
ALGAL N IT R O G E N  FIX A T IO N  ON SOLID SU R FA C E S 

AND T E M P E R A T E  A G RICU LTU RA L SOILS

A T h e s is  P r e s e n te d  by 

JOH N  F E A T H E R S T O N E -W IT T Y

F o r  th e  D e g re e  o f D o c to r  o f P h ilo so p h y  in  

th e  F a c u l ty  o f  S c ie n c e  o f th e  U n iv e r s i ty  o f London

S e p te m b e r  1974

B e d fo rd  C o lle g e ,  U n iv e r s i ty  o f London



ProQuest Number: 10098253

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10098253

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



A B ST R A C T

T h is  th e s i s  e x a m in e s  v a r io u s  f a c to r s  c o n tro l l in g  a lg a l  n i t ro g e n  

f ix a t io n  a n d  n i t r o g e n  r e l e a s e  in  te m p e r a t e  a g r ic u l tu r a l  s o i l s .

N ew  a p p a ra tu s  fo r  in v e s t ig a t in g  n i t r o g e n a s e  a c t iv i ty  on  u n ifo rm  s o i l  

g ro w n  a lg a l  c r u s t s  an d  f o r  th e  in  s i tu  e s t im a t io n  o f  n i t r o g e n  f ix a tio n  in  th e  

f ie ld  is  d e s c r ib e d .

T h e  e f fe c ts  o f o x y g en  c o n c e n tr a t io n  a n d  te m p e r a tu r e  on  a c e ty le n e  

r e d u c t io n  by  s o i l  g ro w n  c u l tu r e s  o f N o s to c  e l l ip s o s p o ru m  in  th e  l ig h t  an d  

in  th e  d a rk  s u g g e s t  th a t  A T P  g e n e r a te d  by  o x id a tiv e  p h o s p h o ry la t io n  

c o n t r ib u te s  to  f ix a tio n  e v e n  in  th e  l ig h t .  T h e  o x y g en  c o n c e n tra t io n  g iv in g  

o p tim u m  n i t r o g e n a s e  a c t iv i ty  d ep en d s  on  th e  in te n s i ty  o f  i l lu m in a t io n ,  

l a r g e ly  b e c a u s e  o f  th e  c o n tin u in g  c o n tr ib u t io n  f ro m  d a rk  f ix a t io n .

T h e  o x y g en  d ep e n d a n t a c e ty le n e  r e d u c t io n  c o n tin u e d  th ro u g h o u t th e  

n ig h t in  th e  f ie ld  a t  20% o f  th e  m id d a y  r a t e .  T h is  p r o p o r t io n  is  d ep e n d a n t 

o n  d a y tim e  lig h t  in te n s i ty  a n d  d a y /n ig h t  t e m p e r a tu r e  d ro p .

T h e  r e l e a s e  o f  n it ro g e n o u s  co m p o u n d s  by  s o i l  an d  s a n d  g ro w n  c u l tu r e s  

o f  N . e l l ip s o s p o ru m  w as  in v e s t ig a te d  in  th e  l a b o r a to r y .  A lg a l c i i tu re s  

g ro w in g  on  s a n d  r e l e a s e d  o n ly  2% o f th e  to ta l  n i t ro g e n  c o m p a re d  w ith  

10% r e l e a s e d  by  l iq u id  c u l t u r e s .  F r e e z in g  to  b e lo w  - 3 ° C , d ry in g  to  le s s  

th a n  4% m o is tu r e  o r  p a th o g e n ic  in fe c tio n  a l l  c a u s e  e x te n s iv e  c e l lu la r  

ly s i s  w ith  a  c o n c o m ita n t lo s s  o f  n i t r o g e n a s e  a c t iv i ty ,  fo llo w e d , a f te r  

s e v e r a l  d a y s ,  by  a  s u rg e  in  a m m o n ia  c o n c e n tr a t io n .

T h e  r e c o v e r y  o f n i t r o g e n a s e  a c t iv i ty  a f te r  r e - w e t t in g  w as in v e s t ig a te d  

in  th e  f ie ld  a f te r  a  p e r io d  o f  d ry  w e a th e r .  A ll s a m p le s  a c h ie v e d  a  s te a d y  

r a t e  o f  n i t r o g e n a s e  a c t iv i ty  a f te r  400 m in u te s  i r r e s p e c t iv e  o f  th e  m a g n itu d e  

o f  r e c o v e r y .

