l  i n o c u l a t i o n ,  t he  ba f f le - f l ow d i g e s t e r  r ece i ved  u n d i l u t e d  raw k e l p  

L o t  49, supplemented w i t h  n u t r i e n t s  ( n i t r o g e n  and phosphorus) t o  C/N and C/P 

r a t i o s  o f  15 and 75, r e s p e c t i v e l y ,  a t  a  l oad ing  o f  0.10 1b vs/ f t3-day.  Du r i ng  

t h e  second q u a r t e r  o f  1980, t h e  d i g e s t e r  e f f l u e n t  was c o l l e c t e d  a f t e r  s e t t l i n g ,  

and t h e  supernatant  (about  50 percen t  o f  t o t a l  e f f l u e n t  by volume) was r e c y c l e d  

w i t h  t he  raw k e l p  as feed. A f t e r  d i g e s t e r  imbalance was observed, t h e  supernatant  

r e c y c l i n g  was te rmina ted .  Dur ing  J u l y  the  r u n  was conver ted  f rom t h e  

n u t r i e n t - l i m i t e d  k e l p  L o t  49 t o  L o t  50 and was ma in ta ined  a t  a  l oad ing  o f  0.10 l b  

vs / f t 3 -day  w i t h o u t  n u t r i e n t  a d d i t i o n .  

The ba f f le - f l ow d i g e s t e r  d i d  n o t  achieve s teady -s ta te  ope ra t i on  d u r i n g  t h i s  

r e p o r t  pe r iod .  Dur ing  June o f  t h e  i n i t i a l  ope ra t i on  o f  t h e  d i ges te r ,  w i t h  

e f f l u e n t  supernatant  r e c y c l i n g ,  increases i n  v o l a t i l e  ac i ds  suggested d i g e s t e r  

imbalance. I n  an e f f o r t  t o  reduce t h i s  imbalance, t h e  e f f l u e n t  supernatant  

r e c y c l i n g  was d iscon t inued .  The methane y i e l d  f rom t h i s  d i ges te r ,  w i t h  and 

w i t h o u t  e f f l u e n t  supernatant  r e c y c l i n g ,  was 2.97 and 3.32 ~ ~ ~ / f t ~ - d a ~ ,  

r e s p e c t i v e l y ,  and i s  shown i n  Table  25. A l though s teady-s ta te  was no t  a t t a i ned ,  



TABLE 25. PRE-STEADY STATE PERFORMANCE DATA AND OPERATING CONDITIONS 
FOR BAFFLE FLOW DIGESTER (RUN 51) AND A CONTROL CSTR DIGESTER (RUN 43) 

(Cu l tu re  Volume 10-1; Loading 0.10 l b  vs/ft3-day, Kelp L o t  50; 
40-day Reten t ion  Time) 

Run No. -- 
Data Period 

Gas Yield, SCF/lb VS added 

Methane Content, % mol 

Methane Yield, SCF/lb VS added 
3 Methane Production Rate, SCF/ft -culture-day 

Total Volatile Acids, mg/R as acetic 

Mean Caustic Added, mg/R feed 

Alkalinity, mg/R as CaC03 

Conductivity, @~os/cm 

the  performance o f  the b a f f l e - f l o w  d iges te r  i s  compared t o  t h a t  o f  t he  CSTR 

c o n t r o l  d iges te r  (Run 43), operated under s i m i l a r  cond i t ions ,  i n  Table 25. Run 43 

had a  methane y i e l d  o f  3.2 SCF/lb VS added, which was no t  s u b s t a n t i a l l y  d i f f e r e n t  

f rom t h a t  observed i n  t he  b a f f l e - f l o w  d iges ter .  Dur ing July,  a  program dec is ion  

was made t o  increase the  load ing  from 0.10 t o  0.175 1b vs/ft3-day. However, 

t h i s  change caused subs tan t i a l  d i ges te r  i n s t a b i l i t y  and a  reduc t i on  i n  o v e r a l l  

performance. Consequently, t he  load ing  was read jus ted  t o  0.10 l b  vs/ f t3-day 

dur ing  the  l a s t  week o f  t he  repo r t  per iod.  

Upflow So l i ds  Blanket  D iges ter  

A 5  l i t e r  upflow s o l i d s  b lanket  d iges te r  (Run 42 )  was i n i t i a t e d  du r i ng  June 

w i t h  t he  room temperature inoculum. The d iges te r  was f e d  und i l u ted  r i i w  k e l p  L o t  

50 at  a  load ing  of 0.15 1b vs/ft3-day. The methane y i e l d  of t h i s  d iges te r  and 

i t s  c o n t r o l  CSTR d iges te r  (Run 50) was r e l a t i v e l y  s tab le  a f t e r  one r e t e n t i o n  



t ime. As shown i n  Table  26, however, t h i s  methane y i e l d  was about o n e - t h i r d  

h igher ,  3.22 versus 2.19 SCF/lb VS added, and t h e  v o l a t i l e  ac ids  were almost 50 

percen t  lower,  2940 versus 5570 mg/P as ace t i c ,  i n  Run 52 than i n  Run 50 a t  0.15 

l b  vs / f t3-day load ing .  These comparat i v e  da ta  shown r e 1  a t i v e l y  low y i e l d s  w i t h  

k e l p  Lo t  50 a t  0.15 l b  vs / f t3-day load ing,  b u t  suggest t h a t  an up f low s o l i d s  

b l a n k e t  d i g e s t e r  may per fo rm b e t t e r  a t  h i ghe r  l oad ings  than  a  CSTR. S tud ies  w i t h  

o ther  k e l p  l o t s  a t  h i gh  load ings  may be necessary t o  a t t a i n  h igher  methane 

p roduc t i on  r a t e s  i n  k e l p  d i g e s t i o n .  

Expanded-Bed D iges te r  

A f t e r  p r e l i m i n a r y  t e s t i n g  of suppor t  media, r e c i r c u l a t i o n  techniques,  and t h e  

au tomat i c  gas co 11 e c t  i ng and wast ing system, t h e  expanded-bed d i ges te r ,  R u n  53, 

u t  i 1  i z i n g  sand as a  suppor t  medium f o r  microorganisms, was p laced  i n t o  ope ra t i on  

du r i ng  August. Th i s  d i g e s t e r  was i nocu la ted  w i t h  room temperature c u l t u r e  and 

rece i ved  k e l p  L o t  50 d i l u t e d  i n  seawater t o  a  feed s l u r r y  o f  2 percent. t o t a l  

TABLE 26. PRE-STEADY STATE PERFORMANCE AND OPERATING DATA OF UPFLOW 
SOLIDS BLANKET DIGESTER (RUN 52 )  AND CONTROL CSTR DIGESTER (RUN 50) 

(Loading 0.15 l b  vs/ f t3-day; Ke lp  L o t  50, 27 day Re ten t i on  Time, 
1 Re ten t i on  Time i n  Progress, Data Pe r i od  8/18-8/31) 

Run No. -- 

C u l t u r e  Volume, R 

Gas Y i e l d ,  SCF/ lb  VS added 

Methane Content,  m o l  % 

Methane Y i e l d ,  SCF/lb VS added 
3 Methane P roduc t i on  Rate, SCF/ f t  cu l tu re -day  

T o t a l  V o l a t i l e  Ac ids,  mg/k? as a c e t i c  

Mean Caus t i c  Added, meq/l! feed 

A l k a l i n i t y ,  mg/R as CaC03 

Conduc t i v i t y ,  pmhos/crn 



s o l i d s  concen t ra t ion ,  and was operated as a  combined phase d i g e s t e r  a t  a  

temperature o f  2 7 O ~ ,  s l i g h t l y  above room temperature.  Due t o  a  des ign de fec t  

t h a t  caused uneven s o l i d s  accumulat ion w i t h i n  t h e  r e a c t o r ,  i t  was redes igned and a  

c y l i n d r i c a l  d i ges te r ,  w i t h o u t  baf f les ,  was cons t ruc ted  and p laced  i n t o  ope ra t i on  

under the  c o n d i t i o n s  descr ibed.  Since t h i s  d i g e s t e r  was s t a r t e d  ve ry  l a t e  i n  t h i s  

r e p o r t  p e r i o d  and was sub jec ted  t o  shakedown opera t ion ,  da ta  a re  no t  r epo r t ed .  

Packed-Bed D iges te r  

The packed-bed d i g e s t e r  (Run 54)  was i n i t i a t e d  l a t e  i n  t he  p r o j e c t  p e r i o d  as 

a  methane-phase d i g e s t e r  a f t e r  i n o c u l a t i o n  w i t h  a  room-temperature inoculum. The 

d i g e s t e r  was operated a t  3 5 ' ~  on t h e  e f f l u e n t  supernatant  f rom an ongoing 

b a s e l i n e  d i g e s t e r  (Run 50).  Dur ing  t he  i n i t i a l  shakedown stages, t h e  h e a t i n g  tape  

used t o  c o n t r o l  d i g e s t e r  temperature caused a  weakening o f  a  g lued  j o i n t  o f  t he  

r e a c t o r .  Consequently, t he  d i g e s t e r  was shut  down, t h e  j o i n t s  were r e i n f o r c e d ,  

and t h e  hea t i ng  mechanism was redesigned. Al though the  d i g e s t e r  was r e s t a r t e d ,  

r e p o r t a b l e  data are no t  a v a i l a b l e  f o r  t h i s  r e p o r t  pe r iod .  

Acid-Phase D iges te r  

feed h y d r o l y s i s  and ac ids  

d i g e s t e r ,  an acid-phase d  

To achieve 

a  methane-phase 

i nc reas ing  t h e  

concen t ra t ions  

a c e t i c  and then 

p roduc t i on  f o r  subsequent convers ion i n  

i g e s t e r  (Run 42) was s t a r t e d  by 

l oad ing  r a t e .  As shown i n  F i gu re  35, t h e  v o l a t i l e  ac i ds  

i n  t h e  d i g e s t e r  increased t o  approx imate ly  13,530 m g / l i t e r  as 

dropped sharp ly .  As t h e  pH dropped below 5.0, t h e  conven t iona l  

i n d i c a t o r s  o f  d i g e s t e r  performance, i n c l u d i n g  ac ids  and gas p roduc t ion ,  suggested 

m i c r o b i a l  i n h i b i t i o n  i n  t he  d i g e s t e r .  A f t e r  c r i t i c a l  e v a l u a t i o n  o f  t h e  d i g e s t e r  

performance, i t  was l e f t ,  w i t hou t  pH adjustment, u n t i l  evidence o f  anaerobic 

d i g e s t i o n  was absent. An a d d i t i o n a l  acid-phase d i ges te r ,  w i t h  pH c o n t r o l l e d  a t  

approxmately 6.0, i s  p lanned d u r i n g  t h e  nex t  c o n t r a c t  p e r i o d  t o  m a i n t a i n  h i g h  



F i g u r e  35. A c i d  Phase CSTR D i g e s t e r  Performance Curves 
( U n d i l u t e d  Kelp,  L = 0.3) 



acids concen t ra t ions  i n  t he  system. More a n a l y t i c a l  work i s  needed t o  

c h a r a c t e r i z e  t he  ope ra t i on  o f  acid-phase d i ges te r s .  

D i a l y s i s  - U n i t  

The o b j e c t i v e  o f  t h i s  task  was t o  s e l e c t  t h e  optimum membrane f o r  a c i d  

d i a l y s i s  and m i c r o b i a l  phase separa t ion .  The d i a l y s i s  o f  an acid-phz.se d i g e s t e r  

e f f l u e n t  w i t h  a  s e l e c t i v e l y  permeable membrane w i l l  a l l ow  passage o f  t he  s o l u b l e  

ac ids th rough  t he  membrane c o n c u r r e n t l y  w i t h  s o l i d s  r e t e n t i o n .  T h i s  procedure can 

be used t o  remove ac ids  from imbalanced d i g e s t e r s  o r  t o  o p t i m i z e  d i g e s t i o n  

k i n e t i c s  by promot ing e f f e c t i v e  phase separa t ion  o f  t h e  two-phase d i g e s t i o n  

process. 

The f i r s t  p r e l i m i n a r y  t e s t i n g  and shakedown o f  t h i s  u n i t  was performed w i t h  

t h e  c o n f i g u r a t i o n  i l l u s t r a t e d  i n  F i gu re  36. The c a p a c i t y  of t h e  system t o  d i a l y z e  

v o l a t i l e  ac i ds  f rom an u n d i l u t e d  k e l p - f e d  d i g e s t e r  was evaluated. The ac i ds  were 

d i a l y z e d  i n t o  degassed d i s t i l l e d  water t o  which sodium s u l f i t e  had been added (0.2 

g / l i t e r )  t o  remove d i sso l ved  oxygen t h a t  would i n h i b i t  a c t i v i t y  i n  t h e  d i g e s t e r .  

Dur ing  J u l y  and August Run 41 rece i ved  u n d i l u t e d  k e l p  L o t  20 on a  d a i l y  feed ing 

schedule a t  a l oad ing  of 0.10 1b vs / f t3 -day  and was used f o r  d i a l y s i s  s t ud ies .  

Several  types o f  membranes were examined i n  t h e  process o f  s e l e c t i n g  the optimum 

membrane. Out o f  approx imate ly  15 se l ec ted  types tested,  t h e  bes t  peicformance was 

ob ta ined  by a  regenerated c e l l u l o s e  membrane ( S a r t o r i u s  membrane f i l t e r ,  Ca ta log  

No. 11533), pore  s i z e  l ess  than 0.005 rpm. Due t o  change i n  t h e  program of s tudy  

a t  IGT, t h i s  exper iment was i n t e r r u p t e d  du r i ng  September 1980. 

Autofeeder 

A f t e r  a  s h o r t  p e r i o d  of cont inuous opera t  ion,  t h e  autofeeder  developed 

severa l  problems t h a t  a f f e c t e d  bo th  i t s  ope ra t i on  and d i g e s t e r  performance. The 

autofeeder d i d  no t  d e l i v e r  t h e  des ign  volume o f  26 m l  f eed  s l u r r y  i n t o  t h e  

d i g e s t e r  w i t h  each feed  cyc le .  Th i s  problem was c o r r e c t e d  by mod i f y i ng  t h e  r i n s e  



Figure 36. Schematic Diagram of Dialysis Unit for 
Microbial-Phase Separation or Acids Removal 



l i n e  and r e p l a c i n g  the  c o n i c a l  f unne l  w i t h  a  c y l i n d r i c a l  connector.  The minimum 

achievable  temperature i n  t he  feed tank was about lZOc,  which was n o t  low enough 

t o  p reven t  degradat ion of t h e  k e l p  p r i o r  t o  feed ing.  The r e f r i g e r a t i o n  c a p a c i t y  

o f  t h e  system was improved by a d d i t i o n a l  copper t u b i n g  around t h e  f eed  tank  and by  

a m i x t u r e  o f  e thanol ,  methanol, and water  as t h e  coo lan t .  The f eed  s l u r r y  can now 

be ma in ta ined  i n  t h e  temperature range of 2O t o  3 0 ~ .  

Run 39, a  10 l i t e r  b a s e l i n e  d i ges te r ,  was connected t o  t h e  autofeeder  d u r i n g  

t h e  f i r s t  qua r t e r .  Th i s  d i g e s t e r  r ece i ved  k e l p  L o t  49 supplemented w i t h  n i t r o g e n  

and phosphorus n u t r i e n t s ,  t o  a  t a r g e t  l oad ing  o f  0.10 1b vs / f t3 -day  and a  

r e t e n t i o n  t ime  o f  15 days. The d i g e s t e r  gas composi t ion,  weekly e f f l u e n t  q u a l i t y  

data,  d a i l y  pH, and temperature were c o l l e c t e d  r e g u l a r l y .  

Because o f  severa l  de fec ts  i n  t h e  autofeeder,  t h e  l oad ing  and r e t e n t i o n  t imes 

were no t  s t a b i  1  ized.  The d i g e s t e r  performance (Run 39) was, however, genera l  1y 

poor and suggested t h e  presence o f  e i t h e r  gas leaks  o r  m i c r o b i a l  t o x i c i t y .  A f t e r  

assur ing  the  absence of l eaks  i n  t he  system, a  b ioassay was performed t o  determine 

p o t e n t i a l  t o x i c i t y  o f  t h e  s to rage  tank feed s l u r r y  t o  a  v i a b l e  m i c r o b i a l  

inoculum. The r e s u l t s  o f  t h i s  b ioassay showed a  50% r e d u c t i o n  i n  t o t a l  gas 

p r o d u c t i o n  w i t h  t he  s to rage  tank f eed  compared w i t h  a  f r e s h l y  prepare3 feed  

s l u r r y .  Th is  r e d u c t i o n  i n  t o t a l  gas p roduc t i on  was a t t r i b u t e d  t o  t o x i c i t y  

r e s u l t i n g  f rom heavy meta ls ,  p a r t i c u l a r l y  Fe, C r ,  and Ni ,  were found i n  t h e  f eed  

a f t e r  s to rage  i n  t he  autofeeder  r e s e r v o i r .  Because of these problems, Run 39 was 

d isconnected f rom t h e  autofeeder  on J u l y  28 and was operated on a new l o t  of k e l p ,  

L o t  50, on a  d a i l y - f e d  bas i s .  A d d i t i o n a l  des igns f o r  autofeeder  cons t ruc t i on ,  

w i t h  cons ide ra t i on  o f  feed  m i l l i n g  t o  reduce m a t e r i a l s  hand l i ng  problems, were 

i n i t i a t e d .  



TABLE 27. HEAVY METALS I N  KELP, STORED AND UNSTORED I N  AUTOFEEDER RESERVOIR 

Uns to red  

S tored  

Pe - Cr N i - 
g /g  o f  feed  --- 

320 87 4.8 
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WORK PERFORMED UNDER SERI CONTRACT 

(SEPTEMBER 1980 TO DECEMBER 1980) 

The anaerobic d i g e s t i o n  systems des ign and process development p r o t o c o l  

con t inued  t o  address t h e  techno log ies  f o r  t h e  improvement o f  methane p roduc t i on  

r a t e s  by i nc reas ing  o rgan ic  l o a d i n g  r a t e s  w i t h o u t  s a c r i f i c i n g  methane y i e l d s .  

Toward t h i s  goal ,  t he  f o l l o w i n g  a c t i v i t i e s  were i n i t i a t e d  o r  con t inued  d u r i n g  t h e  

p e r i o d  o f  September 1980 through December 1980. 