N itro g e n a s e  a c t iv ity  in  th e  f ie ld  w as  m o n i to r e d  a t  w e e k ly  in te r v a ls  

u s in g  an  in  s i tu  te c h n iq u e  o v e r  a  tw o y e a r  p e r io d  on  B ro a d b a lk ,  one o f th e  

R o th a m s te d  c l a s s i c  p lo ts  so w n  to  w in te r  w h e a t .  T h e  s e a s o n a l  f ix a tio n  

r a t e s  v a r i e d  f ro m  1 .4  to  28  K g /h a  d ep en d in g  on  th e  f e r t i l i z e r  an d  

h e r b ic id e  t r e a tm e n t .  T h e  g r e a t e s t  s e a s o n a l  f ix a tio n  w as  g iv e n  by
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n o n - h e r b ic id e  p lo ts  r e c e iv in g  48  Kg N /h a  o f  a p p l ie d  n i t r o g e n .

T h e  e f fe c t  o f  v a r io u s  s p e c ie s  o f  a lg a l  in o c u lu m  w as in v e s t ig a te d  

o n  60 p lo ts  so w n  to  w in te r  w h e a t w ith  a n d  w ith o u t i r r i g a t io n  an d  a d d e d  

n i t r o g e n .  A  s ig n if ic a n t  i n c r e a s e  in  f ix a t io n  w as  p ro d u c e d  a n d  th e  

m o s t  e f fe c t iv e  t r e a tm e n t  w as  a  l iq u id  a p p l ic a t io n  o f N . e l l ip s o s p o r u m . 

B o th  th e  N .p u n c t i fo rm e  a n d  A n a b a e n a  c y l in d r ic a  w e r e  m o r e  e f fe c tiv e  

w h en  a p p lie d  a s  d r ie d  s a n d  c u l tu r e s .

T h e  m o s t  im p o r ta n t  s in g le  f a c to r  l im it in g  a lg a l  d e v e lo p m e n t in  

f ie ld  e x p e r im e n ts  w as  s o i l  m o i s t u r e .
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1. IN TR O D U C TIO N

(a )  BIOLOGICAL AND IN D U STRIA L N IT R O G E N  FIX A T IO N

A lth o u g h  n i t r o g e n  c o n s t i tu te s  79% o f th e  E a r th s  a tm o s p h e re  i t  is  

d i r e c t ly  a v a i la b le  to  o n ly  a  few  s p e c ie s  o f  n i t r o g e n  fix in g  o rg a n is m s  

w h ich  h a v e  th e  a b i l i ty  to  r e d u c e  e l e m e n t a l . n i t r o g e n  to  m o re  r e a c t iv e  

co m p o u n d s  w h ich  c a n  b e  u s e d  in  c e l lu l a r  m e ta b o l i s m .

T h e  n i t r o g e n  m a d e  a v a i la b le  by  th e  p r im a r y  f ix e r s  c a n  p a s s  to  

o th e r  o rg a n is m s  to  b e  c y c le d  th ro u g h  th e  b io s p h e r e .  S om e is  lo s t  as  

o c e a n ic  an d  f r e s h  w a te r  s e d im e n ts  a n d  so m e  is  r e c y c le d  by  d e n i t r i f y in g  

b a c t e r i a  w h ich  c o n v e r t  n i t r a t e s  to  g a s e o u s  n i t r o g e n ,  so  th a t  th e  

q u a n ti t ie s  a v a i la b le  to  th e  b io s p h e re  h av e  p ro b a b ly  r e m a in e d  r e la t iv e ly  

c o n s ta n t  u n t i l  m a n 's  in te rv e n t io n  in  th e  c y c le .  (D e lw ich e  1970) .