1. Stock C u l t u r e  Maintenance and Base l i ne  C u l t u r e  Opera t ion  

T h i s  task  i s  in tended t o  ensure t h e  a v a i l a b i l i t y  o f  s tock and b a s e l i n e  

c u l t u r e s  t o  p a r t i c i p a t i n g  i n v e s t i g a t o r s  i n  a11 r e 1  ated areas o f  research  and 

development. Th i s  maintenance o f  a  bank of c u l t u r e s  must con t inue  a t  severa l  

o t he r  l o c a t i o n s  a lso,  t o  ensure aga ins t  c a t a s t r o p h i c  events which may impose 

se r i ous  t h r e a t s  t o  program progress.  Th i s  task i n v o l v e s  maintenance o f  s tock  

c u l t u r e s  on raw k e l p  feeds tocks  and cont inuous o p e r a t i o n  of conven t iona l  d i g e s t e r s  

as base l i ne  c u l t u r e s  t o  serve as c o n t r o l s  f o r  t h e  va r i ous  unconven t i o~ ia l  d i g e s t i o n  

systems under i n v e s t i g a t i o n .  

2. Base l i ne  D i q e s t i o n  System 

The o b j e c t i v e  o f  t h i s  task i s  t o  opera te  a  d i g e s t e r  a t  op t ima l  demonstrated 

performance 1  eve1 s . 
3. D iges te r  Desiqn and Technique Study 

The o b j e c t i v e  o f  t h i s  task  i s  t o  improve l o a d i n g  r a t e s  and methane y i e l d s  by 

u t i l i z i n g  i n n o v a t i v e  d i g e s t e r  designs operated as combined o r  as two-phase 

systems. D iges te r  designs t o  be s t u d i e d  i n c l u d e  CSTR, p l ug - f  low, upf low s o l  i d s  

b l  anket, expanded-bed and packed-bed as combined o r  s ing le-phase systems. T h i s  

task  i nvo l ves  t he  c o n s t r u c t i o n  o f  severa l  d i g e s t e r s  and assoc ia ted  equipment and 

o p e r a t i o n  o f  these unconvent iona l  d i g e s t e r s  i n  t h e  c o n f i g u r a t i o n  shown i n  Tab le  28. 



TABLE 28. OUTLINE OF PROPOSED DIGESTER DESIGN AND TECHNIQUES STUDY SCHEMES 

I C m b i n e d  Acid Phase  - - - - -.-- -. -- Methanat ion Phase  Comments I 
CSTR S o l i d s  s e p a r a t i o n  by 

s e t t l i n g .  

2. -- CSTR Packed bed r e a c t o r  S o l i d s  s e p a r a t i o n  by 
s e t t l i n g  and vacuum 
f i l t r a t i o n ,  o r  by 
c e n t r i f u g a t i o n .  

3 .  Upflow s o l i d  Upflow s o l i d  
blanket b l a n k e t  d i g e s t k r  
r e a c t o r  

4 .  P l u g  f l o w  - - 
5. Expanded 

bed r e a c t o r  

- - CSTR 

Seawat e r - d i l u t  ed k e l p  
f e e d .  

Expanded bed r e a c t o r  S o l i d s  s e p a r a t i o n  by 
s e t t l i n g .  

I 7- - - Upf low s o l i d  Packed bed r e a c t o r  S o l i d s  s e p a r a t i o n  by I 
I b l a n k e t  s e t t l i n g  mcl vacuum I 

r e a c t o r  f i l t r a t i o n ,  or  by 

E f f e c t  o f  Mann i t o l  Concen t ra t ion  

Ongoing exper iments on s tudy ing  t h e  e f f e c t  o f  mann i t o l  concen t rz . t i on  on 

methane y i e l d  under base l i ne  c o n d i t i o n s  were completed d u r i n g  t h i s  t ime  frame. 

T h i s  task  i n v o l v e d  cont inuous ope ra t i on  o f  two d i g e s t e r s  up t o  December 1980. 

Autofeeder Desiqn 

An autofeeder was designed, cons t ruc ted ,  and t e s t e d  f o r  f e e d i n g  u n d i l u t e d  k e l p  

t o  bench-scale r eac to r s .  I t  i n v o l v e d  develop ing a few concepts and s e l e c t i n g  one 

f o r  complete eva lua t i on .  

6. Cont inuous Feeding S tud ies  

Th i s  task  w i l l  be i n i t i a t e d  a f t e r  t h e  comp le t ion  o f  Task 5. The o b j e c t i v e  o f  

t h i s  task  i s  t o  determine t h e  e f f e c t  of f e e d i n g  frequency and p r o v i d e  a 

c o r r e l a t i o n  f o r  da ta  between semicont inuous o r  ba tch  f e e d i n g  and con t i nuous l y  fed  

d i ges te r s .  
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5.5 PRE-TREATMENT AND POST-TREATMENT DEVELOPMENT 

The o v e r a l l  o b j e c t i v e s  f o r  WRRC were t o  develop t h e  necessary processes and 

suppo r t i ve  eng ineer ing  and cos t  da ta  f o r  t h e  s torage,  t r a n s p o r t a t i o n ,  and 

p r e p a r a t i o n  o f  k e l p  f o r  f e rmen ta t i on  and f o r  t h e  u t i l i z a t i o n  o f  fe rmente r  e f f l u e n t .  

Due t o  low l e v e l  fund ing ,  WRRC was asked t o  opera te  i n  a  maintenance mode i n  

1980. Consequently, 1980 o b j e c t i v e s  were t o  o b t a i n  and supply  s u i t a b l e  prepared 

k e l p ,  m a i n t a i n  e x i s t i n g  d i ges te r s ,  and c o l l e c t  and accumulate l i q u i d  e f f l u e n t  f o r  

f u t u r e  s t ud ies .  These have been f o r m a l i z e d  as K e l p  Supply; Bench Reactor  

Maintenance; and D iges te r  E f f  1  uent  Supply and are ou t1  i ned below. 

Ke lp  Supply 

The va r i ous  agencies (GE, IGT, and WRRC) i n v e s t i g a t i n g  k e l p  f e rmen ta t i on  have 

operated t h e i r  d i g e s t e r s  on k e l p  grown i n  n a t u r a l  beds off t h e  C a l i f o r n i a  coast .  

Because o f  i t s  p r o x i m i t y  t o  t h e  k e l p  beds and i t s  p rocess ing  f a c i l i t i e s ,  WRRC was 

t h e  l o g i c a l  agency t o  supp ly  k e l p  f o r  t h e  Mar ine Biomass Program needs. To meet 

these needs, WRRC has made a cons iderab le  number o f  r e 1  a t  i v e l y  smal l  ha r ves t s  

between 1975 and t h e  p resen t .  In e f f e c t ,  t h i s  has r e s u l t e d  i n  a  somewhat random 

sampl ing of t he  k e l p  beds WRRC has access to .  

A s u b s t a n t i a l  da ta  base has been developed over t h i s  p e r i o d  r ega rd i ng  t h e  

n a t u r a l  v a r i a t i o n  i n  k e l p  compos i t i on  and i t s  a f f e c t  on fermentat ion.  When a  

d i g e s t e r  i s  f e d  a  new k e l p  l o t ,  which d i f f e r s  s u b s t a n t i a l l y  i n  composi t ion from 

i t s  p rev ious  feed, an extended p e r i o d  of adap ta t i on  occurs before s teady 

c o n d i t i o n s  r e t u r n .  K e l p  l o t s  w i t h  a  n i t r o g e n  con ten t  such t h a t  t h e i r  C t o  N  r a t i o  

i s  l e s s  than 15 have caused severe d i g e s t e r  upset.  Ke lp  l o t s  w i t h  a  h i g h  rnanni to l  

con ten t  (e.g. 24%) have a1 so caused d i g e s t e r  upset  d u r i n g  t h e  adap ta t ion  pe r i od .  

However, manni t o 1  i s almost comp le te ly  d i ges ted  (95%+) under c u r r e n t  o p e r a t i  ng 

cond i t i ons ,  and bo th  a  h i g h  mann i t o l  and h i g h  v o l a t i l e  s o l i d s  con ten t  (VS) a re  

d e s i r a b l e  f rom t h e  s tandpo in t  o f  p o t e n t i a l  methane y i e l d  per  pound o f  ke l p .  Now 



tha t  t h i s  essent ia l  data base has been developed, i t  i s  apparent that  fu r the r  work 

can more e f f i c i en t l y  be done by u t i l i z i ng  much larger kelp l o t s .  A s ingle  kelp 

l o t ,  chosen fo r  a desired composition, might supply a l l  agencies f o r  one or more 

years of d iges ter  operations. All agencies would then be using the  same kelp l o t ,  

and d i r ec t  comparison of r e su l t s  could be made. Time l o s t  f o r  research while a 

digester  adapts t o  new feed would be minimized. Final ly ,  digester  upset caused by 

kelp composition could be avoided. Because of these considerat ions,  WRRC 

performed a large scale-production harvesting operation in the  lat . ter  part  of 1980 

in addition t o  i t s  regular smaller scale  research harvests. 

Kelp Compositional Requirements 

Kelp, 1 ike a1 1 other agr icul tura l  crops, exh ib i t s  considerable seasonal 

variat ion as shown in Tables 29-32. Nitrogen contents have varied from 0.88 t o  

2.62 percent, mannitol from 5.18 t o  23.97 percent, and vo l a t i l e  so l ids  from 52.65 

t o  64.84 percent. Some generalizat ions can be made from the data, although 

considerable individual variat ions are present. Monthly mean values from a1 1 

harvests were computed and plotted.  More sampling would probably be necessary t o  

support a  s t a t i s t i c a l  evaluation of the data. However, the trends seem 

consis tant .  Nitrogen content was highest i n  the winter months of December through 

February and lowest in the summer months of June through August. Mannitol and 

vo l a t i l e  sol ids  were similar  t o  each other,  being lowest in l a t e  winter and highest 

in l a t e  summer. I t  should be emphasized t ha t  these conclusions are t en ta t ive .  

However, i t  does appear t h a t  l a t e  summer or ear ly  f a l l  would be the most l i ke ly  

time t o  obtain a composition r e l a t i ve ly  h i g h  in mannitol and v o l a t i l e  so l i d s  ye t  

w i t h  enough nitrogen t o  achieve a C / N  r a t i o  of 15. 

Bench Reactor Maintenance 

In 1980, WRRC operated a 100 l i t e r  and a 50 l i t e r  d iges ter  f o r  the e n t i r e  year 

and operated a 10 l i t e r  d iges ter  f o r  part  of the year. This task consisted of 



m a i n t a i n i n g  these c u l t u r e s  under b a s e l i n e  c o n d i t i o n s  o f  a  l o a d i n g  o f  0.15 l b s  

vs / f t3 -day  (us i ng  d i l u t e d  feed) ,  a  15 day h y d r a u l i c  r e t e n t i o n  t ime, and 35OC. 

These cond i t i ons  w i l l  be changed i n  1981, upon t h e  recommendations o f  IGT. 

Und i l u t ed  feed  w i l l  be used and l oad ing  w i l l  be reduced t o  0.10 1  bs ys / f t3-day.  

I t  i s  f e l t  t h a t  t h e  reduced l o a d i n g  w i l l  a l l e v i a t e ,  t o  some ex ten t ,  t h e  inc reased  

s t r e s s  r e s u l t i n g  f rom us ing  u n d i l u t e d  feed. 

Several  k e l p  l o t s  were u t i l i z e d  as f eed  over t he  course o f  t h e  year,  w i t h  a l l  

d i g e s t e r s  be ing  f e d  f rom the  same k e l p  l o t  i n  use a t  a  p a r t i c u l a r  t ime. D i l u t e d  

L o t  48 k e l p  was f e d  a t  t h e  beg inn ing  of t h e  year  w i t h  L o t s  50 and 49  f e d  a t  

success ive ly  1  a t e r  dates d u r i n g  t h e  year.  

The 100 l i t e r  d i g e s t e r  was operated w i t h  cont inuous s t i r r i n g  throughout  t h e  

year .  I t  was ve ry  s t a b l e  up t o  t h e  end of t he  t h i r d  q u a r t e r  even though severa l  

k e l p  l o t s  were used as feed. However, these k e l p  l o t s ,  48 and 50, were ve r y  

s im i  1  a r  i n  composi t i o n .  When L o t  49, c o n t a i n i n g  much h i ghe r  manni t o 1  con ten t  and 

r e q u i r i n g  n i t r o g e n  supplementat ion,  was in t roduced ,  severe d i g e s t e r  ~ p s e t  occurred. 

V o l a t i l e  f a t t y  a c i d  (VFA) con ten t  r ose  t o  about 5000 mg/l as HOAc. Feeding was 

stopped a t  t h a t  t ime, and t h e  c u l t u r e  was s ta r ved  u n t i l  VFA con ten t  dropped below 

2000 mg/ l .  A t  t h a t  t ime, load ing ,  u s i n g  a  50/50 m i x t u r e  of L o t s  49 and 50, was 

resumed a t  a  low l e v e l  and s l o w l y  brought  up t o  0.10 l b  vs/ f t3-day. The k e l p  

m i x t u r e  was used t o  min imize t h e  adverse e f f e c t  of L o t  49 w i t h  t h e  goal  o f  

g r a d u a l l y  c o n v e r t i n g  t o  100 percen t  L o t  49 as t he  c u l t u r e  became adapted t o  t h e  

new feed. However, a  1  a t e r  dec i s i on  has been made t h a t  a1 1  agencies w i l l  use L o t  

53 i f  an IGT t e s t  f e rmen ta t i on  o f  L o t  53 proves successful .  

Du r i ng  s t a b l e  o p e r a t i o n  ( f i r s t  q u a r t e r  th rogh  t h e  9 t h  week of t h e  t h i r d  

q u a r t e r ) ,  mean gas y i e l d  rose  f rom 6.3 SCF/lb VS t o  6.6 SCF/lb VS w h i l e  

mean-methane y i e l d  dropped f r om 2.9 SCF/lb VS t o  2.7 SCF/lb VS. Methane con ten t  



o f  t h e  gas dropped from about 47 percen t  t o  about 42 percent .  VFA con ten t  v a r i e d  

between 1600-2000 mg/ l .  

A 50 l i t e r  d i g e s t e r  was j u s t  be ing  s t a r t e d  a t  t h e  beg inn ing  o f  t h e  year  and 

f u l l  l oad ing  was no t  reached u n t i l  l a t e  i n  t h e  f i r s t  qua r t e r .  S h o r t l y  a f t e r  t h i s ,  

t he  d i g e s t e r  ope ra t i on  was changed f rom cont inuous s t i r r i n g  t o  i n t e r m i t t e n t  

s t i r r i n g  ( 5  m in /h r )  i n  o rder  t o  observe t h e  e f f e c t  of i n t e r m i t t e n t  s t i r r i n g .  

S t a b l e  ope ra t i on  ensued f o r  t he  second and most of t h e  t h i r d  q u a r t e r  u n t i l  L o t  49 

was f e d .  Severe d i g e s t e r  upset  then developed w i t h  t h e  VFA con ten t  e v e n t u a l l y  

r i s i n g  t o  over 7000 mg/ l .  Feeding was stopped, and t h e  d i g e s t e r  has been h e l d  

t h i s  way t o  f o r c e  down t h e  VFA content .  A l though i t  has dropped s u b s t a n t i a l l y  t o  

about 3500 mg/l,  i t  i s  s t i l l  t oo  h i g h  t o  resume feeding. E f f o r t s  t o  r e s t o r e  t h i s  

d i g e s t e r  t o  s a t i s f a c t o r y  ope ra t i on  are con t i nu i ng .  

I n  t h e  second quar te r ,  mean gas and methane y i e l d s  and methane con ten t  were 

v i r t u a l l y  i d e n t i c a l  t o  those o f  t h e  100 l i t e r  d i g e s t e r  and ranged from 2500-3000 

rng/l. I n  t h e  t h i r d  quar te r ,  u n t i  1 L o t  49 was fed,  mean gas and methane y i e l d s  

were 7.0 and 3.0 SCF/lb VS, r e s p e c t i v e l y ,  s l i g h t l y  h i ghe r  than  t h e  cor respond ing  

100 l i t e r  d i g e s t e r  va lues o f  6.6 and 2.7 SCF/lb VS. Methane con ten t  was v i r t u a l l y  

i d e n t i c a l  t o  t h e  100 l i t e r  d i g e s t e r  w h i l e  VFA con ten t  dropped t o  l e s s  than  1000 

mg/l, s u b s t a n t i a l l y  b e t t e r  than t h e  VFA con ten t  of t h e  100 l i t e r  d i g e s t e r .  Based 

on these parameters, an i n t e r m i t t e n t l y  s t i r r e d  fe rmente r  performed a t  l e a s t  as 

w e l l  as a  con t i nuous l y  s t i r r e d  fermenter .  

The 10 l i t e r  d i g e s t e r  was no t  as s t a b l e  as t h e  100 l i t e r  d i g e s t e r .  A m i l d  

upset occurred a t  t h e  beg inn ing  o f  t h e  f i r s t  qua r t e r .  Loading was reduced t o  

0.125 l b  vs / f t 3 -day  f o r  a  s h o r t  t ime, coupled w i t h  pH c o n t r o l ,  t o  r e g a i n  s t a b l e  

opera t ion .  A s u b s t a n t i a l  gas leak  developed i n  t h e  second q u a r t e r  a t  which t ime  

t h e  cu 

Recond 

needed 

l t u r e  was d iscarded  and t h e  d i g e s t e r  shut  down f o r  r e c o n d i t  

i t i o n i n g  has been completed, and t h i s  d i g e s t e r  can be r e a c t  

by charg ing  w i t h  severa l  days' e f f l u e n t  f rom t h e  100 l i t e r  

i on i ng .  

i v a t e d  when 

d i g e s t e r  . 



Methane con ten t  was very  s i m i l a r  t o  t h a t  o f  t h e  100 l i t e r  d i g e s t e r  d u r i n g  t h e  

p e r i o d  of opera t ion .  However, mean gas and methane y i e l d s  were 5.8 and 2.8 SCF/lb 

VS, r e s p e c t i v e l y ,  s u b s t a n t i a l l y  lower  than  those of t h e  100 l i t e r  d i q e s t e r .  These 

lower values were p robab ly  a r e s u l t  of a  gas leak  which became apparent i n  t h e  

second q u a r t e r .  Methane con ten t  was very  s i m i l a r  t o  t h e  100 l i t e r  d i g e s t e r .  VFA 

con ten t  was somewhat h igher ,  v a r i n g  from 2500-3000 rng/l. 

D iges te r  E f f l u e n t  Supply 

L i q u i d  e f f l u e n t  was t o  be separated from s o l i d  e f f l u e n t  and accuniulated f o r  

eventua l  use i n  s t u d i e s  u t i l i z i n g  i t  as a  n u t r i e n t  source f o r  ke l p .  Th i s  t ask  was 

i n i t i a t e d  s h o r t l y  before t h e  d i g e s t e r s  exper ienced t h e i r  severe upset  a t  t h e  end 

o f  t h e  t h i r d  q u a r t e r .  C o l l e c t i o n  o f  l i q u i d  e f f l u e n t  was suspended u n t i l  t h e  

d i g e s t e r s  r e t u r n  t o  s t eady -s ta te  a t  which t i m e  accumulat ion w i l l  be resumed. 



1SEPTEMBER 1 - DECEMBER 31, 1980) 

Research Harvests  

Dur ing  1980, WRRC performed four  smal l  s ca le  harves t /p rocess ing  runs.  Loca l  

k e l p  (Santa Cruz area) was hand-harvested by WRRC personnel .  C a l i f o r n i a  i ssues  

h a r v e s t i n g  pe rm i t s  f o r  s c i e n t i f i c  purposes b u t  r e s t r i c t s  h a r v e s t i n g  t o  hand 

methods. A 32 f o o t  boat ,  t h e  "Scammon", was g r a c i o u s l y  prov ided,  a t  cos t ,  by t h e  

Mar ine S tud ies  Department o f  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Santa Cruz, f o r  

ha r ves t i ng .  The k e l p  was c u t  and approx imate ly  50 pounds p laced  i n  p l a s t i c  bags. 

Ha rves t i ng  was done i n  t h e  morning; a f ternoon winds and s w e l l s  made h a r v e s t i n g  t o o  

d i f f i c u l t .  Upon r e t u r n i n g  t o  dock, t h e  k e l p  was i c e d  and t r ucked  t o  WRRC, 

a r r i v i n g  by mid-af ternoon.  Ke lp  was s t o r e d  o v e r n i g h t  under i c e  f o r  nex t  day 

process ing.  

Southern Cal  i f o r n i  a  k e l p  was ob ta ined  f rom a  commerci a1 ha rves te r ,  S t a u f f e r  

Chemical Company. S t a u f f e r  Co. was most h e l p f u l  and coopera t i ve ,  a l l o w i n g  us t o  

o b t a i n  t h e i r  l a s t  harvested k e l p  ( f i r s t  unloaded).  Ke lp  was p laced  i n  wooden 

b ins ,  covered w i t h  a  t a r p a u l i n ,  and t r ucked  ove rn i gh t  under ambient temperature 

(50-60°F) t o  WRRC. 

Process ing was t y p i c a l l y  done t h e  day a f t e r  ha r ves t i ng .  Ke lp  was ground, 

us i ng  a  Master Crusher impact m i l l ,  and c o l l e c t e d  i n  50-200 g a l l o n  tanks.  The 

s l u r r y  was then packaged and f rozen  i n  WRRC's b l a s t  f reezer .  Frozen k e l p  was 

s to red  a t  WRRC and d i s t r i b u t e d  as needed. 

Produc t ion  Harvests  

Three year  requi rements  o f  t h e  va r i ous  agencies i n d i c a t e d  t h a t  a  t o t a l  o f  

50,000 pounds would s u f f i c e .  Examinat ion o f  p rev i ous  da ta  i n d i c a t e d  September 

th rogh  October would g i v e  t he  b e s t  chance o f  o b t a i n i n g  t h e  most d e s i r a b l e  



composi t ion.  F u r t h e r  cons ide ra t i ons  were t h e  weather and t h e  c o n d i t i o n  o f  t h e  

k e l p  beds. Winter  storms and rough seas g e n e r a l l y  beg in  d u r i n g  o r  s q o r t l y  a f t e r  

October i n  t h i s  area, and they  g r e a t l y  reduce t h e  k e l p  canopy. Not m l y  would 

t h i s  make h a r v e s t i n g  ve r y  d i f f i c u l t ,  t h e r e  m igh t  no t  be enough k e l p  t o  supp ly  t h e  

des i r ed  amount a f t e r  October.  Consequently, t h e  d e c i s i o n  was made t o  proceed w i t h  

h a r v e s t i n g  i n  October, even though t h i s  presented cons ide rab le  d i f f i c u l t i e s  i n  

terms o f  schedu l ing  c o n f l i c t s  w i t h  o the r  research  a t  WRRC and ve ry  l i t t l e  t ime  t o  

p rocure  necessary h a r v e s t i n g  equipment. 

Before t he  p roduc t i on  h a r v e s t i n g  began, i t  was necessary t o  sample t h e  l o c a l  
, 

k e l p  beds i n  o rder  t o  determine k e l p  composi t ion and i d e n t i f y  k e l p  species.  Bo th  

l o c a l  k e l p  beds (Soquel P o i n t  and Santa Cruz P o i n t )  were sampled and compos i t i on  

determined as s u i t a b l e .  Mar ine b i o l o g i s t s  f r o m  Neushul M a r i c u l t u r e  i d e n t i f i e d  

Santa Cruz P o i n t  as c o n t a i n i n g  Macrocys t i s  p y r i f e r a  and Soquel P o i n t  as c o n t a i n i n g  

M. i n t e q r i f o l i a .  The Santa Barbara area, where S t a u f f e r  would harves t ,  was - 

p r i n c i p a l l y  - M. a u q u s t i f o l  i a .  Consequently, h a r v e s t i n g  was 1 i rn i ted  t o  t h e  Santa 

Cruz P o i n t  bed, t h e  o n l y  a v a i l a b l e  source o f  - M. p y r i f e r a .  

S ince 50,000 pounds was much t o o  l a r g e  t o  ha rves t  and process i n  one day, i t  

was decided t o  extend ope ra t i ons  over severa l  days. Composi t ion of an i n d i v i d u a l  

bed was u n l i k e l y  t o  change much over  a  s h o r t  p e r i o d  o f  t ime. Goal of  t h e  

o p e r a t i o n  was t o  complete t h e  h a r v e s t i n g  i n  10 days o r  less.  

The bas i c  h a r v e s t i n g  and p rocess ing  procedure, desc r i bed  f o r  t h e  research  

harves ts ,  had t o  be e x t e n s i v e l y  mod i f ied  i n  o rde r  t o  achieve t h e  g r e a t l y  inc reased  

amounts env is ioned  f o r  t h e  p r o d u c t i o n  harves t .  The Scammon's f i r s t  t r i p  t o  t h e  

k e l p  bed began each morning between 7: 3 

each day t o  t h e  k e l p  bed. Three people  

a  WRRC employee, comprised a  h a r v e s t i n g  

k e l p  and p u l l e d  i t  onboard. The remain 

- 8:00 am; t h r e e  t o  fou r  t r i p s  were made 

were employed by  t he  U n i v e r s i t y  and, w i t h  

crew o f  f o u r  members. Two crewmen c u t  t h e  

ng crewmen p i l e d  t h e  k e l p  on a  12 f o o t  



square ca rgo  n e t  spread o u t  on t h e  deck. A maximum o f  two n e t s  c o u l d  be f i l l e d  a t  

a t ime,  a f t e r  which t h e  b o a t  r e t u r n e d  t o  t h e  dock. A c rane  was used t o  h o i s t  each 

ne t ,  h o l d i n g  about 950 pounds of k e l p ,  and c a r r y  i t  t o  a  t r u c k  where i t  was 

loaded. K e l p  i n  t h e  t r u c k  was covered w i t h  a  t a r p a u l i n .  H a r v e s t i n g  ceased upon 

t h e  onset  of a f te rnoon  winds and heavy seas. Each d a y ' s  h a r v e s t  was t r u c k e d  t o  

WRRC, a r r i v i n g  between 3:00 - 5:00 pm, and was t r a n s f e r r e d  t o  wooden b i n s  and 

covered f o r  o v e r n i g h t  s t o r a g e  a t  ambi e n t  tempera tu re  (50-60°F). 

Each d a y ' s  h a r v e s t  was processed t h e  f o l l o w i n g  day by  g r i n d i n g  i t  t h r o u g h  a  

Master  Crusher impact  m i l  1. Ground s l u r r y  was c o l l e c t e d  i n  a  200 g a l  l o n  tank .  

Emough k e l p  was ground a t  a  t i m e  t o  f i l l  t h e  tank .  S l u r r y  was packaged by  pumping 

o u t  of t h e  tank  i n t o  waxed paper t u b s  w i t h  p u l l  t a b  l i d s .  P u l p  and j u i c e  

f r a c t i o n s  o f  t h e  s l u r r y  separa te  w i t h  t i m e  so occas iona l  m i x i n g  was r e q u i r e d .  

When m i x i n g  was needed, t h e  s l u r r y  was c o n t i n u o u s l y  r e c i r c u l a t e d  b y  pumping back 

i n t o  t h e  tank .  A composi te sample o f  each day ' s  h a r v e s t  was o b t a i n e d  by  t a k i n g  

abount 50 cc  o f  s l u r r y  f r o m  a p p r o x i m a t e l y  e v e r y  2 0 t h  t u b .  F i l l e d  t ~ b s  were boxed 

and p a l l e t i z e d .  P rocess ing  was f i n i s h e d  by a p p r o x i m a t e l y  2:00 pm e x h  day a t  

wh ich t i m e  t h e  boxed k e l p  was t r u c k e d  t o  a  c o m e r c i a l  f a c i l i t y  f o r  f r e e z i n g  and 

s to rage .  Packaged k e l p  was i n  O°F s t o r a g e  by 4:30 pm each day. 

H a r v e s t i n g  was done on October  21, 22, and 28, and p r o c e s s i n g  done on October  

22, 23, and 29. One h a r v e s t ,  scheduled f o r  October  2 7 ,  was c a n c e l l e d  due t o  

r e n t a l  equipment f a i l u r e .  No o t h e r  h a r v e s t s  c o u l d  be scheduled bet~veen October  22 

and 28 due t o  t h e  r e q u i r e d  use of WRRC p i l o t  p l a n t  f a c i l i t i e s  f o r  o t h e r  r e s e a r c h  

programs, and no h a r v e s t s  were made a f t e r  t h e  2 8 t h  because of a  d rop  i n  m a n n i t o l  

c o n t e n t  o f  t h e  k e l p .  

Compos i t ion  of h a r v e s t s  on October  21 and 22 was v e r y  s i m i l a r  (L.ots 53-1 and 

53-2 i n  Tab le  30).  Bo th  n i t r o g e n  and m a n n i t o l  were r e l a t i v e l y  h igh ,  1.8 p e r c e n t  



and 19-21 percent ,  r e s p e c t i v e l y ,  which was des i r ab le .  N i t r ogen  con ten t  of t h e  

October 28 ha rves t  ( L o t  5 4 )  was even h i g h e r  a t  1.9 percent ,  b u t  mann i t o l  con ten t  

was s u b s t a n t i a l l y  lower  a t  15 percen t  than  L o t s  53-1 and 53-2. L o t s  53-1 and 53-2 

a re  s i m i l a r  enough t o  be combined as one l o t .  T h i s  w i l l  be d i s t r i b u t e d  t o  t h e  

agencies. L o t  54 was kep t  separate  and s t o r e d  f o r  p o s s i b l e  f u t u r e  use. 

A t o t a l  o f  approx imate ly  10,800 pounds was t h e  combined n e t  weight  o f  L o t s  

53-1 and 53-2. IGT w i l l  r e c e i v e  approx imate ly  6,700 pounds by r e f r i g e r a t e d  t r u c k ,  

approx imate ly  900 pounds t o  GE w i l l  be shipped b y  a i r  f r e i g h t ,  and t h e  remainder 

w i  11 be kep t  b y  WRRC. L o t  54 weighed approx imate ly  3,100 pounds. 

Al though t h e  combined ha rves t  f e l l  s h o r t  of i t s  goal ,  enough k e l p  was prepared 

f o r  about one year  o f  opera t ion .  The exper ience  ga ined should r e s u l t  i n  a s h o r t e r  

ha rves t  t ime  per  boat '  l oad  i n  t h e  f u tu re .  More t r i p s  cou ld  be made i n  a  d a y - d a i l y  

harves ts  of about 5 tons appear more f e a s i b l e .  Wi th  enough l ead  t ime, a  number o f  

consecu t i ve  ha rves t  days cou ld  be scheduled so t h a t  a  s u b s t a n t i a l  amwnt  o f  k e l p  

cou ld  be ob ta ined  before k e l p  composi t ion shows much change. 

I n  a d d i t i o n  t o  t h e  above work, a l l  50 and 100 l i t e r  d i g e s t e r s  wesre ma in ta ined  

d u r i n g  t h e  September th rough  December t ime  pe r i od .  



TABLE 29. C O M P O S I T I O N  O F  K E L P  L O T S  HARVESTED O F F  SOQUEL PT., C A L I F O R N I A  
R E S U L T S  R E P O R T E D  ON A DRY B A S I S  

,ot No. Harvest  Z Ash  % V o l a t i l e  % Nit rogen  % F a t  % F i b e r  7 Manni tol  f 41gin  
Date S o l i d s  

* Analyses n o t  completed.  



TABLE 30 .  COMPOSITION OF KELP LOTS HARVESTED OFF SANTA CRUZ PT., CAL IFORNIA  
RESULTS REPORTED ON A DRY B A S I S  

Lot No. Harves t  % Ash % V o l a t i l e  % N i t r o g e n  % F a t  % F i b e r  % Manni tol  % Algir  
Date S o l i d s  

* Analyses no t  completed 

TABLE 31 .  COMPOSITION OF KELP LOTS HARVESTED OFF SOUTHERN CAL IFORNIA  
RESULTS REPORTED ON A DRY B A S I S  

Lot  No. Harves t  % Ash % V o l a t i l e  % Nit rogen  X F a t  % F i b e r  % Mannit01 % A l g i ~  
Date S o l i d s  

TABLE 32. COMPOSITION OF KELP LOTS HARVESTED OFF MONTEREY, CAL IFORNIA  
RESULTS REPORTED ON A DRY B A S I S  

Lot No. Harves t  
Date 

% Ash % V o l a t i l e  % N i t r o g e n  % F a t  
S o l i d s  

% F i b e r  
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5.6 NEW YORK STATE SITE AND SPECIES SELECTION 

The o v e r a l l  o b j e c t i v e  of t h e  M a r i n e  Biomass Program i n  New York i s  t o  

demonst ra te  t h e  e c o n o m i c a l l y  c o m p e t i t i v e  c o m m e r c i a l i z a t i o n  o f  t h e  

methane-f  rom-mari ne-biomass concep t  i n  wa te rs  c o n t i g u o u s  t o  New York S t a t e .  

N a t u r a l  gas i s  w i d e l y  used i n  New York f o r  i n d u s t r i a l  and domest ic  purposes 

t h e r e b y  c r e a t i n g  a  r e a d y  marke t  f o r  methane. The c a p a b i l i t y  and e x p e r t i s e  e x i s t s  

t o  grow seaweeds f o r  c o n v e r s i o n  t o  methane and New Y o r k ' s  c o a s t a l  wa te rs  a r e  r i c h  

enough i n  n u t r i e n t s  t o  s u p p o r t  h i g h l y  p r o d u c t i v e  growth.  The work t a s k s  

encompassed t h e  f o l l o w i n g  areas:  

Species E v a l u a t i o n  

F i e l d  C o l l e c t i o n  

Spec ies  Compos i t i ona l  A n a l y s i s  

G a s i f i c a t i o n  

P l a n t  Growth 

T e s t  S i t e  E v a l u a t i o n  

E n g i n e e r i n g  Systems A n a l y s i s  

Spec ies  E v a l u a t i o n  

T h i s  t a s k  was concerned w i t h  t h e  e v a l u a t i o n  of seaweeds as p o t e n t i a l  c a n d i d a t e  

f e e d s t o c k s  f o r  t h e  b i o c o n v e r s i o n  process.  S e l e c t i o n  c r i t e r i a  were e s t a b l i s h e d  t o  
I 

de te rm ine  which  m a r i n e  m a c r o a l g a l  spec ies  wou ld  be c o l l e c t e d  f rom New York 

wa te rs .  Data on M a c r o c y s t i s  p y r i f e r a  served as t h e  b a s e l i n e  f o r  e v a l u a t i o n  and 

r a n k i n g  o f  c a n d i d a t e  biomass feedstock .  

A  comprehensive s e l e c t i o n  c r i t e r i a  l i s t  was deve loped j o i n t l y  b y  EiE-RSD and 

NYSGI pe rsonne l .  T h i s  l i s t  i n c l u d e s :  

1) P r o d u c t i v i t y  

2 )  Compos i t ion  

3)  D i g e s t i b i l i t y  



4) Plant Characteristics 

5) Environmental Impact 

6) Harvesting/Planting Technology 

7) By-Products 

Although this list was deemed comprehensive, it has not yet been prior-itized. At 

this time, the most important criterion from an economic viewpoint, may be the 

technology of the culture system itself (#6 above). A preliminary list of 

potential candidate macroalgae species for the New York Biomass Program was 

compiled. This list includes: 

Fucus vesiculosus Chondrus crispus 

Ascophylum nodosum Palarnari a palmata 

Ulva lactica and U. riqida - -- - Codium fragile 

Agardhiella tenera Laminaria agardhii 

Gracilaria verrucosa - 

In order to develop baseline information against which the various biologic and 

culturability characteristics of East Coast species could be compared, Macrocystis 

pyrifera was added to the list. 

The above list was further expanded to include macroalgal species hhich are 

found in waters nearby to the state of New York and could be potentially 

cultivated - These are: 
Aqarum cr i bosum 

Alaria esculenta 

Laminaria - saccharina 

Sargassum sp. - 



F i e l d  C o l l e c t i o n  

The i n i t i a l  f i e l d  c o l l e c t i o n s  were f o r  compos i t i ona l  ana l ys i s .  Two, 2 pound 

( w e t  we igh t )  samples o f  t h e  f o l l o w i n g  species had been forwarded t o  GE by  3 1  March 

Fucus ves icu losus  

Ascophyllum nodosum 

U l va  l a c t u c a  

Chondrus c r i s p u s  -- 
agard i  i 

Palmar ia  pa lmata  -- 
Dur ing  t h e  second qua r t e r ,  two 2 pound samples each of Fucus A l a r i a ,  Agarum, 

-5 

Ascophyllum, - Laminar ia,  - - Ulva, Chondrus, and Pa lmar ia  were c o l l e c t e d  f rom a  number 

of s i t e s  around Long I s l a n d  and f rom t h e  waters  near Nahant, Massachusetts and 

shipped. 