T h is  in te rv e n t io n  h a s  ta k e n  tw o f o r m s . F i r s t  th e r e  h a s  b e e n  a  

b ia s  in  a g r ic u l tu r a l  p r a c t i c e  to w a rd s  th e  u s e  o f n i t r o g e n  fix ing  c ro p s  

s u c h  a s  le g u m e s  an d  m o re  r e c e n t ly  th e  e x p lo ita t io n  o f b lu e - g r e e n  

a lg a e  in  r i c e  c u l t iv a t io n ,  an d  s e c o n d ly  an  e n o rm o u s  in c r e a s e  in  th e  

u s e  o f in d u s t r i a l ly  f ix e d  n i t r o g e n .  T h e  u s e  o f  n i t ro g e n  in  c ro p  p ro d u c tio n  

h a s  b e c o m e  in c r e a s in g ly  im p o r ta n t  a s  l a r g e r  an d  l a r g e r  c ro p  y ie ld s  

a r e  d e m a n d e d  f ro m  c u l t iv a te d  la n d  to  s u p p o r t  th e  W o r ld 's  e x p o n e n tia l ly  

g ro w in g  p o p u la tio n  o

T h e  c ro p  y ie ld s  w h ich  c a n  be  o b ta in e d  u s in g  b io lo g ic a l ly  f ix e d  n i t r o g e n  

a lo n e  a r e  n o rm a l ly  lo w e r  th a n  th o s e  p ro d u c e d  by  th e  a d d itio n  o f 

a r t i f i c i a l  f e r t i l i z e r .  T h is  i s  p a r t i c u la r ly  s o  in  s o m e  a r e a s  o f w e s te r n  

a g r ic u l tu r e  w h e re  v e r y  la r g e  q u a n tit ie s  o f in o rg a n ic  n i t ro g e n  a r e  u s e d  

b e c a u s e  h ig h  y ie ld s  a r e  d e m a n d e d  f ro m  l im i te d  a r e a s  o f  a g r ic u l tu r a l  

la n d .  H o w e v e r ,  th e  e x p lo ita t io n  o f  b io lo g ic a l ly  f ix e d  n i t r o g e n  a s  a  

s u b s t i tu te  f o r ,  o r  s u p p le m e n t to ,  in o rg a n ic  f e r t i l i z e r s  i s  o f g r e a t  . 

im p o r ta n c e  w h e re  th e  a r e a s  o f la n d  a r e  l a r g e  en o u g h  to  m a k e  a  low  y ie ld  ; 

a c c e p ta b le ,  o r  w h e re  th e  c o s t  o f o th e r  f e r t i l i z e r s  i s  p r o h ib i t iv e .
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T h e  g ro u p s  o f o r g a n is m s  w h ich  a r e  g e n e r a l ly  a c c e p te d  as  

fix in g  n it r o g e n  a r e  ta b u la te d  b e lo w  ( ta b le  1 .1 , a f t e r  S te w a r t  1 9 6 6 ).

T he  b lu e - g r e e n  a lg a e ,  w h ich  a r e  a  w id e ly  d i s t r ib u te d  g ro u p ,  

d ev e lo p in g  in  c e r t a in  h a b i ta ts  in  p ro d ig io u s  n u m b e rs  , h a v e  r e c e n t ly  

s t im u la te d  p a r t i c u l a r  i n t e r e s t  b e c a u s e  th e y  o f fe r  an  e x p lo ita b le  

p o te n tia l  fo r  fix in g  b o th  n it ro g e n  an d  c a rb o n  u n d e r  a tm o s p h e r ic  

ox y g en  c o n d itio n s  .

T a b le  1.1 N itro g e n  fix ing  o rg a n is m s  (A f te r  S te w a r t  1966)

A , S y m b io tic  fo rm s  .

1 ) R h iz o b iu m  s p p . T h e s e  b a c t e r i a l  s y m b io n ts  o c c u r  w ith in  th e  

r o o t  n o d u le s  o f le g u m in o u s  p l a n t s .

2 ) A c t in o m y c e te s . I t is  b e l ie v e d  th a t  th e  n i t r o g e n  fix in g  a s s o c ia te s  

o f  c e r t a in  non  le g u m in o u s  p la n t s ,  s u c h  a s  A ln u s , M y r ic a  g a l e , an d  

H ip p o p h ae  r a m n o id e s  , a r e  a c t in o m y c e te .