Dur ing t h e  t h i r d  qua r t e r ,  two 2 pound samples each of Chondrus, --¶ Uyva Codium, 

and -- Laminar ia  were c o l l e c t e d  f rom t h e  eas te rn  Sound ( O r i e n t  P o i n t )  and shipped t o  

GE f o r  ana l ys i s .  A d d i t i o n a l l y ,  two 2 pound samples each o f  Ulva,  Codium, Fucus - -- -9 

Ascophyllum, and Laminar ia  were c o l l e c t e d  and f rozen.  Specimens o f  - Sz~rgassum sp 

and A g a r d h i e l l a  were no t  found d u r i n g  any o f  t h e  c o l l e c t i o n  per iods .  A h i s t o r y  o f  

t h e  ha rves t i ng  c o n d i t i o n s  f o r  each o f  these samples i s  p rov i ded  i n  Table  33. 

Composit ion Ana l ys i s  

Th is  t ask  d e a l t  w i t h  t h e  de te rm ina t i on  o f  t h e  chemical  composi t ion o f  

candidate mar ine macroa lga l  spec ies t o  assess t h e  amount of b iodegradable  o rgan i c  

ma t t e r  t h a t  would c o n t r i b u t e  t o  methanogenesis. The s e l e c t i o n  of t h e  bas i c  

processes by which mar ine biomass i s  conver ted t o  methane i s  dependent on t h e  

biomass composi t ion.  However, t h e  chemical  composi t ion of p l a n t  m a t e r i a l  v a r i e s  

cons ide rab l y  among spec ies and o f t e n  w i t h i n  spec ies as a  f u n c t i o n  o f  i t s  



TABLE 33. HARVESTING HISTORY OF MACROALGAL SPECIMENS RECEIVED 
FOR A N A L Y S I S  BY GE-RSD 

Species 

Harvest  Cond i t i ons  
Water 

@ ( ' )  && Temperature " C  Date 1980 Loca t i on  ( 2 )  

A l a r i a  escu len ta  6 1 10 5/  3 Nahant, Mass. 

Aqarum c r i  bosum 8 1 10 5/ 3 Nahant, Mass. 

Ascophyl 1 um nodosum B 1 

Chondrus c r i s p u s  R l 

Codium f r a g  

Fucus a ise ichous  B 1 24 

3 /9  F lax  Pond 

3/23 O r i e n t  Po 

, L . I .  

i n t ,  L.1. 

5/3  Nahant, Mass. 

3/  - Conn. 

2/24 O r i e n t  Po in t ,  L . I .  

7/22 O r i e n t  P o i n t ,  1. I .  

6/4 Long Beach Bay, L .  I. 

7/22 O r i e n t  P o i n t ,  L .  I .  

Comments 

D r i f t  sample from rocky  
beach; n o t  dess ica ted  

D r i f t  sample from rocky  
beach; n o t  dess ica ted  

A t  l ow t i d e ,  i n  mud and 
Spa r t i na  grass 

D r i f t  sample; n o t  
dess ica ted  

From rocks  a t  l ow t i d e  

Ex tens ive  s u b t i d a l  bed 

Mixed spec ies bed; 
p l a n t s  heal  t hy ,  smal l  
t o  medium s i z e  

Large p l a n t s  w i t h  some 
pigment l o s s ;  r ocky  
bottom 

I n t e r t i d a l  ; sca t t e red  
mature 2nd young p l a n t s  
pebbl e  bottom 

Rock bottom; 2-3 m deep 
heal t hy ,  v a r i a b l e  p i g -  
men t 



TABLE 33. HARVESTING HISTORY OF MACROALGAL SPECIMENS RECEIVED 
FOR A N A L Y S I S  BY GE-RSD (Cont inued) 

Harvest  Cond i t i ons  
Water 

Loca t i on  
( 2 1  Species 

Fucus ves icu losus  

Temperature "C  Date 1980 Comments 

Above low t i d e  mark; 
rock ;  ex tens i ve  heal  
bed 

Heal thy ;  mixed w i t h  
Spar t  ina grass 

1 . 5  m, i n  s u r f  zone; 

F lax Pond, L . I .  

F l ax  Pond, L . I .  

Laminaria agardhi  i 

Laminaria sacchar i  na 

O r i e n t  P o i n t ,  L . I .  

O r i e n t  P o i n t ,  L.X.  

medium s ized,  heal t h y  

D r i f t  sample from beach 
1 arge, complete p l a n t s  

O r i e n t  P o i n t ,  L .  I. 2-3 m deep; sand/rock 
bottom; l a rge ,  heal t h y  

O r i e n t  Po in t ,  L . I .  2-4 m deep; rocky ;  
p l a n t s  l a rge ;  some 
ep iphy t i sm 

Macrocys t i s  p y r i f e r a  

Palmeria palmata 

Southern Cal i f o r n i a  

Southern C a l i f o r n i a  

Conn. 

S t a u f f e r  L o t  687-164 

S t a u f f e r  t o t  687-1 66 

Sub t ida l  rock ;  patchy 
bed ; heal  t h y  

O r i e n t  P o i n t ,  L .  I. Rocky; hea l t hy ,  bu t  
some pigment l o s s  

Ulva Lactuca F l a x  P m d ,  L.!. LA++--. 
YULL.UIII, 1 ii? 3 2 2 ~  

ex tens i ve  bed; mature, 
heal t h y  



TABLE 33. HARVESTING HISTORY OF MACROALGAL SPECIMENS RECEIVED 
FOR A N A L Y S I S  BY GE-RSD ( C o n t i n u e d )  

Species 

Harvest  Cond i t i ons  
Ma t e r  
Temperature O C  Date 1980 Locat  i o n  ( 2 )  Comments 

Ulva Lactuca G 2 - 1/11 F l ax  Pond, L . I .  Mud f l a t s  a t  l ow t i d e ;  
l ong ,  mature, hea l t hy  

$3)  2  4 7/22 O r i e n t  P o i n t ,  1. I .  Rocky bottom; 2-3 rn 

deep; hea l t hy  

Footnotes: 

( 2 )  L . I .  = Long I s l a n d  . 
( 3 )  May be Ulva r i q i d a  i ns tead  of - U. l ac tuca  

(1 ) Type B  = Brown Algae 

R = Red Algae 

G = Green Algae 



p h y s i o l o g i c a l  s t a t e .  Therefore,  l a b o r a t o r y  analyses were performed t o  determine 

t h e  c o n s t i t u e n t s ,  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  o f  t h e  samples c o l l e c t e d .  

P r i o r  t o  t he  i n i t i a t i o n  o f  q u a n t i t a t i v e  analyses, i t  was necessary t o  develop 

and v e r i f y  an a n a l y t i c a l  p r o t o c o l  s p e c i f i c  t o  t h e  wide v a r i e t y  o f  c o n s t i t u e n t s  

expected i n  t h e  cand ida te  macroalgae. V e r i f i c a t i o n  where necessary was 

accomplished by " s p i k i n g "  Macrocys t i s  p y r i f e r a  samples w i t h  known amounts of 

expected c o n s t i t u e n t s  and assessing recovery .  The f l ow  c h a r t  developed d u r i n g  

t h i s  s tudy f o r  m a t e r i a l s  handl ing and analyses i s  presented i n  F i g u r e  37<, 

A comp i l a t i on  o f  t he  composi t iona l  da ta  i s  presented i n  Table  34. 

D iscuss ion  o f  A n a l y t i c a l  Resu l t s  

1. Dry Weight 

From t h e  da ta  i t  i s  ev i den t  t h a t  Ascophyllum 

d r y  weight  (ca.  24%), bu t  Aqarum - cribosum, A l a r i a  

nodosum has t h e  h i g h e s t  pe rcen t  

escu lenta,  and Chondrus c r i s p u s  

a l so  average over 20 percen t .  Macrocyst is  p y r i f e r a  a t  11-12 percen t ,  and Codium -- 
f r a g i l e  a t  7.8 percent ,  show the  lowest d r y  weight  values. 

2. V o l a t i l e  S o l i d s  

On a  percen t  o f  d r y  weight  basis,  Fucus d i s t i c h o u s  has t h e  h i ghes t  v o l a t i l e  

s o l i d s  ( o rgan i c  con ten t ) ,  bu t  Aqarum cribosum, A l a r i a  escu lenta,  Ascophyllum - 
nodosum, and Palmar ia  pa lmata  a l l  have va lues i n  t h e  70 percen t  p l u s  range. 

Codium f r a g i l e ,  - Laminar ia  agardh i i  and - M. p y r i f e r a  c o n t a i n  v o l a t i l e  s o l i d s  below 

t h e  60 percent  l e v e l .  A h i g h  percent v o l a t i l e  s o l i d s  ( low percen t  ash) i s  an 

o b v i o u s l y  d e s i r a b l e  f e a t u r e  f o r  biomass conversion. Wi th  t h e  excep t i on  o f  - U l v a  

lac tuca ,  and Palmar ia  palmata, the d i f f e r e n c e s  w i t h i n  a  spec ies seem l e s s  t han  

those between species.  The U l va  lac tuca,  L o t  2 sample appears t o  be  much 

d i f f e r e n t  than  Lo t s  1 and 3 i n  t h i s  s e t  of de te rmina t ions .  Dr. B r i n k h u i s  f e e l s  

t h a t  L o t  2 i s  a c t u a l l y  U l va  lactuca, w h i l e  Lo t s  1 and 3 a re  p robab l y  

r e p r e s e n t a t i v e s  o f  t h e  r e l a t e d ,  but much h a r d i e r  species, U l va  r i g i d a .  The weight  - - 
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TABLE 34. MACROALGAL ANALYTT CAL DATA 

1 L o t  Number 

1 %  Ory He igh t  

V o l a t i l e  So l ids  
Ash 

Carbon 
Hydrogen 
Oxygen ( 2 )  
N i t r o g e n  
S u l f u r  

A l g i n  
Carrageenan ( 3 )  
C e l l u l o s e  
Fucoidan 
Laminar in  
L i g n i n  
Manni t o 1  
T o t a l  Anthrone 

(Carbohydrate) 
Sugars/Al coho1 s 

(as manni to1 ) 
C/N R a t i o  

- = A n a l y s i s  n o t  performed 

ii j May a c r u a i i y  De u i v a  r ~ g i d a  i n s t e a d  o f  g. l a c t u c a  

( 2 )  Oxygen by d i f f e r e n c e  = VS - C-H-N 

"7 
3 
0 

w .c 
U 5 ,  "7.- 

7u. 
0 - J  UVI 
O L  3.7 
3% L L U  

G 8  

1 1  

7.8 23.8 
-- 

19.8 82.5 
0.2 17.5 

9.2 38.1 
3.4 5.1 
15.6 35.4 
:.6 3.9 
4.1 1.4 

4 2  5.8 

4.1 7.3 
0.5 3.1 - 
7.0 12.9 
1.3 6.9 

18.2 28.6 

1.2 11.7 
0 .0  9.7 

m 
.7 m 
LC, 
d m  
E E 
C '-- 
m "a 
a a 

R -- 

1 2  

10.0 17.0 

71.2 79.8 
28.C 20.2 

30 34.9 
4.5 5.6 

32.9 35.1 
3.8 4.1 
0.5 0.5 

0.6 3.1 
30 15.6 

4.4 4.0 
0.1 9.7 
- - 

2.1 2.8 - - 

23.1 60.9 

19.4 27.1 -- 
7.9 8 .5  

Type: B  = Brown 
C : rr..-- 
u UI C C I I  

( 3 )  Carrageenanlagar R = Red 



o f  v o l a t i l e  s o l i d s  i s  c a l c u l a t e d  as l b s / w e t  ton .  Values a r e  shown i n  T a b l e  35 

and a  number o f  t h e  s p e c i e s  show va lues  above 300 I b s  VS/wet ton .  - Maci-ocys t is  

p y r i f e r a  averages about  140 l b s  VS/wet ton .  

3. E lementa l  Ana lyses 

E lementa l  ana lyses were per formed on each sample and t h e  d a t a  o b t d i n e d  used 

t o  e s t i m a t e  t h e  t h e o r e t i c a l  gas y i e l d s  ( t o  be d i scussed  l a t e r )  and t o  assess t h e  

r a t i o  o f  carbon t o  n i t r o g e n  ( C / N  r a t i o ) .  G e n e r a l l y  a  C/N r a t i o  o f  <l ! i  i n d i c a t e s  

t h a t  an ac t . i ve  d i g e s t i o n  o f  t h e  biomass can be a t t a i n e d  w i t h o u t  n i t r o g e n  

supp lemen ta t i on  p r o v i d e d  t h e  n i t r o g e n  i s  b i o l o g i c a l l y  a v a i l a b l e .  W i t h  t h e  

e x c e p t i o n  of M a c r o c y s t i s  p y r i f e r a  L o t  49, a l l  specimens showed a  C/N  < 15.  

4. A l g i n  

A l g i n ,  a  major  c e l l  w a l l  s t r u c t u r a l  component i n  Brown seaweeds, i s  a  random 

copolymer of D-mannuronic and D - g u l u r o n i c  a c i d s .  As expected,  t h e  Red and Green 

a lgae c o n t a i n  a lmost  no a l g i n  ( l e s s  t h a n  1%). Among t h e  Brown a lgae,  t h e  h i g h e s t  

a l g i n  c o n t e n t  ( >17%) o c c u r r e d  i n  Larn inar ia  a g a r d h i i ,  and i n  two o f  t h e  L a m i n a r i a  

s a c c h a r i n a  spec imens, and t h e  l o w e s t  l e v e l s  ( < 5%) o c c u r r e d  i n  two Ascophy11um - - 
nodosum samples and i n  Fucus d i s t i c h o u s .  Most o f  t h e  brown seaweed a l g i n  va lues,  

e x c e p t  f o r  L a m i n a r i a  sacchar ina  and M a c r o c y s t i s  w r i f e r a ,  a r e  be low t h e  ranges 

f o u n d  i n  t h e  l i t e r a t u r e .  

5. Aqar and Carrageenan 

Agar and Carrageenan a r e  s u l f a t e d  p o l y g a l  ac tans found i n  r e d  macrc~a l  gae, and 

t h e s e  compounds a r e  q u a n t i t a t e d  by  t h e  improved r e s o r c i n o l  method o f  Ya.phe and 

A r s e n a u l t  ( l 9 6 5 ) ,  which d e t e c t s  t h e  3,6 - anhydroga lac tose  rnoiet,y i n  t h e s e  

compounds. 

O f  t h e  12 spec ies  assayed, o n l y  Chondrus c r i s p u s  and P a l m a r i a  palr r lata a r e  r e d  -- - 
algae  and as expec ted  were found  t o  c o n t a i n  v a r y i n g  q u a n t i t i e s  o f  agar /  

carrageenan. I n t e r p r e t a t i o n  o f  t h e  P a l m a r i a  d a t a  p r e s e n t s  a  p rob lem however 



TABLE 35. COMPARISON OF ORGANIC CONTENT I N  WET MACROALGAL SPECIMEMS 

MACROALGAL SPECIMENS 

Agarurn c r i b o s u m  ~ - 
A1 a r i a  e s c u l e n t a  -- 

Ascophy l  1  urn nodosum - 

Chondrus c r i s p u s  

Codiurn f r a q i l e  

Fucus  d i s t i c h o u s  -- 

Fucus  v e s i c u l o s u s  

L a r n i n a r i a  a g a r d h i  i - 

L a m i n a r i a  s a c c h a r i n a  

U l v a  l a c t u c a  

M a c r o c y s t i s  p y r i f e r a  

PVS/kET TON 

31 0  

3  23 

367 

349 

377 

288 

340 

24 6  

9  3 

393  

2 63 

2 7  15 

13'7 

16'7 

202 

287 

142 

27'1 

31 8 

118  

262 

127 

150 



i n  t h a t  t h e  s u l f u r  c o n t e n t  i s  u n u s u a l l y  low f o r  specimens c o n t a i n i n g  s u l f a t e d  

po lymers .  I t  suggests  t h a t  e i t h e r  t h e  3,6 anhydroga lac tan  po lymer  i s  n o n - s u l f a t e d  

o r  t h a t  o t h e r  po lymers  i .e. x y l  ans wh ich  a re  r e p o r t e d l y  f o u n d  i n  s u b s t a n t i a l  

amounts i n  - Pa lmar ia  ( P e r c i v a l  and McDowell, 1967) a r e  assay ing  as 3,6 

anhydroga l  ac tose ( s i c  - agar/car rageenan) .  F u r t h e r  s t u d i e s  a r e  r e q u i r e d  t o  r e s o l v e  

t h i s  anomoly, if found  necessary.  

6. Fuco idan - 

Fucoidan i s  a  m u c i l  agenous, v i scous ,  s u l f a t e d  p o l y f u c o s e  compound r e p o r t e d l y  

found  i n  some brown seaweeds. I t  s h o u l d  be no ted  t h a t  a l l  spec ies  exam'ned 

c o n t a i n e d  fuco idan .  The ma jo r  amounts were found,  as expected,  i n  t h e  Brown 

macroalgae,  b u t  b o t h  P a l m a r i a  p a l m a t a  ( L o t  2 )  and - U l v a  l a c t u c a  seemed t o  c o n t a i n  

s i g n i f i c a n t  q u a n t i t i e s  o f  m a t e r i a l  a n a l y z i n g  as f u c o i d a n .  Acco rd ing  t o  t h e  

l i t e r a t u r e ,  t hese  spec ies  do n o t  c o n t a i n  t h i s  po lymer .  