3 ) B lu e - g re e n  a lg a e .  T h e  b e s t  know n a s s o c ia t io n  is  th a t  w ith  

fung i to  fo rm  l i c h e n s .  A s s o c ia t io n s  a r e  a l s o  r e c o r d e d  w ith  th e  fo llo w in g  

o r g a n is m s ;

B y o p h y te s  , e . g .  B la s ia  

P te r id o p h y te s , e . g .  A z o lla  

G y m n o s p e rm s , e . g .  E n c e p h a la to s  

A n g io s p e r m s , e . g .  G u n n e ra

B . F r e e  liv in g  f o r m s .

1) B a c t e r i a .  T h e s e  in c lu d e  b o th  p h o to a u to tro p h s  s u c h  a s  

G h ro m a tiu m  an d  h e te r o t r o p h s  s u c h  as  A z o b a c te r  a n d  C lo s t r i d iu m .

2 ) B lu e - g re e n  a lg a e .  T h e  l a r g e s t  n u m b e rs  o f  n i t r o g e n  fix ing  

s p e c ie s  a r e  m e m b e r s  o f  th e  o r d e r  N o s to c a le s  w ith  a  few  fix in g  m e m b e r  

in  th e  s t ig  o n e m a t a l e s . A m o re  c o m p le te  d e s c r ip t io n  is  g iv e n  l a t e r .
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(b )  EARLY D ISCO V ERY  O F  FIX A T IO N  BY B L U E -G R E E N  ALG AE

T h e  f ix a t io n  o f m o le c u la r  n i t r o g e n  by  b lu e - g r e e n  a lg a e  w a s  f i r s t  

no tedby  F r a n k  ( l8 8 9 ) w ho o b s e r v e d  an  in c r e a s e  in  b o u n d  n i t r o g e n  in  

s o i l  w h ic h  h a d  s u p p o r te d  a lg a e .  T h is  o b s e r v a t io n  w as  s u b s ta n t i a te d  by  

B e ije r in c k  ( l9 0 l)  an d  H e in z e  ( l9 0 6 )  b u t th e  e x p e r im e n ta l  r e s u l t s  w e re  

q u e s tio n e d  on  th e  g ro u n d s  th a t  th e  a lg a l  c u l tu r e s  u s e d  w e re  n o t 

b a c te r io lo g ic a l ly  p u r e .

A xe n i c c u l tu r e s  w e re  l a t e r  o b ta in e d  b y  P r in g s h e im  (l914) a n d  

M a e r te n s  (l914) b u t n e i th e r  w e re  a b le  to  d e m o n s t r a te  n i t r o g e n  

a c c u m u la t io n ,  an d  i t  w as  n o t u n t i l  1928 th a t  p u re  c u l tu r e s  o f  b lu e - g r e e n  

a lg a e  w e re  c o n v in c in g ly  sh o w n  to  a s s im i la t e  m o le c u la r  n i t r o g e n ,

(D re w e s  1928) . T h is  r e s u l t  w a s  l a t e r  s u b s ta n t i a te d  by  a  n u m b e r  o f  o th e r  

w o r k e r s  ( fo r  e x a m p le  A ll is o n  e t a l  1937,  D e 1939,  F ô g g  1942,  W a ta n a b e  1951, 

an d  C a m e ro n  a n d  F u l l e r  196o) . F u r th e r  d i r e c t  e v id e n c e  w as  o b ta in e d  b y  

v a r io u s  w o r k e r s  who d e m o n s t r a te d  th e  u p ta k e  o f th e  h e a v y  is o to p e  ^ ^ N . 

(B u rn s  e t  a l 1946,  W atan ab e  1952,  1965 a n d  M a y la n d  a n d  M c In to sh  1 9 6 6 ) .

M o re  r e c e n t  s tu d ie s  on  n i t r o g e n  f ix a t io n  h a v e  b e e n  m a d e  u s in g  th e  

a c e ty le n e  r e d u c t io n  te c h n iq u e  w h ich  fo llo w e d  f ro m  th e  d is c o v e ry  th a t  th e  

n i t r o g e n a s e  e n zy m e  s y s te m  w ill r e d u c e  a c e ty le n e  to  e th y le n e .  (S h o llh o rn  

a n d  B u r r i s  1966, D ilw o rth  1966) . T h is  te c h n iq u e ,  w h ich  i s  f a r  m o r e  

s e n s i t iv e  th a n  any  o f  th o s e  u s e d  p r e v io u s ly ,  h a s  le d  to  a  v a s t  in c r e a s e  in  

th e  s p e c tr u m  o f  know n n i t r o g e n  f i x e r s .

W ith  th e  e x c e p tio n  o f G lo e o c a p sa  a l l  th e  s p e c ie s  r e c o r d e d  a s  fix in g  

n i t r o g e n  u n d e r  a e ro b ic  c o n d itio n s  a r e  h e te r o c y s to u s  f i la m e n to u s  f o r m s .

T h e y  in c lu d e  v a r io u s  s p e c ie s  o f  A n a é b a e n a , A n a b a e n o p s is , A u l o s i r a , 

C a lo th r ix .  C y l in d r o s p e r m u m , F i s c h e r e l l a ,  G lo e o t r i c h ia , C h lo ro g lo e a ,  

H a p a lo s ip h o n , M a s t ig o c la d i l s , N o s to c , S c y to n e m a , T o ly p o th r ix  a n d  

W e s t i e l l o p s i s . A  n u m b e r  o f  n o n - h e te r o c y s to u s  fo rm s  ' b e lo n g in g  to  th e  s a m e  

o r d e r  h a v e  b e e n  sh o w n  to  fix  n i t r o g e n  o n ly  u n d e r  m i c r o - a e r o p h i l i c  

c o n d i t io n s .  T h e s e  in c lu d e  s p e c ie s  o f  L y n g b y a , O s c i l l a to r i a  a n d  P le c to n e m a  

O ne u n ic e l lu la r  s p e c i e s ,  G lo e o c a p sa ,b e lo n g in g  to  th e  o r d e r  C h ro o c o c c a le s  

i s  a ls o  r e c o r d e d  a s  f ix in g  n i t r o g e n  a e r o b ic a l ly  (F o g g  e t  a l , 1973 ,

M is h u s tin  an d  S h ilh ik o y a  197l) .
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( c )  ALGAL PO PU L A T IO N

B lu e - g re e n  a lg a e  a r e  a  w id e ly  d i s t r ib u te d  g ro u p  w h ich  h a v e  b e e n  

r e c o r d e d  a s  fix in g  N^ in  b o th  f r e s h  a n d  s a l t  w a te r  a t e x t r e m e s  o f 

t e m p e r a tu r e  v a ry in g  f ro m  c lo s e  to  f r e e z in g  p o in t to  50 C in  th e r m a l  

s p r in g s  (S te w a r t 1970) . T h e y  a r e  fo u n d  in  l a r g e  n u m b e rs  co lo n iz in g  

t r o p i c a l ,  te m p e r a te  a n d  a r c t i c  s o i l s  (H o lm -H a n s e n  1963 , H ira n o  1965,

F o g g  a n d  S te w a r t  1968, J u r g e n s e n  an d  D av ey  1968, C a m e ro n  e t  a l  1965) 

a s  w e ll a s  d e s e r t s  (M a y la n d , M cIn to sh  an d  F u l le r  1966, C a m e ro n  an d  

B la n k  1966) a n d  s a n d  dune s la c k  re g io n s  (S te w a r t 1965) .

T h e  e a r l i e s t  s y s te m a t ic  s tu d y  o f  s o i l  a lg a e  w as  th a t  p u b lish e d  

by  B r i s to l  R o ach  in  1927. T h is  p a p e r  is  o f  p a r t i c u l a r  r e le v a n c e  s in c e  i t  d e s 

c r ib e s  p lo ts  a t  R o th a m s te d  E x p e r im e n ta l  S ta tio n  w h ich  a r e  id n n tic a l 

w ith  th o s e  e x a m in e d  in  th is  t h e s i s .  B r i s to l  R o a c h  e s t im a te d  th a t  a  

to t a l  o f ab o u t 6 0 ,0 0 0  a lg a l  c e l l s  o c c u r r e d  p e r  g r a m  o f to p  s o i l .  B lu e -  

g r e e n s  w e re  n o t in c lu d e d  in  th e  n u m e r ic a l  e s t im a te  b e c a u s e  th e  s e r i a l  

d ilu tio n  m e th o d  e m p lo y e d  did not w o rk  w e ll fo r  th is  g ro u p .  T h e  a u th o r  

p o in ts  o u t th a t  s a m p le s  ta k e n  f ro m  a n  a r e a  upo n  w h ich  th e r e  w as a  

co n tin u o u s  la m in a  o f  b lu e - g r e e n  a lg a e  ab o u t 1 m m  th ic k  y ie ld e d  e s t im a te s  o f  

no  m o r e  th a n  30 in d iv id u a ls  p e r  g r a m  o f  s o i l .  S h tin a  ( l9 6 l)  w o rk in g  

on  R u s s ia n  s o i ls  e s t im a te s  th a t  a  g r a m  o f a c id  p o d so l s o i l  c o n ta in s  