7 .  L a m i n a r i n  

L a m i n a r i n  i s  a  p o l y g l u c o s e  r e s e r v e  compound found i n  some brown seaweeds. I n  

t h e  specimens analyzed,  a  s i g n i f i c a n t  amount o f  l a m i n a r i n  was f o u n d  i n  L o t  3 o f  

L a m i n a r i a  - sacchar ina .  The l i t e r a t u r e  va lues  f o r  t h i s  spec ies  range  frorri 6 t o  21 

p e r c e n t .  The low  l a m i n a r i n  c o n t e n t  f o u n d  i n  L o t s  1 and 2 o f  t h i s  same spec ies  i s  

a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e s e  l o t s  were c o l l e c t e d  d u r i n g  t h e  w i n t e r  season and 

L o t  3 was o b t a i n e d  i n  t h e  summer. O the r  brown seaweeds show low l a m i n a r i n  

c o n t e n t ,  p r o b a b l y  f o r  t h e  same reason.  M a c r o c y s t i s  p y r i f e r a  does n o t  c o n t a i n  any 

l a m i n a r i n .  

8. M a n n i t o l  - 

M a n n i t o l ,  a  6  carbon sugar a l c o h o l ,  i s  used f o r  t h e  s t o r a g e  and t r a n s l o c a t i o n  

of p h o t o s y n t h e t i c  energy  i n  many brown seaweeds. T h i s  compound i s  r a p i d l y  



d i g e s t i b l e  i n  k e l p  fe rmenta t ions .  With 

was found o n l y  i n  t h e  brown seaweeds. 

9. L i g n i n  and C e l l u l o s e  

t h e  except  i o n  o f  Codium f r a q i l e ,  mann i t o l  

L i g n i n  and c e l l u l o s e  was determined by t h e  Forage F i b e r  Ana l ys i s  a c i d  

de te rgen t  method o f  Goer ing and van Soest (1970) as m o d i f i e d  by H a r t  -- e t  a l .  

(1978) t o  c o r r e c t  f o r  i n t e r f e r e n c e  by  a l g i n .  The l i g n i n - l i k e  f r a c t i o n  i n  

Macrocys t i s  - may no t  be a  t r u e  l i g n i n ,  b u t  has been found t o  be r e f r a c t o r y  t o  

anaerobic degradat ion.  C e l l u l o s e  i s  o f  i n t e r e s t  because i t  i s  p o t e n t i a l l y  

c o n v e r t i b l e  t o  methane, a l though t h i s  convers ion appears t o  occur o n l y  s l o w l y  i n  

Macrocys t i s  - fermentat ions.  

Ascophyllum nodosum, and Aqarum cribosum, 

e x h i b i t  t h e  h i ghes t  1  

bo th  r e d  algae, exh ib  

i n t e rmed ia te  l e v e l .  

Fucus d i s t i c h o u s  were found t o  

i g n i n  l e v e l s  (13-19%) w h i l e  Chondrus c r i s p u s  and Palmar ia ,  

i t e d  t he  lowest  (ca.  2%). Macrocys t i s  e x h i b i t e d  an 

The h i g h e s t  c e l l u l o s e  va lue (8%) was found i n  Laminar ia  - aga rdh i i ,  w h i l e  t h e  

1  owest va lues (1-4%) were found i n  A l a r i a ,  Ascophyl lum, Chondrus, -- Codium and m. 
10. U n i d e n t i f i e d  Sugars/Suqar A l coho l s  

Wi th  some macroa lga l  samples, u n i d e n t i f i e d  peaks were observed d t ~ r i n g  t h e  

rnanni to l  de te rmina t ions .  These peaks e l u t e d  between g lucose and mann i t o l ,  and 

concen t ra t i ng  va lue was determined by us i ng  t h e  mann i t o l  s tandard curve. As can 

be seen f rom the  da ta  i n  Table  34, some of t h e  samples con ta ined  up t o  27 percen t  

of t he  d r y  weight  as mann i t o l  equ i va l en t s .  A d d i t i o n a l l y ,  a n a l y t i c a l  de te rmi -  

na t i ons  would need t o  be conducted t o  more p o s i t i v e l y  i d e n t i f y  these compounds. 

11. C a l o r i f i c  Value 

C a l o r i f i c  va lues by  a d i a b a t i c  bomb c a l o r i m e t r y  were determined i n  o rde r  t o  

es t imate  t h e  t o t a l  energy u l  t i m a t e l y  a v a i l a b l e  i n  a  g iven  macroa lga l  specimen. 

Th i s  technique was be ing  eva lua ted  as another  method f o r  spec ies se1ec:tion. 



The calorific data developed are presented in Table 36 as BTU/lb dry weight 

and in the normalized form (BTU/lb volatile solids) as recommended by Paine 

( 1 9 7 1 ) .  This latter method corrects for the widely varying (suppo!;edly neutral) 

ash component. However, this ash component apparently interferes drastically with 

the determination of the energy content of the organic material. (Paine, 1971). 

A regression fit of the bomb calorimeter results (normalized to volatile 

solids) against the percent ash content produced the following equdtion: 

Y = -43.7 x + 9124 

where Y = bomb calorimeter results (BTUIlb volatile solids) 

x = percent ash in sample 

The correlation coefficient, R, of 0.658 is significant at the 2 percent level (2 

tail probability = 98.6%). This relationship indicates a statistically 

significant negative correlation between the ash content and the calorific value 

determined by bomb calorimetry. The intercept value of 9124 BTU/lb VS is fairly 

close to the 9308 BTY/lb V S  predicted from the mean calorific value calculated 

from heats of formation. 

Because of these questionable variations in calorific content,, it has been 

concluded that bomb calorimetry is of little value in screening studies of seaweed 

species as candidates for marine biomass feedstock. 

Gas Yield Calculations 

This subtask dealt with the determination of the theoretical gas (methane) 

yield from candidate marine macroalgal species to assess the effic'ency with which 

methanogenic (methane-producing) bacteria convert the substrate to methane. This 

efficiency is a major factor in determining the economics of methane production 

from biomass. 



TABLE 36. C A L O R I F I C  CONTENT OF MACROALGAL SPECIMENS 

C A L O R I F I C  CONTENT 
TYPE LOT - - BTU/LB Total- - V o l a t i l e  S o l i d s  

A s c o p h y l l u m  nodosum B 1  6740 

2 6080 

Chondrus c r i s p u s  R 1 5780 

2 4350 

Fucus  v e s i  c u l  osus  B 1  61 60  

L a m i n a r i a  a g a r d h i i  B 1  

L a m i n a r i a  s a c c h a r i n a  B 1 

2 

M a c r o c y s t i  s  p y r  i f e r a  B 4 8 41 50 71 6 0  

P a l m a r i a  p a l m a t a  - R 1  5670 7960 

U l v a  l a c t u c a  G 1  6440 81 50 



In the  Marine Biomass Program, theoret ica l  gas y ie lds  are determined 

u t i l i z i ng  the equation of Bushwell and Meuller (1954) CmHaObN,+ 

where m ,  a ,  b ,  and c represent the molar quan t i t i e s  of carbon, hydrogen, oxygen 

and nitrogen, respect ively ,  present in the sample. Carbon, hydrogen and nitrogen 

are determined experimentally and oxygen i s  determined by di f ference,  i . e . ,  

Oxygen = Dry Weight - Ash - C - H - N - S ( 2 )  

Several problems are inherent i n  t h i s  approach. F i r s t ,  i n  many of the species 

examined in t h i s  study, sul fur  i s  no longer a minor component exist.ing in su l fu r  

amino acids,  e tc .  b u t  i s  found i n  r e l a t i ve ly  high amounts as su l f a t e  in the 

s t ruc tu ra l  polysaccharides, i . e . ,  agar, carrageenan, fucoidan and clther sul fa ted 

gal actans. Second, 

being counted twice: 

f r a c t i on .  Third, su 

in u t i l i z i n g  equation 2 ,  the su l fu r  component i s  ac tual ly  

once as the f r e e  sul fur  and again as su l f a t e  i n  the ash 

l fu r  ( a s  s u l f a t e )  can be u t i l i z ed  as an electron acceptor by 

ce r ta in  species of anaerobic bacter ia  w i t h  aceta te  (Desulfotomacul~~m) - or  H2 

(Desulfovibrio sp)  as electron donors thereby reducing potent ia l  methane y ie lds .  

Hydrogen su l f ide  (H2s) i s  a product of these reactions which in i t s e l f  i s  a 

problem in t h a t  i t  d i l u t e s  product qua l i ty ,  i s  tox ic ,  odorous and must be removed 

from the gas stream. 

Taking these fac to rs  in to  account, the Bushwell Mueller equation can be 

modified t o  incorporate the su l f a t e  term as follows: 



and t o  e l i m i n a t e  t he  double coun t i ng  o f  s u l f u r ,  oxygen i s  more p r o p e r l y  determined 

by: 

0 = V S  - C - H - N where V S  = Dry  Weight - ASH 

A comparison o f  t h e  t h e o r e t i c a l  gas y i e l d s  as determined by t h e  two methods 

descr ibed i s  g iven  i n  Table  37. Methane y i e l d s ,  uncor rec ted  f o r  s u l f  3te, range 

f rom a  h i g h  o f  7.35 SCF/lb VS f o r  Fucus d i s t i c h o u s  t o  a  low o f  4.80 SCF/lb VS f o r  

Codium. and (when co r rec ted  f o r  s u l f a t e )  from 6.61 t o  2.72 SCF/lb VS. 

r e s p e c t i v e l y .  C l e a r l y ,  t he  h i g h  l e v e l s  o f  s u l f u r  ( s u l f a t e )  p resen t  i n  some o f  t h e  

specimens examined and t h e  p o t e n t i a l  f o r  s u l f a t e  r educ ing  b a c t e r i a  t o  me tabo l i ze  

a t  t h e  expense o f  methanogenic r e a c t i o n s  has a  s i g i n i f i c a n t  impact on t h e  

t h e o r e t i c a l  gas y i e l d s .  These reduc t i ons  range from around 3 percen t  i n  Laminar ia  

sacchar ina ( a  low s u l f u r  spec ies ) .  

A r e l a t i v e  r a n k i n g  of these macroalgae based upon t h e  t h e o r e t i c a l  y i e l d s  i s  

g iven  i n  Table  38. No d e f i n i t e  conc lus ions  can be drawn a t  t h i s  t ime because o f  

t he  l i m i t e d  species samples and t he  wide v a r i a t i o n  i n  specimen growth h i s t o r y .  

P l a n t  Growth - 

Stud ies  on t h e  G R I  Mar ine Biomass Program have shown t h a t  biomass y i e l d ,  

expressed i n  terms o f  dry-ash f r e e  tons per acre o f  fa rm per year ,  i s  t h a t  

parameter t o  which o v e r a l l  system economics and ene rge t i c s  i s  most s e n s i t i v e .  

Y i e l d ,  o r  p r o d u c t i v i t y ,  i s  a l s o  expected t o  be t h e  d r i v i n g  f o r ce  u n d e r l y i n g  t h e  

economic f e a s i b i l i t y  o f  systems e s t a b l i s h e d  on t h e  East  Coast. Other  f a c t o r s  

assoc ia ted  w i t h  y i e l d  a l s o  s i g n i f i c a n t l y  i n f l u e n c e  t h e  s u i t a b i l i t y  of a  macroalgae 

f o r  use i n  a  mar ine fa rm ing  system. These i n c l u d e  s ize ,  growth p a t t e r n s  and 

growth as a  f u n c t i o n  o f  season and growth as a  f u n c t i o n  o f  t h e  stage o f  a  p l a n t ' s  

r e p r o d u c t i v e  cyc l e .  



TABLE 3 7 .  THEORETICAL GAS YIELDS OF CANDIDATE MACROALGAL SPECIES 
SCF CH4/LB VS 

7c 
REDUCTION: UNCORRECTED FOR SULFATE 

6 .60  

CORRECTED FOR SULFATE -- SPECIES LOT - 
1  

1  

1 

2 

3 

1 

2 

3 

1  

1  

1  

Aqarurn c r i b o s u m  

A l a r i a  e s c u l e n t a  

Ascophy l  1 um nodosum 

Chondrus c r i s p u s  

Codium f r a g i l e  

Fucus d i  s t i c h o u s  

Fucus v e s i c u l o s u s  

L a m i n a r i a  x a r d h i i  -- 

L a m i n a r i a  s a c c h a r i n a  

Pa l rna r i a  pa l rna ta  

U l v a  l a c t u c a  

M a c r o c y s t i s  p y r i f e r a  



TABLE 38. RELATIVE RANKING OF MACROALGAL SPECIES 
BASED ON THEORETICAL GAS YIELDS*  

SPECIES 

UNCORRECTED FOR SULFATE 

NUMBER OF 
SAMPLES 

SCF CH4/ 
l b  VS 

Fucus  d i s t i c h o u s  - 

Fucus  v e s i c u l o s u s  

A s c o p l ~ . v l l  urn nodosum 

A l a r i a  e s c u l e n t a  

M a c r o c y s t i s  - p y r i f e r a  

P a l m a r i a  p a l m a t a  

L a m i n a r i a  a g a r d h i i  

Aqarum c r i  bosum - 

L a m i n a r i a  s a c c h a r i n a  

Chondrus  c r i  spus - 

U l v a  l a c t u c a  ( r i g i d a )  

Codium f r a g i l e  

CORRECTED FOR SULTATE 

Fucus  d i s t i c h o u s  

A l a r i a  e s c u l e n t a  

P a l r n a r i a  pa l r na ta  

M a c r o c y s t i s  p y r i f e r a  

L a m i n a r i a  a g a r d h i i  

Fucus  v e s i c u l o s u s  

L a m i n a r i a  s a c c h a r i n a  

A s c o p h y l l  urn nodosum 

Aqarum c r i  bosum 

U l v a  l a c t u c a  

Chondrus  c r i s p u s  

Codium f r a g i l e  

SCF CH4/ 
1 b  VS 

* SCF/l b  VS i s  a v e r a g e  f o r  number o f  samp les  c i t e d .  



The purpose o f  t h i s  task  was t o  assess t h e  upper l i m i t  o f  g roh th  p o t e n t i a l  on 

t he  n a t i v e  spec ies t h a t  o f f e r  promise a f t e r  t h e  i n i t i a l  screening.  

The a c t i v i t i e s  i n c l u d e  e v a l u a t i o n  o f  e x i s t i n g  data,  and where f e a s i b l e ,  

l a b o r a t o r y  exper iments on growth r a t e s  under c o n t r o l l e d  c o n d i t i o n s .  

Data Survey and E v a l u a t i o n  

A l i t e r a t u r e  survey of cand ida te  spec ies was completed. Althclugh i t  i s  

p r e l i m i n a r y ,  t h e  survey p rov i des  i n s i g h t  f o r  t h e  p r i o r i t i z a t i o n  o f  t h e  cand ida te  

species l i s t .  A comp l i ca t i ng  f a c t o r  i s  t h a t  growth, p r o d u c t i v i t y ,  composi t ion,  

n u t r i e n t  response, and l i f e  h i s t o r i e s  may be area-or env i ronment -spec i f i c  and 

t h e r e f o r e  o f  l i m i t e d  use. 

A s u m a t i o n  o f  these da ta  coup led  w i t h  some s u b j e c t i v e  i n f o r m a t i o n  i s  

p resen ted  i n  Tables 39  and 40. 

A t e s t  p l a n  d e t a i l i n g  t h e  exper imenta l  p r o t o c o l  f o r  t h e  seaweed biomass 

growth and p r o d u c t i v i t y  exper iments was developed. Th i s  experiment.al procedure 

w i l l :  

1) determine growth r a t e s  o f  n i n e  cand ida te  spec ies a t  one t ime  under 

semi -na tu ra l  cond i t i ons ;  

2 )  p r o v i d e  da ta  on growth c h a r a c t e r i s t i c s  and response t o  c u l t u r e  cond i t i ons ;  

3 )  op t im i ze  c u l t u r e  methods f o r  each species;  

4 )  p rov i de  GEIRSD w i t h  samples f o r  compos i t i ona l  a n a l y s i s  and gas y i e l d  

exper iments.  

Cons t ruc t i on  b i d s  f o r  t h e  greenhouse were opened A p r i l  17, 1980. 

Cons t ruc t i on  pe rm i t s  were c l e a r e d  w i t h  t h e  Department o f  Environmental  

Conservat ion and t h e  l o c a l  Crane Neck P r o p e r t y  Owners Assoc ia t i on .  C o n s t r u c t i o n  

commenced A p r i  1, 1980 and was completed Ju ly ,  1980. 

The greenhouse i s  a t tached  t o  t h e  south w a l l  on t h e  western h a l f  of t h e  F l a x  

Pond l a b o r a t o r y .  I t has a  f l o o r  area o f  approx imate ly  20 f e e t  x  40 fee t .  



TABLE 39. SELECTED L ITERATURE VALUES FOR CANDIDATE MACROALGAE 

* d r y  weight 11.1-30 

* ash 17.8-24 

* t o t a l  carbohyd 56-62.8 

* a l g i n  

* laminar in  1-7 

* mannit01 3.8-12 

* t o t a l  f i b e r  5.8-6.51 

* carbon 38 

* n i t r ogen  1-3 

C/N r a t i o  13-38 
.- - - - 

* % of ash f ree  d r y  weight 



TABLE 40. BIOASSAY EVALUATION OF CANDIDATE MACROALGAL 
METHANE YIELD (SCFILB VS) 

igarum nodosum 

ll a r i  a escu len ta  -- 
l s c o p h y l l  urn nodosum 

Chondrus c r i s p u s  

Codium - f r a g i l e  

Fucus d i s t i c h o u s  -- 
Fucus v e s i c u l  osus 

Laminar ia  a g a r d h i i  

Laminar ia  sacchar ina  

Pa lmar ia  pa lmata  

U l v a  l a c t u c a  - 

Macrocyst  i s p y r  i f e r a  

LOT - 
1 

1 

1 

2 

3 

1 

2 

3 

1 

1 

1 

2 

1 

1 

2 

3 

1 

2 

1 

2 

3 

4 8 

49 

BIOASSAY* 

0.55 (0.55) 

0.72 (0.75) 

1 .05 

1.28 

0.35 (0.35) 

1.73 

1 .20  

0.51 (0 .54)  

0.07 (0.07) 

0.04 (0.04) 

1.94, 1.68 

1.35 (1.36) 

0.02, 0.16 

0.17 

0.06 

0.55 (0.64) 

0.96 

0.35 (3.37) 

0.66, 0.70 

1.96, 2.01 

1.51 (1.51) 

1.97, 2.01 

2.24 

% of THEORETICAL 

9.3 

10.9  

16.1 

22.3 

6.3 

35.9 

33.6 

13.8 

2.6 

0 . 6  

29.4, 25.4 

23.3 

0.3, 2.5 

2.7 

1 .o 

8.9 

15.7 

5.1 (66.1 

11.0, 11.7 

5.47, 5.6 

* 1. Two va lues  f o r  one l o t  were o b t a i n e d  i n  separa te  b ioassay exper iments .  Values i n (  
a r e  c o r r e c t e d  f o r  vented hydrogen as e x p l a i n e d  i n  t e x t .  