5 0 0 0 -3 0 ,0 0 0  a lg a e ;  a  g r a m  o f  v i r g in  so d d y  P o d s o l  c o n ta in s  2 2 0 ,0 0 0  an d

a  g r a m  o f c u l t iv a te d  so d d y  p o d so l c o n ta in s  3 0 0 0 ,0 0 0  w ith  a s  m a n y  a s  
63 x 1 0  a lg a e  o c c u r r in g  in  th e  s u r f a c e  f i l m s .

(d ) ECOLOGICAL P A R A M E T E R S  CONTROLLING D IST R IB U T IO N

1) pH

T h e  s p e c ie s  c o m p o s i t io n  an d  d is tr ib t i t io n  o f  th e s e  a lg a e  i s  e x t r e m e ly  

v a r i e d .  Jo h n  ( l9 4 2 )  o b s e r v e d  th a t  b lu e - g r e e n  a lg a e  g ro w  m o s t  r e a d i ly  in  

a lk a lin e  c o n d itio n s  an d  th a t  m a n y  h a v e  a  p r e f e r e n c e  fo r  c a lc a r e o u s  s o i ls  . 

L und (1947) s u b s ta n t ia te d  th e s e  f in d in g s  a n d  c o n c lu d e d  th a t  b lu e - g r e e n  

a lg a e  a r e  c h a r a c t e r i s t i c  o f s o i l s  w h ich  a r e  n o t b a s e  d e f ic ie n t ,  w h ich  a r e  

r i c h  in  p h o s p h a te s ,  a n d  w h ic h  g iv e  a  p o s i t iv e  t e s t  f o r  n i t r a t e s .  T h e  

c u r r e n t ly  a c c e p te d  n i t r o g e n  fix in g  s p e c ie s  l i s t e d  b y  th i s  a u th o r  in c lu d e
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A .v a r i a b i l i s  , C y lin d ro s p e rm u m  l ic h e n ifo rm e  , T o ly p o th r ix  te n u is  ,

N o s to c  m u s c o ru m  an d  N .p a lu d o s u m .

G ra n h a ll  an d  H e n r ik s  so n  ( l9 6 9 ) in  a  s u ry e y  o f S w ed ish  s o i l s ,  

found  n i t r o g e n  fix ing  b lu e - g r e e n  a lg a e  in  19% o f s o i l  s a m p le s  w ith  a  

pH b e tw e e n  5 an d  6 , 61.5% of s o i ls  w ith  a  pH b e tw e e n  6 an d  7 ,  76% of 

s o i l s  w ith  a  pH b e tw e e n  7 an d  8 an d  a l l  s o i l  s a m p le s  w ith  a  pH in  

e x c e s s  o f 8 . No b lu e - g r e e n  a lg a e  w e re  found  in  th e  pH ra n g e  3=5 b u t 

S te w a r t  (1969) n o te s  th e  o c c u r r e n c e  o f  A n a b a e n a  , H a p a lo s ip h o n  an d  

S tig o n e m a  on  a c id  b o g la n d  s o i l s  a t  a  pH o f 4 . 0 .  S u b s ta n tia l  d if f e re n c e s  a r e  

r e p o r te d  in  th e  ra n g e  o f pH to le r a n c e  o f d if f e re n t  s p e c ie s  a lth o u g h  th e  

c e l l - f r e e  n i t r o g e n a s e  e n z y m e  o p e r a te s  m o s t  e f f ic ie n t ly  n e a r  to  7 .0  

( B u r r i s  1 9 6 6 ). M o st a u th o rs  a g r e e  th a t  g ro w th  a n d  n it ro g e n  f ix a tio n  a r e  

o p tim a l in  th e  ra n g e  7 . 0 - 8 . 5 .

T a h a  (1963) in v e s t ig a te d  th e  e f fe c t o f pH on  th e  g ro w th  o f  th r e e  

a lg a l  s p e c i e s .  H e fo u n d  th a t  A .v a r i a b i l i s  w o u ld  g ro w  a t pH v a lu e s  

b e tw e e n  4 .5  an d  8 w h ile  H a p a lo s ip h o n  fo n tin a lis  an d  C a lo th r ix  e le n k in ii 

w e re  r a t h e r  l e s s  to le r a n t  g ro w in g  o v e r  th e  ra n g e  6 . 0 - 8 . 5  a n d  6 . 0 - 9 .0  

r e s p e c t iv e ly ,  a lth o u g h  a l l  th e s e  s p e c ie s  sh o w e d  o p tim u m  g ro w th  b e tw e e n  

7 . 0 - 8 . 0 .

N o s to c  m u s c o ru m  is  v a r io u s ly  r e p o r t e d  a s  g ro w in g  o v e r  a  pH ra n g e

o f 5 .7 - 9 . 0  (A lliso n  e t  a l 1957) 6 . 0 - 9 . 0  (K ra tz  an d  M y e rs  1955) an d  a t

pH v a lu e s  a s  low  as  4 . 0 - 4 . 9  in  th e  a b s e n c e  o f n i t r a t e  n i t r o g e n  (W alp

an d  S h o p b ack  1 9 4 2 ). T h is  d if fe re n c e  m a y  b e  a t t r ib u ta b le  to  th e  io n ic

r a t i o s  in  th e  g ro w th  m e d iu m  (F o g g  1956) . T h e  e f fe c t o f pH on  g ro w th
+

is  due n o t o n ly  to  th e  in t e r a c t io n  b e tw e e n  H io n  c o n c e n tra t io n  an d  c e l lu la r  

m e ta b o lis m  b u t a ls o  th e  in t e r a c t io n  b e tw e e n  th is  H io n  c o n c e n tra t io n  

an d  th e  g ro w th  m e d iu m . T h e  e q u il ib r iu m

CO + H O - -----^H ^C O ^— ^  H"  ̂ + H C O “  + C O "
2 2 2 3 ------ » 3 c  3

is  a f f e c te d ,  a s  a r e  th e  s o lu b i l i t ie s  o f m a n y  h e a v y  m e ta ls  w h ich  te n d  to  

p r e c ip i ta te  in  h y d ro x id e s  u n d e r  a lk a lin e  c o n d i t io n s .  A c c o rd in g  to  U sp e n k ii 

(1926) th e  q u a n tity  o f i r o n  p r e s e n t  in  m a n y  h a b i ta ts  is  su c h  th a t ,  u n d e r  

a c id ic  c o n d itio n s  th e  p r e v a i l in g  f lo r a  m u s t  b e  to l e r a n t  to  b o th  a  low  pH 

an d  a  h ig h  c o n c e n tr a t io n  o f i r o n .
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(2 ) S o lu b le  N itro g e n

A lth o u g h  h ig h  c o n c e n tr a t io n s  o f  s o lu b le  n i t r o g e n  in h ib it  n i t ro g e n  

f ix a t io n  ( s e e  s e c t io n  7 ) th o s e  le v e ls  e n c o u n te r e d  in  m o s t  n a tu r a l

e c o s y s te m s  a r e  n o rm a l ly  in s u f f ic ie n t ly  h ig h  o r  p e r s i s t a n t  to  s u p r e s s  

f ix a t io n .  S te w a t t  1969 o b s e r v e s  th a t  n a tu r a l ly  o c c u r r in g  p o p u la tio n s  

o f  N o s to c a le s  a n d  S tig o n e m a ta le s  in v a r ia b ly  sh o w  th e  p r e s e n c e  o f 

h e t e r o c y s t s  an d  m o s t  p o p u la tio n s  t e s t e d  g iv e  p o s i t iv e  r e s u l t s  fo r  l^ N  

u p ta k e  i f  th e  a lg a e  a r e  m e ta b o lic  a l ly  a c t iv e .  T h e  p r e s e n c e  o f  low  le v e ls  

o f  c o m b in e d  n i t r o g e n  m a y  b e  a d v a n ta g e o u s  u n d e r  so m e  c i r c u m s ta n c e s  

in  p ro m o tin g  h e a l th y  g ro w th  , a n d  th u s  m o re  v ig o ro u s  n i t ro g e n  f ix a tio n  

(D ug d a le  a n d  Dug d a le  1 9 6 5 ) . T h is  v ie w  is  s u p p o r te d  in  p a r t  by  th e  

o b s e rv a t io n s  on B ro a d b a lk  d e s c r ib e d  in  th is  th e s i s  ( s e e  s e c t io n s  7 a n d  8 , 

th e  e f fe c t  o f  a d d e d  n i t r o g e n ) .