2. T h e o r e t i c a l  va lues  a r e  c o r r e c t e d  f o r  s u l f a t e .  

192 



Ten 3 foot x 6 foot and f ive  3 foot x 4 foot seawater tanks were instal led.  

Each tank will hold four smaller culture tanks of seaweed. Seawater i s  pumped 

from the laboratory storage tank which i s  continuously f i l l e d  by the main lab 

pumps. Separate pumps draw out water and pump i t  into the greenhouse. Two pumps 

and two seawater l ines were installed and cross-connected to  permit intermittent 

cleaning and maintenance of each system. Seawater flow i n  the greenhouse i s  

regulated by manual valves supplying each of the small culture tanks. Flow 

depends on the water volume turnover ra te  desired. The turnover ra te  i s  dictated 

by ambient seawater nitrogen content, which i s  monitored twice weekly, and 

physical water flow needed for  some species. Overflow of t h i s  seawater goes i n t o  

the larger holding tanks. 

In-tank culture of seaweeds began in July 1980. During that month 2 tanks of 

Fucus, 2 of Ascophyllum, 1 of - Ulva, 1 of Codiurn and 1 of Chondrus were begun. 

More cultures have been s tar ted since then so that  a t  present there w e  3 tanks 

each of - Larninaria, Ulva, Codium, Fucus, and Ascophyllum, 4 small tanks of 

Macrocystis, - and 1 tank each of Chondrus and Agardhiella. 

Bio-Conversion Process 

This task i s  concerned with the early laboratory determination o f  the 

appl fcabi 1 i t y  of native mari ne species (rnacroalgae) as feedstock fo r  the 

bio-conversion process. Specific steps in t h i s  validation demonstrat ion wi 11 be: 

e Process Definition 

e Digestion In i t ia t ion  

e Gas Yield Measurements. 

Process Definition 

This subtask deals with the process definit ion fo r  anaerobic digestion of the 

candidate feed stocks. 



The results of previous studies, plus the compositional analyses w t w  to  bt? 

used to define various aspects of the process flow, including but not limited to: 

Material storage 

a Pre-treatment 

0 Inocula source 

0 Loading rate 

0 Detention time 

0 Temperature 

It soon became evident, as the program evolved, that sufficient information 

on the macroalgal species was not available to develop logical processing 

scenarios (other than those being pursued in the biomethanation of Macrocystis 

pyrifera). - Therefore, Process Definition and Digestion Initiation sub-tasks were 

deferred unti 1 the plant growth task was far enough along to provide sufficient 

feedstock with known growth history and composition. 

Gas Yield Measurement 

This subtask was concerned with the measurement of gas generated by anaerobic 

digestion of candidate feedstocks of selected species. 

A bioassay technique was employed as a rapid screening procedure for a 

comparative assessment of the biomethanation potential of the candidate 

macroalgae. Actual digestion using bench-scale digestors was deferred to a later 

date when sufficient quantities of one or two of the most promising candidates is 

available from the plant growth studies. 

The objective of the bioassay technique was to compare the methane yields of 

different candidate seaweeds under standardized, small batch conditions. The 

technique was that of Owen, et jfl- (1979) with some minor modifications. 

The bioassay data for the macroalgal specimens examined are presented in 

Table 40. Sets 1, 2 and 3 represent three separate bioassay experiments. Hydrogen 



was assayed f o r  ( o n l y  i n  se t  3)  and the  data i s  shown cor rec ted  f o r  hydrogen 

conversion t o  methane ( i  .e. CO2 + 4H2 -, CH4 + 2H20). The extreme case 

was -- Palmaria, where the  poor methane y i e l d  o f  0.35 SCF/lb VS determined d i r e c t l y  

as methane becomes 3.37 SCF/lb VS when t h e  hydrogen c o r r e c t i o n  i s  appl ied,  

Although o v e r a l l  gas y i e l d s  were lower than ant ic ipa ted ,  i t  should be noted 

t h a t  e s s e n t i a l l y  no methane gas was produced from some species ( i  .e. Laminaria, 

Fucus, e tc . ) .  I n  f a c t ,  some o f  t he  i n t e r i m  data imp l i ed  t h a t  actual  i n h i b i t i o n  o f  

methanogenesis was occur r ing  and the re fo re  a study was i n i t i a t e d  t o  determine i f  

t h i s  was the  case. This  s tudy examined the  d iges t i on  o f  L a m i n a r i a s l a r d h i i  alone 

and i n  combination w i t h  Macrocyst is p y r i f e r a  by an a c t i v e  M a c r ~ c y s t i c ~  d i g e s t i n g  

c u l t u r e .  Macrocyst is alone acted as a p o s i t i v e  con t ro l .  F igure  38 dep ic ts  t he  

t ime course o f  t h i s  assay. Data p l o t t e d  i s  ne t  gas y i e l d  obtained a f t e r  

sub t rac t i ng  gas produced by i nocu la  con t ro l s .  C lear ly ,  an i n h i b i t i o n  o f  the  

a c t i v i t y  of the  inoculum occurs i n  the  presence o f  Laminaria samples, Th i s  

i n h i b i t i o n  i s  unknown and needs t o  be explored i n  f u t u r e  studies.  

There are several steps which are  being explored t o  improve the  bioassay 

screening procedure. I t  i s  poss ib le  t h a t  t h e  Macrocyst is  - grown inoculum does 

no t  con ta in  the  r e q u i s i t e  microorganisms f o r  the  degradat ion o f  the  var ious 

cons t i t uen ts  i n  these species. Add i t i ona l  i nocu la  sources are being sought f o r  

i n t e g r a t i o n  i n t o  the  mixed feedstock d igesters.  I n  add i t ion ,  vent ing  and 

non-venting techniques w i l l  be compared t o  examine the  e f fec ts  o f  hydrogen loss  on 

methanogenes i s .  

I n  conclusions, the  bioassay data obtained thus f a r  i nd i ca tes  t h a t  several o f  

the  samples o f  species examined f o r  methane y i e l d  are comparable t o  !Yacrocystis 

p y r i f e r a  us ing  t h i s  same technique. These species were Chondrus c r i spus  and Ulva 

lactuca.  Refinements o f  the  bioassay technique are requ i red  t o  improve t h i s  

method o f  species evaluat ion.  



Figure 38. Bioassat Methane Product ion from Macrocyst is  P y r i f e r a  and 
Laminar ia Agardh i i  



Test S i t e  Eva lua t ion  

The purpose of t h i s  task was t o  evaluate a v a i l a b l e  data t o  determine 

candidate p o t e n t i a l  s i t e s  f o r  f u t u r e  experimental  ocean t e s t  farms. l3ased on 

analys is ,  a d d i t i o n a l  f i e l d  data w i l l  be acquired as requi red.  

Dur ing the  f i r s t  quar te r ,  t he  th ree  bas ic  water bodies being considered as a 

p o t e n t i a l  s i t e  f o r  a t e s t  farm were Long I s l a n d  Sound, Gardiners/Peconic Bays 

complex and the  New York B igh t .  Much o f  the  large-scale environmental and 

hydrographic data requ i red  t o  g ross l y  cha rac te r i ze  these areas are on f i l e  a t  t he  

Marine Sciences Research Center. Lack o f  s u f f i c i e n t l y  p ro tec ted  s i t e s  e f f e c t i v e l y  

precluded the New York B igh t  as a s i t e  f o r  the  f i r s t  b i o l o g i c a l  t e s t  farm. I t was 

an t i c i pa ted  t h a t  water q u a l i t y  and general hydrographic perameters o f  Long I s l a n d  

Sound and the Gardiners/Peconic Bay complex were s u f f i c i e n t l y  s i m i l a r  t o  permi t  

cons idera t ion  o f  a number o f  a l t e r n a t i v e  s i t es .  Current  regime may be the  most 

important environmental fac tor .  Lack of a c l e a r l y  super io r  s i t e  based on 

environmental considerat ions r e s u l t e d  i n  p r e l i m i n a r y  s i t e  s e l e c t i o n  being 

dependent upon the j u r i s d i c t i o n a l  and l e g a l  regimes governing the  use o f  these 

water bodies. While s e l e c t i o n  o f  a t e s t  farm s i t e  i n  c lose p r o x i m i t y  t o  the 

Marine Sciences Research Center i s  desi rable,  i t  was no t  deemed a c r i t i c a l  f a c t o r  

i n  s i t e  se lec t i on .  

I n  order t o  proceed w i t h  the  exerc ise  o f  eva lua t i ng  a l t e r n a t i v e  area (as 

opposed t o  the  actual  s e l e c t i o n  o f  a t e s t  farm s i t e ) ,  i t  was necessary t o  make 

several assumptions which would de f i ne  area requirements of the t e s t  farm and 

du ra t i on  o f  deployment and a lso  l i m i t  t he  geographic scope of p o t e n t i a l  t e s t  farm 

l o c a t  ions. A f t e r  determin ing t h a t  Long I s l a n d  Sound and Gardiners/Peconic Bays 

would be the  bes t  s i t e s ,  based on the  c r i t e r i a  der ived from the  above assumptions, 

an a d d i t i o n a l  screening o f  the  two t a r g e t  areas was requ i red  t o  make a p p l i c a t i o n  

o f  s i t e  s e l e c t i o n  c r i t e r i a  more manageable. Three s p e c i f i c  bays were selected f o r  



add i t i ona l  evaluat ion:  Smithtown Bay i n  c e n t r a l  Long I s l a n d  Sound, and Hog Neck 

Bay and Or ien t  Harbor i n  Gardiners/Peconic Bays. Smithtown Bay was selected i n  

p a r t  because i t  encompasses several  j u r i s d i c t i o n a l  scenarios. This bay a lso  has 

r e l a t i v e l y  h igh  water q u a l i t y ,  b u t  i t  i s  a lso  sub jec t  t o  degradat ion on an 

ep isod ic  basis .  The two s i t e s  i n  Gardiners/Peconic Bays have exce l l en t  water 

l oca t i ons  approximate those found i n  adjacent ocean q u a l i t y ;  cond i t ions  a t  these 

waters. 

Systems Analys is  

Concurrent w i t h  the  ana 

discussed, a  System Ana lys is  

l y t i c a l  and experimental  a c t i v i t i e s  prev 

Task was t o  be undertaken. The purpose 

i o u s l y  

o f  t h i s  task 

was t o  perform an e a r l y  examination and eva lua t i on  o f  a l l  program elements t o  

insure  system c o m p a t i b i l i t y  o f  i n d i v i d u a l  t echn ica l  areas and t o  i ~ j e n t i f y  

down-range engineering o r  socio-economic road blocks. 

Professor  Reis and Coastal  Law Fel lows (supported by t h e  Sea Grant I n s t i t u t e )  

prepared a  ser ies  o f  I n t e r i m  Reports as fo l lows:  

F i r s t  I n t e r i m  Report - Explored the  broad areas o f  l ega l  issues t o  be 

covered. This  r e p o r t  was superseded by the  T h i r d  and Fourth. 

Second I n t e r i m  Report - Analyzed s p e c i f i c  issues t o  be d e a l t  w i t h  i n  

discussions w i t h  the  Ass i s tan t  C m i  ss ioner  f o r  Natura l  Resources, New York S ta te  

Department o f  Environmental Conservat ion i n c l u d i n g  i n t roduc t i ons  o f  e x o t i c  permi ts  

and r e l a t e d  mat ters.  I t s  content  i s  superseded, i n  pa r t ,  i n  l a t e r  d ra f t s .  

T h i r d  I n t e r i m  Report - Deals w i t h  the  quest ions o f  bottom land ownership 

w i t h i n  t e r r i t o r i a l  waters of New York State; federa l ,  s t a t e  and l o c a l  

environmental regu la t i ons  t o  be observed; r e l a t i o n s h i p s  t o  navigable water 

regu la t i ons .  



Fourth Interim Report - Site specific information on the ownership of lands 
in the three primary sites identified is present. 

These reports are available to interested parties. 

Engineering Systems Analysis 

An initial engineering systems analysis has been completed. This report 

examines substitute natural gas requirements, farm site locations, data 

requirements, experiment planning and species selection methodology. 

5.6.1 ENGINEERING SYSTEMS ANALYSIS 

1. Introduction and Task Purpose 

Engineering Systems Analysis seeks the a1 ternat ive solutions to problems 

associated with developing a Marine Biomass farm to provide Substitute Natural Gas 

for New York State. The selections of the "solution" depends upon the results of 

a number of scientific experiments. A system study seeks to: 

a. Provide an early analog to direct research efforts. 

b. Eva1 uate research efforts to establish the optimum solution. 

The problem complexity requires an iterative solution, and one of the major 

aspects of the complexity is the interaction of the component parts of the 

solution. For example, the initial needs of the region must be evalwated to 

define the amount of gas to be produced. From the amount to be prod~~ced and the 

production rate we determine the biomass production and establish the farm size. 

We must then define the species to be selected, the species growth characteristics 

and nutrient requirements to achieve this growth. Species selection, which can be 

determined by a number of criteria, will dictate farm design and harvesting 

techniques. Methane production by anaerobic digestion requires a delivery 

(transport) of biomass to a source, probable pre-treatment requirements prior to 

digestion and disposal and/or use of residue from the product ion /gas . i f i ca t ion  

process. 



Eventual ly the process which 

q u a l i t y  methane a t  or  near compet 

d e l i v e r s  the requ 

i t i v e  p r i c e  l e v e l s  

i s i  t e  arnout~t o f  p i p e l i n e  

can be selected. 

The i n i t i a l  phases o f  t h e  NYS/ERDA System Analys is  has explored the  

requirements f o r  n a t u r a l  gas, t h e  s e l e c t i o n  of s u i t a b l e  species t o  p rov ide  these 

requirements and the  data requ i red  t o  improve the  conf idence l e v e l  o f  the  eventual 

so lu t i on .  The f o l l o w i n g  pages def ine:  

1. Es tab l i sh ing  Gas Q u a n t i t i e s  

2. Exp lo ra t i on  o f  Farm S i t e s  

3. Data Required and Experiment Planning 

be determined 

4. Species Se lec t i on  and Methodology 

2. S u b s t i t u t e  Natura l  Gas Requirments 

Subs t i t u te  na tu ra l  gas requirements can 

several o f  which depend upon forward p r o j e c t  

a  number of ways, 

i o n  o f  requ i red  energy l eve l s ,  which 

w i  11 r e s u l t  i n  d i f f e r i n g  product ion  q u a n t i t i e s .  It i s  appropr iate t o  determine 

requirements based upon cu r ren t  u t i l i z a t i o n  o f  Natura l  Gas w i t h i n  the  loca le .  I t  

i s  a lso appropr iate t o  extend these uses t o  the  future.  I n  eva lua t ing  l i t e r a t u r e  

surveys o f  competing energy use one has t o  bear i n  mind a  s o c i o - p o l i t i c a l  

requirement t o  reduce dependency on sources no t  under d i r e c t  contlcol of the 

loca le .  This  can be s ta ted  as a  goal o f  energy s e l f  su f f i c iency .  

It then appears n a t u r a l  t o  evaluate the past  energy uses o f  the New York 

Sta te  region. From f i g u r e s  ava i l ab le  f o r  New York Sta te  through 1975, (F ig.  39), 

data shows t h a t  New York Sta te  i n  1975 used approximately 0.6 quads o f  na tu ra l  

gas, d i s t r i b u t e d  among r e s i d e n t i a l ,  commercial and i n d u s t r i a l  customers and 

u t i l i t y  customers. F igu re  39 a l so  shows the  t rend  i n  gas consumption, which i s  

d e c l i n i n g  toward the end o f  t he  period. P r i n c i p a l  reason f o r  the dec l i ne  i s  

u t i l i t y  use which decreased r a p i d l y  from 0.1 quads t o  0.02 quads i n  t he  5 year 
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F igu re  39. Gas Consumed i n  New York S ta te  
f o r  Calendar Years 1970-1975 

MILLIONS OF ACRES 

F igu re  40. Farm Output vs Acres f o r  3 ( X Y )  Combination. Represents 
Energy t o  Replace A l l  Except Transpor ta t ion  and (D R e f l e c t s  25 Percent 

Growth i n  Present (1975) Use o f  N.G. 



period. A corresponding increase in petro fuel and nuclear fuel is show11 t d  

offset gas use. 

A further assessment shows energy use to reach 3.5 quads, with about 1 quad 

assigned to transportation. If we assume Natural Gas can account for energy 

requirements exclusive of transporation we set a goal of 2.5 quads. 

A quick calculation to achieve these goals can be made. If 5as production of 

x SCF/lb VS is assumed and y DAFT/ACRE YEAR predicated we can estimate farm size 

requ i remen t s . 
Figure 40 shows farm size requirements for 2 energy levels (1.25 x present 

gas consumption and a second assumption that we use SNG to replace all energy 

except transportation). The xy values shown are achievable in marine farming. 

Figure 40 can provide further insights into systems problems, Biomass yields 

in dry ash free tons/acre year result in requirements to harvest ilnd transport wet 

weights which may vary between 2 and 5 times the dry weight. 

At present it is too early to finalize energy requirements except broadly, 

since the species are not selected nor are the available farm sites studied. 

3. Farm Site Locations 

Marine farms are attractive since the farm will be placed in water locations 

ordinarily unused by comparison with land agriculture. Obviously ocean use is not 

completely absent, since sea lanes are required for marine traffic and shore1 ine 

use for recreation and commercial reasons is extensive. The initial plan called 

for establishing a marine farm in the New York Bight area. 

The prel iminary area estimate is made by excluding a region of water about 15 

miles from any shoreline which provides a buffer zone to accommodate local use for 

pleasure boating, and excludes Long Is1 and Sound from considerati on. The 

remaining bight region contains roughly 20,100 square miles, and if a shipping 



lane area of 3000 square miles i s  excluded the net usable area i s  10.9 x 106 

acres. 

Sufficient area i s  available t o  provide a reasonable SNG production. To 

further evaluate the available area a preliminary estimate of envirorlmental 

su i t ab i l i t y  should be in i t ia ted ,  including current speed level,  wave height and 

bottom contours. Figure 41 shows the New York Bight region. Nutrients from the 

shore1 ine discharge into the Bight region with heaviest concentrat ion from the 

Harbor entrance [Hudson ~ i v e r ]  and less  concentrated discharge from 'local regions 

along Long Island and New Jersey. 

Nutrients are in general heavier than water, and as expected, surface 

concentrations at  discharge points are heavy, with a general set t ing of nutrients 

i n  deeper water. The bottom contour 1 ines shown in Figure 41 are relat ively 

shallow however. The 50 meter l ine  i s  approximately 30 miles off shore, w i t h  the 

200 meter 1 ine about 70 mi 1 es off shore. 

A general flow from clean open ocean water enters the Bight region from a 

southeasterly direction and i s  turned south by the Jersey shoreline and 

northeasterly around Montauk Point. As a resul t  of dispersion and flushing with 

clean water, the heavy concentration of Nitrates a t  the harbor mouth decreases 

with distance. A high surface value occurs a t  the New York Harbor mouth region 

with lower concentration levels for  the positions a t  sea. 

Two general conclusions can be drawn from this. The i n i t i a l  cowlusion i s  

that  nutrient levels in the Bight region are relat ively high inshore, and if 3.0 

ug/1 i t e r  provides heavy growth, the nutrients on the surface appear marginal 1y 

adequate. A second conclusion i s  reflected a t  Diamond Point which i s  on the 

Peconic Bay system. Nutrient levels are reasonably consistent with the Bight area 

and under these conditions t e s t  farm growth data would be representative of open 

ocean area data. 



Figure 41. New York Bight  Map 



4. Data Requirements and Experiment P lann ing  

Requirements f o r  experimental  data can be formulated and growth exper 

planned w i thout  regard t o  the  s p e c i f i c  species. Our i n i t i a l  assumption on 

requirements i n  Sect ion 2 prov ided l i m i t e d  i n fo rma t ion  on [ x  y ]  as a 

iments 

y i e l d  

combination, where x represented the  gas q u a n t i t y  per  pound o f  v o l a t i l e  so l  i d s  and 

y represented y i e l d  i n  d ry  ash f ree  tons/acre year. P re l im ina ry  i n fo rma t ion  o f  

species s i z e  and growth under normal [ i .e., n a t u r a l ]  cond i t ions  o f  temperature, 

sun l igh t ,  n u t r i e n t  and water qua1 i t y  have been obtained and w i l l  be repor ted  

l a t e r .  I n  essence, however, the  y i e l d s  per acre w i l l  be determined by several  

factors.  

Se lec t ion  o f  the  optimum species o f  seaweed can depend upon the f i n a l  s i t e  

l o c a t i o n  which i n  t u r n  w i l l  be determined by "human f a c t o r s "  such as cornpatabi l i ty  

w i t h  l o c a l  ecology, s i z e  and growth r a t e  and p r o l i f e r a t i o n .  These fac tors  have 

been inc luded i n  a general sense i n  the  e a r l y  phases of the  species se lec t ion ,  and 

w i t h  reasonable assurance o f  success the  growth experiments can be i n i t i a t e d .  

These experiments w i l l  have both long-term and near-term goals. L i t e r a t u r e  

rev iew shows t h a t  n u t r i e n t  l e v e l ,  s u n l i g h t  and temperature w i l l  i n  a l a rge  sense 

determine growth ra tes ,  w i t h  t r a c e  metal elements p rov id ing  a possib 'e c a t a l y t i c  

e f f e c t .  Y i e l d  ra tes*  w i  11 depend upon n u t r i e n t  uptake, photosynthet 'c a c t i v i t y ,  

pH, and p l a n t i n g  density.  P lan t  size, age, water temperature, and t races  of 

organics o r  non-organics w i l l  a lso i n f l uence  the  y i e l d  data. 

I n  tu rn ,  the  y i e l d  data w i l l  i n f l uence  the  cos t  o r  s e l l i n g  p r i c e  of na tu ra l  

gas. I n  f ac t ,  based upon experience w i t h  the  Biomass s tud ies  conducted i n  o ther  

programs, t he  farm costs are the  major f a c t o r  i n  e s t a b l i s h i n g  the  s e l l i n g  p r i c e  o f  

s u b s t i t u t e  na tu ra l  gas. 

- 
*John Ryther, " C u l t i v a t i o n  o f  Macroscopic Marine Algae and Freshwater Aquatic 
Weeds" Woods Hole Oceanographic I n s t i t u t i o n ,  Progress Report f o r  t he  Per iod  May - 
Dec. 1979. 



The p r e l  iminary s i t e  survey shows t h a t  seasonal v a r i a t i o n s  i n  avai 1 able 

sun l igh t ,  n u t r i e n t  concentrat ion, water temperature, s a l i n i t y  and t u r b i d i t y  w i l l  

occur. Growth experiments which w i l l  be conducted t o  p rov ide  a reasonable analog 

f o r  the  d e f i n i t i o n  o f  commercial farm y i e l d  must account f o r  these e f f e c t s .  I n  a 

fash ion  s i m i l a r  t o  t he  expressions developed f o r  t h e  BioEc Cornputel* Code we can 

model growth i n  an exponential  format, i .e., 

where Wn i s  biomass a t  n days, Wo i s  the  standing crop and Y i s  t he  compound 

growth r a t e  of the  species. 

Assuming t h a t  a l l  new growth i s  harvested: 

Wn = ( W n -  W o )  = Wo [ (  l +  Y ) "  - 11 

where Wn i s  harvest  weight, and o ther  i tems are as i n  Equation (1). The 

compound growth r a t e  i s ,  o f  course, u n r e a l i s t i c  and l i m i t  cond i t i ons  on both 7 and 

n must be es tab l ished f o r  the  commercial farm region.  

Growth experiment ob jec t i ves  should be s t ruc tu red  t o  def ine the  f o l  1 owing 

po i  n ts .  

(1) Determine the  i n f l uence  o f  the  fo l l ow ing  on t h e  growth r a t e s  o f  the  

var ious species: 

(a )  Solar  energy l e v e l  

( b )  N u t r i e n t  concent ra t ion  

( c )  P l a n t i n g  dens i t y  

(d )  Harvest pe r iod  

( 2 )  Determine the  form o f  growth r a t e  curve as a f u n c t i o n  o f  species s ize .  

(Determine a l i m i t  c o n d i t i o n  on growth.) 

(3 )  Determine the  l i m i t i n g  cond i t i ons  on growth, and the  degree of t he  i n t e r -  

a c t i o n  o f  growth var iables.  



Answers t o  the  t h i r d  quest ion are requ i red  t o  e s t a b l i s h  the  n o n - l i n 2 a r i t y  

f a c t o r s  which should be associated w i t h  normal growth. The n o n - l i n e a r i t i e s  are 

the  r e s u l t  o f  growth-1 i m i t i n g  cond i t ions  and can in f luence the  processing p l a n t  

design. For instance, if the growth i s  in f luenced by  n u t r i e n t  l e v e l  and sun1 i g h t  

cond i t ions  a t  the  s i t e ,  reduced growth and reduced y i e l d  l e v e l s  would occur du r ing  

the  pe r iod  o f  reduced sun l i gh t .  Reduced y i e l d  r e s u l t s  i n  reduced harves t  d e l i v e r y  

and reduced output  o f  SNG. The converse occurs dur ing  per iods  o f  greater  so la r  

energy. An o v e r a l l  system s o l u t i o n  t o  non-uniform biomass d e l i v e r y  can be 

es tab l  ished when d e f i n i t i o n  o f  growth r a t e  e f f e c t s  are establ ished.  

Growth data obtained on the  var ious  species w i l l  s t rong ly  i n f l uence  f i n a l  

species se lec t ion ,  and data t o  ob ta in  a  r e a l i s t i c  growth value w i l l  e s t a b l i s h  the  

biomass y i e l d .  Based upon p r i o r  experience the  y i e l d  of biomass w i l l  weigh 

h e a v i l y  i n  e s t a b l i s h i n g  the  economics o f  biomass f o r  SNG. Other fac4:ors 

i n f l u e n c i n g  these economics are v o l a t i l e  s o l i d s  r a t i o ,  n i t rogen  content, 

t h e o r e t i c a l  gas y i e l d  and k i n e t i c s  o f  biodegradat ion. These items w i l l  be 

addressed i n  fu tu re  systems studies.  

5. Species Se lec t ion  Methodology 

Eva lua t ion  o f  the  l i s t  o f  species indigenous t o  New York waters which may 

prov ide adequate biomass y i e l d  must be made t o  e s t a b l i s h  an opt imal ma te r i a l  f o r  

the  New York Sta te  app l ica t ion .  Th i s  requ i res  t h a t  a  s u i t a b l e  metholj f o r  

e f f e c t i v e l y  screening a  l a rge  number o f  candidates be developed. 

The species s e l e c t i o n  methodology must e s t a b l i s h  those qua1 i t i e j  which 

i n f l uence  the  design o f  t he  farm substrate,  t he  design o f  the  harves t ing  subsystem 

and the  design o f  the  processing subsystem. I n  addi t ion,  t he  species s e l e c t i o n  

methodology must concern i t s e l f  w i t h  biomass y i e l d  and eventual S u b s t i t u t e  Natura l  

Gas output.  



Desc r ip t i on  o f  Methodoloqy and P r e l  i m i n a r a  Species 

Table 4 1  1 i s t s  the physical ,  b i o l o g i c a l  and chemical c h a r a c t e r i s t i c s  which 

are considered o f  importance i n  r a t i n g  species as candidate materie.1. The present 

e f f o r t  concentrates on the  phys ica l  aspects o f  t he  species, shown i n  Table 41. 

The d i f f e r e n t a t i o n  of candidates begins a t  the  species l e v e l  and, as shown, growth 

mode can i n i t i a t e  a farm conceptual design e f f o r t .  Four con f i gu ra t i ons  are 

poss ib le ,  depending on whether the  p l a n t  grows attached o r  unattached and whether 

i t  i s  a buoyant o r  non ( n e u t r a l )  buoyant. 

A f u r t h e r  breakdown expresses whether t h a t  species p r i m a r i l y  f l o u r i s h e s  i n  

t r o p i c ,  temperature o r  f r i g i d  environments, and fu r ther ,  what regions support 

growth. 

Species Se lec t ion  

Species of seaweed must be evaluated and a s e l e c t i o n  made t o  i n i t i a t e  the  

commercial farm. The method used i n  the  s e l e c t i o n  prov ides an assurance t h a t  a 

non-viable s e l e c t i o n  w i l l  no t  be made, and t h a t  a c o s t - e f f e c t i v e  s o l u t i o n  i s  a 

h igh  p r o b a b i l i t y .  The species selected must p rov ide  a q u a n t i t y  o f  biomass capable 

of producing a g iven q u a n t i t y  o f  S u b s t i t u t e  Natura l  Gas. Physical ,  b i o l o g i c a l  and 

morphological c h a r a c t e r i s t i c s ,  Table 41, can be c i t e d  as i n f l uenc ing  the p o t e n t i a l  

of any species. Fur ther  breakdown o f  t he  phys ica l  c h a r a c t e r i s t i c s ,  (Table 42) are 

used t o  evaluate p o t e n t i a l  candidates and prov ide  the  framework fol* the  screening 

of candidate species, 

Physical  Charac te r i s t i cs  o f  NYS-ERDA Species 

The i n i t i a l  concerns o f  p l a n t  phys ica l  c h a r a c t e r i s t i c s  w i l l  be the  sub jec t  o f  

t he  present w r i t i n g .  Morphology, growth mode and h a b i t a t  are expended i n  Table 

43. As ind i ca ted  we are p r i n c i p a l l y  i n t e r e s t e d  i n  Macrophytes o f  the 

Chlorophycophyta, Phaeophycophyta and Rhodopycophyta d i v i s i o n s .  The important  o f  

co lo r  a t  present  ( f rom an engineering sense) i s  no t  known. A l l  th ree  con ta in  



TABLE 4 9 .  PLANT CHARACTERISTICS CONSIDERED S I G N I F I C A N T  FOR SPECIES SELECTION 

PHYSICAL 

MORPHOLOGY 

HA8 HBAT 

BIOLOG K A L  

POTENTIAL BIOMASS Y I E C B  

LIFE CYCLE ti REPROD 

ECOSYSTEM FUNCU OM 

ORTAC 1 TY 

POLYCULTURE COMPAT IB  I1 I T Y  

CULTIVATED GROWTH 

GENETIC PLIABILITY 

CHEM H CAL - 

1, METHANE Y I  

2, BIO DEGRADABILITY 

3, RESIDUE FRACTION 



TABLE 42. SPECIES SELECTION METHODOLOGY PHYSICAL CHARACTERISTICS 

MACROPHYTE I PHYTOPLANKTON 1 

MORPHOLOGY 1 

PLANT SlZE VS. AGE 
PLANT STRENGTH 

@ HOED FAST 
@ PLANT 

GROWTH RATE 
SCJRViVALIMQRfAkSTY 
LsFE CYCLE 



the  green ch lo rophy l l  s  (photosynthet ic ) ,  and u s u a l l y  zanthophyl ls  o r  carotenes. 

Phaeophyta - and Rhodophyta conta in  brown and red  pigments as we1 1, and these may 

vary according t o  h a b i t a t  and p l a n t  heal th.  They do however i n d i c a t e  energy 

absorpt ion d i f f e rences  and i t  may be o f  some s i g n i f i c a n c e  when e s t a b l i s h i n g  the  

ocean farm requirements. 

The p l a n t  genus and species w i t h i n  the  genus are o f  importance. 

I d e n t i f i c a t i o n  o f  the  species permi ts  d e f i n i t i o n  o f  many c h a r a c t e r i s t i c s  which 

e s t a b l i s h  the  farm design, t h e  harves t ing  technique and the  processing 

requirements. I n i t i a l l y  growth mode w i l l  be e i t h e r  attached or  unattached wi,th 

f u r t h e r  d i s t i n c t i o n s  o f  f l o a t i n g  o r  n e u t r a l  buoyancy species. Th i s  d i s t i n c t i o n  

requ i res  conceptual farm designs o f  d i f f e r i n g  c h a r a c t e r i s t i c s  t o  supply an ocean 
1 

subst ra te  

To i n i t i a t e  conceptual design s tud ies  we need data on morphology. The 

phys ica l  o u t l i n e  o f  t he  p l a n t  along w i t h  s i z e  and s t rength  are important i n  

conceiv ing farm substrates. Growth c h a r a c t e r i s t i c s  o f  NYSERDA species n a t i v e  t o  

New York waters are shown i n  Table 44. We can now add morphology c h a r a c t e r i s t i c s ,  

however, we do t h i s  f o r  each i n d i v i d u a l  p l a n t  i n  t he  NYSERDA l i s t .  

Species Desc r ip t i on  

The seaweed species shown i n  Table 44 are a1 1 n a t i v e  t o  New York Sta te  waters 

and prov ide  minimum ecology per tu rbat ions .  A more d e t a i l e d  desc r ip t i on  o f  each 

species i n  t h i s  l i s t  i s  given t o  i n i t i a t e  conceptual design studies.  

Species Fucus ves i cu los i s  

Fucus ves i cu los i s  i s  o f  the  brown d i v i s i o n ,  Fucus genus. Comrnorl names such 

as Rockweed, Bladder Wrack Sea Ware, etc.  abound. Fucus ves i cu los i s  i s  found 

i n t e r t i d a l l y  from North Caro l i na  t o  Hudson Bay. The term ves i cu los i s  r e s u l t s  from 

t h e  growth o f  ves ic les  (bladders) on the  p lan t .  This  v e s i c l e  growth occurs i n  

p l a n t s  i n  q u i e t  waters w h i l e  p l a n t s  sub jec t  t o  s t rong cu r ren ts  w i l l  no t  have these 



TABLE 43. SUMMARIZATION OF CRITICAL DATA FOR CANDIDATE SPECIES 
ASSEMBLED FROM T H E  L I JERATUWE 

Ascophyl lum Fucus Laminaria Macrocyst is - Ul va Cod i um 

ma in ly  i n t e r t i d a l  main ly  i n t e r t i d a l  iow t i t i e  t o  18 m i n t e r t i d a l  t o  40 m low water t o  25 m low water t o  25 m 
bu t  a lso  t o  8 m but a lso  t o  8 m 

Seasonal growth 
,attern ( o f  macro 
stage(s) ( i n  t h i s  
wea ) 

perennia l  perennial  perenn i a 1 

t o  3 m 

- 

- 

h i gh  

perennial  seasonal -annual perennial  
a l t e r n a t i o n  o f  
generat ions 

Size ( length)  

Yatural p roduc t i v i t y  
cg/m2/,r (d. w. ) 

0.14 
( su re l y  too low) 

hl t y r e  p roduc t i v i t y  
Kg/m / y r  (claw. 

Strength o f  p l a n t  
(estimated ) 

h igh  h i gh  1 ow moderate 

gametes 
( f o r  cu l t u re  purposes) fragments 

Probable c u l t u r e  attached, 
Yodes f l oa t i ng?  

Estimated n u t r i e n t  1 ow 
response 

3ther uses ( i f  known) a l g i n  
seaweed meal 

gametophytes 
(fragments?) 

gametes 
fragments 

attached 
f l o a t i n g ?  

moderate 

gametophytes 

attached 

h i gh  

spores, gametes spores 
fragments fragments 

attached attached 
suspended suspended, ( f  1 oat  i ng? 

moderate h i gh  

attached 

low 

a l g i n  
1 seaweed meal 

( c l ose l y  r e l a t ed  
species f o r  food) 

a l g i n  
seaweed mea 

a l g i n  
seaweed meal 

food? 



TABLE 44. F I R S T  LEVEL EVALUATION OF NYSERDA S P E C I E S  P H Y S C I A L  CIiAF:KTERI STII'S 

S P E C I E S  

~ u c u s  VESICULOSIS [ B I ~  

ASCOPHYLLUM NODOSUM [ B ]  

ULVA LACTUCA [ G I ~  

CHONDRUS CRISPUS [ R ] ~  

LAM I NAR I A AGARDH I I [ B] 

G R A C I L A R I A  F O L I F E R A  [R] 

CODIUM F R A G I L E  [GI 

NEOAGARDHIELLA B A I L E Y  I [R] 

RHODYMENIA PALMATA [R]  

1 A t t a c h e d  

2 U n a t t a c h e d  

3 B u o y a n t  

4 N o n - b u o y a n t  

5 B r o w n  

6 G r e e n  

7 R e d  

GROWTH 

1 2 3 4  
A U B S  - - - 

X X X X  

X  X  X  

X  X  X  

X  X  X  

X  X  

X X  X 

X X X 

X  X X  

X X 



growths. Therefore Fucus ves i cu los i s  i s  c l a s s i f i e d  as AUBS on Table 4 4 ,  imply ing 

growth unattached or attached and buoyant or  non-buoyant. 

This p l a n t  presents several  chal lenges i n  farm design. I f  we assurle t h a t  we 

would l i k e  the p l a n t  attached and buoyant, a  substrate should be prov ided t o  

a t tach  the  ho ld fas t .  This requ i res  p r o t e c t i o n  f rom cu r ren t  fo rces  and wave a c t i o n  

i f  we are t o  e s t a b l i s h  ves ic les .  

Fucus ves i cu los i s  i s  genera l l y  found from North Caro l ina  t o  A r c t i c  and i n  the  

mid t o  lower l i t t o r a l .  Size commonly ranges from 12-24 inches t o  3 f e e t ( 2 ) .  

Species Ascophyllum nodosum 

Ascophyllum nodosum, Rockweek, Knotted Wrach, etc .  i s  one o f  the  most common 

o f  i n t e r t i d a l  algae, and i s  found on rocks exposed a t  low t i d e .  P lan t  growth may 

reach 8 t o  10 feet,  and grow e rec t  from a  c y l i n d r i c a l  ho ld fas t .  Growth was e i t h e r  

attached or  unattached as expressed by Br inkhuis,  and the  p l a n t  was described as 

n e u t r a l l y  buoyant o r  as a  s inker .  The d e s c r i p t i o n  i n  Reference 2  re fe rs  t o  a i r  

bladders and s ta tes  t h a t  Ascophyllurn nodosurn can be found as d r i f t  i n  southern 

waters (below New Jersey). 

Ascoph~ l lum - nodosum w i l l  grow i n  con junc t ion  w i t h  Fucus ves i cu los i s  - i n  the  

i n t e r t i d a l  zone. 

Species Ulva l ac tuca  

Ulva lac tuca can a t tach  us ing  a  r h i z o i d a l  h o l d f a s t  t o  submerged rocks, s h e l l ,  
P 

p i l i n g s  or  other  seaweed. Resembling a  loose l e t t u c e  head, Ulva i s  found 

f r e e - f l o a t i n g  on the  bottom o f  shal low pools o r  b rack ish  ponds. - Ulva may grow 

blades o f  up t o  20 inches length. 

(2)  Kenneth L. Gosner, "A F i e l d  Guide t o  the  A t l a n t i c  SeashoreN, Houghtm M i t l i n ,  

i979. 



Species Chondrus c r i spus  

Chondrus c r i spus  i s  a member o f  t he  red  (Rhodophyta) fami ly ,  and grows 

attached t o  rocks f rom low t i d e  l e v e l  t o  depths o f  3 o r  more fathoms,, Heights of 

6 inches and breadths of 4 inches are a t ta ined.  Dense growth co lon ies  occur 

n a t u r a l l y .  The algae i s  d i s t r i b u t e d  from New Jersey nor th,  and i s  e s p e c i a l l y  

abundant no r th  o f  Cape Cod. 

Species Laminaria agardhi i 

Large, up t o  10 f e e t  i n  length,  Laminaria agardh i i  i s  a dominant species 

south o f  Cape Cod. The p l a n t  i s  a perennia l  w i t h  a blade nea r l y  one f o o t  i n  

width, and i s  t h i c k  and f l a t  dur ing  the  w in te r  months. Laminaria a w d h i i  has a 

many branched and tough h o l d f a s t  w i t h  a s t r i p e  length  dependent upon depth. The 

p l a n t  i s  e s p e c i a l l y  r e s i s t a n t  t o  s t rong s u r f  common t o  rocky shores. 

Species G r a c i l a r i a  f o l i i f e r a  

Labeled Graceful  Red Weed, Graci l a r i a  f o l  i i f e r a  grows t o  apppro:tirnately 1 

f o o t  w i t h  a c e n t r a l  ax i s  o f  1/2 inch  ' i n  diameter. I t  grows i n  shal low bays and 

sounds south of Cape Cod. 

Species Codium f r a g i l e  

The dark green tubu la r  p l a n t s  Codium f r a g i l e  was f i r s t  repor ted  i n  1957, from 

East Marion, Long Is land,  and i s  now common along the  shores of a number o f  

s tates.  S h e l l f i s h  beds have been threatened s ince Codium f r a g i l e  sometimes covers 

the  complete bed. I n t e r - t i s s u e  accumulation o f  oxygen i n  l a r g e r  p lan ts  r e s u l t s  i n  

buoyancy o f  the  p lan t ,  (hence the  name "Oyster Th ie f " )  and r e s u l t s  i n  f l o a t i n g  a f t  

o f  p l a n t  and attachment device. Growth up t o  3 fee t  i s  repor ted.  The p l a n t  i s  

described as perennia l ,  b i e n n i a l  o r  psuedo perennia l ,  l i v i n g  fo r  several  years. 

Neoagardhiel la b a i l e y i  

No data i s  a v a i l a b l e  a t  t h i s  time. 



Palmaria palmata: (Rhodomenia palmata) 

The Palmaria palmata generally attaches to  rocks and she1 

holdf ast  and may reach 15-20 inches with broad (6 inch) blades 

be found from Northern New Jersey t o  Newfoundland and grows in 

depth quoted is  from inter t idal  to  deep waters. 

Summary of Species Selection 

1s b,y a disc-like 

, The thallus will 

cold waters. T h e  

Physical character is t ics  of the i n i t i a l  species l i s t  are described i n  the 

previous section. The data obtained can be used to indicated farm concepts 

designs (a  task not yet addressed), however, conclusions and ranking of candidates 

should be attempted t o  direct  i n i t i a l  research on plant growth. Table 45 1 i s t s  

the indigenous and nearby species selected for  preliminary evaluation and includes 

Macrocystis sp as baseline. with summary of characteristics 

The growth mode, upper s ize l imit ,  holdfast and nomina 

are essenti a1 ly 1 i terature resul ts .  A 1  1 species are perenn 

to date. 

1 habitat column 

ial  and essentia 

data 

l l y  a l l  

have some commercial hi story (except Sargassum sp) . 
A conceptual farm design w i t h  a seaweed attachment point, vertical  growth a t  

some prescribed depth (such as the t e s t  farm) appears d i f f i c u l t ,  since species 

size limit i s  re lat ively low. The largest specie (Alaria esculenta) - i s  only 12  

fee t  long and substrate depths would be relat ively shallow in NYS/ERDA region 

waters to  permit suff ic ient  sunlight to  penetrate and provide adequate 

photosynthetic act ivi ty .  Chondrus crispus (0.5 f ee t  maximum length) normal ly  i s  

found from low t ide t o  3 fee t  in depth, implying a substrate depth no greater that  

3 fee t  for  growth. 



TABLE 45. I N I T I A L  CANDIDATE SPECIES 

V) 
CHOMDRUS CRISPUS IL-j 

GRACILARIA F O L l l F E R I  

% u NEOGHAROIIECLA B A I L E V I  

PALPlb\RIA PALWTA 
W 

CQDIUM FRAGILE 

HOLDf AST 

BRANCH I iidG 

m s q  
D I S C  

IEIMNCHING 

D I S C  

or s< 
' D I S C  

D I S C  

RHIZOIDAL 

B M N C H I  NG 

BRANCH % WG 
I 

BANCHI MG 

D I S C  

NOTE : 

A L L  SPECIES PERENNIAL 

A L L  SPECIES (EXCEPT SARGASSUM) HAVE COMMERCIAL H I  STORY. 

NOMBNAL HABITAT 

GEOGRAPHICAL 1 LOCAL 
CAL 1 FORN I A COAST 'COOL WATER, DEEP 

NORTH OF N.9. 

N.J. - MINE ROCKS, WHARFS, STRONG SURF 

NORTH OF Y.J. LOW T I D E  L INE-TO 3 '  DEPTH 

TROPICS - MASS QUIET MAWERS 
I 

N .J. - NEWFOUNDLAND 
COLD WATER 

I 
COOL WaBERZ - INTERTIDAL-  1 

C HEW '/OR# 1 
FLORIDA - NEWFOUNDLAND I ! 
MASS. , r NORTH DEEP WlATER 

MASS. 1. LABRADOR ROCKY SHORES. - STRONG SURF 

CAPE COD - NEWFOUNDLAND ) I 
TROPICS -.MASS. / - 

A f  - ATTACHED, FLOATER 

UF - UNATTACHED, FLOATER 

AN - ATTACHED, NON-FLOATER 

WN - UNATTACHED, WON-FLOATER 





5.7 KELP CULTIVATION,  CHARACTERIZATION AND GENETICS STUDY 

NEUSHUL MARICULTURE INCORPORATED 





5.7 Kelp Cultivation, Characterization and Genetics Study 

This section focuses on progress made in this task by Neushul Maricul ture 

Incorporated (NMI) from May through August 1980. The work centered on the 

initiation of cultures, species characterization, laboratory cultures, field 

cultures, and a survey of foreign literature and industry. Progress also includes 

additional staff and equipment procurement. 

In general, NMI has begun to genetically select, characterize, culture, 

cultivate, and grow giant kelp plants, as well as assess the potential for the 

cultivation of hybrid kelps. For example, the production of plants d t h  

consistently high manni to1 levels should reduce digester retention times and 

increase methane yield. The cultivation of plants of uniform genotype should 

increase the predictability of plant responses to the induced environment. The 

hybridization work could pave the way for "engineering" plants for favorable 

growth, morphological and biochemical characteristics; and sterile plants could 

possibly be produced. 

Licenses for growing kelp have been obtained and an expanded sea-floor site 

for growing large kelp plants has been leased at Ellwood Pier from the California 

Department of Fish and Game. 

In addition to the laboratory and field studies, NMI has surveyed the 

1 i terature generated by Japanese and Chinese studies. This 1 i terature is largely 

untranslated and could be a significant aid in the Marine Biomass Program. Kelp 

production has been increased dramatically in both countries as a result of 

genetic selection. In addition to this genetic work, a high level of activity 

exists in other areas of research and development, such as open ocean farming and 

productivity enhancement by conventional cultivation methods. 



Initiation of Cultures 

The objective of this task was to domesticate sporophytes of the three 

Macroclstic - species native to California; M. angustifolia, M. inteqrifolia, and - M. 

eyrifera - to provide samples of the three species having a known genetic history. 

These samples can then be used in subsequent selection, hybridizat-on, biochemical 

composition and growth studies. Using standard and new hybridizat'on methods, 

isolations of each species have been maintained. By the end of August, fifty-five 

gametophytes derived from single spores were isolated from cultures taken from the 

sporophytes of three different stock plants of M. pyrifera collected from Point 
Loma. Thirty gametophytes were isolated from cultures initiated from two 

different stock plants of Macrocystis collected from Anacapa Island. 

Species Characterization 

The objective of this task is to provide a data base of morphological, 

physiological, growth pattern and biochemical characteristics of the three 

Macrocystis species. This base will allow trade-off studies of species 

characteristics and trait selection as well as aid in development 3 f  experimental 

plants for selection and hybridization. 

Species characterization rationales for both morphology and chemistry were 

developed. Morphometic analysis of both pure-bred lines and hybrids was carried 

out along with the characterization of plants collected from San Diego. The three 

species were produced from gametophytic strains and hybrids were made between all 

three species (M. pyrifera X - M. angustifolia, M. jyrifera X - M. - integrifolia and M. 

angustifolia - X - M. integrifolia). 

A detailed scheme for characterization of juveni le sprophytes was developed 

and seventy-seven hybrids were characterized using this scheme prior to 

transplantation to the ocean. Twenty hybrid plants were subjected to a 



"development with time" experiment which involves close examination af s p w i i i ;  

growth characteristics on a weekly basis. 

Chemical characterization techniques are being investigated and developed in 

concert with a review-of methodology in the 1 i terature. 

Laboratory Culture 

The objective of this task is to establish a bank of cultures of selected 

species and hybrids beyond the gametophytic stage. This bank is to provide 

specimens for evaluation of traits such as rnannitol content, growth rate and 

morphological and growth patterns. 

Laboratory cultures of sporophytes were establ ished from gametophytic strains 

of all three species of Macrocystis. Bubble cultures were employed to hold these 

young sporophytes in flasks. Tank culture with running seawater was also carried 

out temporarily at the University of California at Santa Barbara greenhouse. 

Work accomplished in July 1980 included the construction of a sporophyte 

holding facility at Ellwood Pier and the outplanting of pure lines and hybrids, as 

well as the rearing of many sporophytes in large bubble-culture containers. 

Approximately 200 hybrids were developed from bubble culture in the 1 aboratory. 

A special ly designed sporophyte tank and culture system were under 

construction at the NMI laboratory during August 1980. 

Field Culture 

This task will allow the determination of growth characteristics and 

evaluation of selected stocks in the sea for potential application in marine farm 

systems. 

Additional substrate systems were constructed and put into place at the 

Ellwood Pier Facility. Substrates were built to hold both young and mature 

sporophytes of Macrocystis at Campus Point. Macrocystis plants with a known 

culture history, that have been under observation for the past nine months, were 



put in place on a new marine farm structure at Campus Point. Work completed 

included the establishment of reliable holding facilities for mature plants 

transplanted from Monterey and San Diego to Santa Barbara. Farm support spars 

were installed both in Goleta Bay and adjacent to E 

site. An electronic buoy with automatically adjust 

successfully tested at the Pier. 

1 lwood Pier on the new lease 

ing depth control was 

The Goleta Point Farm was also increased by the addition of four new 

substrates. As of August, there were 157 juveni le sporophytes developed from 

cultures growing on six substrates and 19 mature transplanted plants (6 from Point 

Loma, 4 from Anacapa Island and 9 from the local waters of Santa Barbara) located 

on the farm. Seventy-six juveniles were characterized, photographed, and 

outplanted on substrates at the Point. 

Survey of Foreign Literature 

The objective of this task is to extract and compile significant data on kelp 

genetics and farm operations from the foreign literature. This data will provide 

a base which can be used to aid the development of genetic selection and kelp 

productivity improvement techniques for the Marine Biomass Program. 

Lines of comunication were established with Japanese investigators who are 

interested in introducing Macrocystis into Japanese waters. Mr. Flasahide Inui, 

Manager of the Technical Division of Tokyo Kyuei Co., Ltd. visited NMI and was 

interested in possible collaborative work on the environmental impact of 

Macrocystis farming in Japan. A review of pertinent Japanese and Chinese 

literature was initiated. A bibliography was prepared which covers most of the 

foreign literature dealing with macroalgal culture in the Orient. At the Xth 

International Seaweed Symposium, it was possible to review some of the culture 



work being done in Sweden by Dr. T. Von Wachenfeld and his co-workers. Special 

emphasis was placed on literature describing substrate construction, crop plant 

selection and cultivation, nutrient enrichment and genetics. 





6. SPECIFIC OBJECTIVES AND WORK PLAN FOR 1981 

As shown i n  t he  p rev i ous  sec t ions ,  s i g n i f i c a n t  progress has been rlade d u r i n g  

1980 toward t h e  o b j e c t i v e  o f  de te rmin ing  t h e  t e c h n i c a l  and economical f e a s i b i  1  i t y  

o f  p roduc ing  methane f rom seaweed grown i n  t h e  open ocean. It i s  ev iden t ,  

however, t h a t  a d d i t i o n a l  work i s  necessary i n  o rde r  t o  narrow t h e  u n c e r t a i n t i e s  

and d r i v e  toward a  p o s i t i v e  de te rm ina t i on  o f  the  f e a s i b i l i t y  o f  t he  o v e r a l l  

concept. 

A  major goal  d u r i n g  1981 w i l l  be t h e  hemi-dome m o d i f i c a t i o n  a t  t he  Test 

Farm. Th i s  m o d i f i c a t i o n  must be accomplished be fo re  k e l p  o u t p l a n t i n g  m d  

subsequent b i o l o g i c a l  exper iments and da ta  c o l l e c t i o n  can be accomplished a t  t h e  

Tes t  Farm. The near-shore and l a b o r a t o r y  b i o l o g i c a l  s tud ies ,  k e l p  convers ion  

s tud ies ,  inoculum development and p re - t rea tment  and pos t - t rea tment  s t u d i e s  w i l l  be 

con t i nua t i ons  o f  t h e  research a l r eady  underway. System a n a l y s i s  w i l l  i n t e g r a t e  

t he  da ta  developed from t h i s  ongoing research  i n t o  t he  updated model f o r  

eva l  ua t  i on of t h e  overa 11 concept. 





WORK PLAN - 1981 
A. MARINE FARM SYSTEMS 

1. Test Farms Maintenanceloperat ions 

2. OSTF RefurbishmentIRepair 

3. OSTF Modification Construction 

4. OSTF Modification Deployment 

5. Materi al/Hardware Tests 

6. Instrumentation Tests 

7. Nutrient Dispersion Studies 

8. Drag Model Experiments 

9. OSTF Modification Model TestsIAnalysis 

10. Biological Engineering Tasks (Kelp Help) 

11. AS-CTF* Design/Fabrication/Instal 1 ation 

B . KELP Y IELDIBIOLOGICAL STUDIES 

Field Studies (OSTF and AS-CTF) 

1. Environmental Monitoring 

2. Maricul ture Methods DevelopmentITest 

3. Yield Measurements 

4. Foreign Technology Survey 

5. Culturing Experiments 

Laboratory Studies 

Physiological Studies 

1. Macro-Nutritional Requirements 

2. Micro-Nutritional Requirements 

*Artificial Substrate - Coastal Test Farm 



Biological Studies 

1. Hybridization Studies 

2. Genetics Studies 

3. Culturing Studies 

4. Farming Methods Development 

C. KELP BIOMASS CONVERSION 

Inoculum Research/Development 

1. Ultimate Digestibility Studies 

2. Food Chain Synthesis Studies 

3. Particulate Attachment Studies 

4. Temperature Effects Studies 

5. Aceticlastic Methanogen Studies 

Anaerobic Digestion Systems Research/Development 

1. Multi-Stage Digestion and Reactor-Design Evaluation 

2. Feeding Rate Effects Studies 

Pre- and Post-Treatment Studies - -- 
1. Kelp Supply and Distribution 