( 3 ) M o ly b d en u m  an d  I ro n

A n in te r e s t in g  n u tr i t io n a l  r e q u i r e m e n t  o f b lu e - g r e e n  a lg a e ,  an d  in d e e d  

a l l  n i t r o g e n  fix in g  o r g a n i s m s ,  i s  th a t  f o r  M o w h ich  a p p e a r s  to  be  r e q u i r e d  

in  q u a n ti t ie s  a s  l a r g e  a s  0 .2  p p m  fo r  o p tim a l n i t r o g e n a s e  a c t iv i ty  

(W olfe  1954 , Oku d a ,  Y a m a g a c h i a n d  N ioh  1962) a lth o u g h  W olfe  (l9 5 4 ) n o te s  

th a t  th e  r e q u i r e m e n t  o f  A . c y l in d r ic a  is  o n ly  0 ,1  pp m  w h en  i t  i s  g ro w n  

o n  n i t r a t e .  B o th  M o a n d  F e  a r e  p r e s e n t  in  th e  n i t r o g e n a s e  c o m p le x  

( B u r r i s  1969) b u t th e  F e  r e q u i r e m e n t  is  s a t i s f i e d  a t 0 .0 2  -  0 .0 5  p p m  

( B u r k ,  L ine we a v e r  a n d  H o r n e r  1932 ) a n d  th is  le v e l  i s  g e n e r a l ly  e x c e e d e d  in  

m o s t  h a b i ta ts  (S te w a r t 1 9 6 9 ) . M o on  th e  o th e r  h a n d  m a y  b e  l im i t in g .

D e a n d  M an d a i ( l9 5 6 )  sh o w e d  th a t  th e  a d d itio n  o f  03 Kg M o p e r  h e c t a r e  to  

In d ia n  p ad d y  s o i ls  p ro d u c e d  s u b s ta n t ia l  i n c r e a s e s  in  n i t r o g e n  f ix a t io n ,  

in  so m e  c a s e s  e x c e e d in g  23%.

(4 ) I n te r a c t io n  w ith  B a c t e r i a

E x p e r im e n ta t io n  w ith  p u r e  a lg a l  c u l tu r e s  i s  o f o b v io u s  v a lu e  in  

d e te rm in in g  s p e c if ic  p h y s io lo g ic a l  functions, a n d  r e a c t i o n s , b u t th e
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a p p l ic a b i l i ty  o f th e s e  r e s u l t s  to  f ie ld  s i tu a t io n s  is  d u b io u s  in  m a n y  

r e s p e c t s  b e c a u s e  o f  th e  in te r a c t io n  b e tw e e n  th e  a lg a e  an d  o th e r  

m e m b e r s  o f  th e  m ic r o - e n v i r o n m e n t .

B a c te r ia  w h ich  fo rm  a  n u m e ro u s  a n d  d iv e r s e  f lo r a  a s s o c ia t e d  w ith  

m o s t  n a tu r a l ly  o c c u r r in g  a lg a l  p o p u la tio n s  a r e  o f  p a r t i c u l a r  im p o r ta n c e  

s in c e  th e y  m a y  u t i l iz e  an d  m o d ify  th e  v a r io u s  o rg a n ic  c o m p o u n d s  r e l e a s e d  

by  th e  a lg a e ,  a s  w e ll a s  a l te r in g  th e  f ix a t io n  r a t e s  a n d  g e n e r a l  p h y s io lo g y  

o f th e  a lg a e  p e r  s e . B un t ( i9 6 0 ) n o te d  th a t  th e  n o n -n i t ro g e n  f ix in g  b a c t e r i a  

C a u lo b a c te r  liv in g  in  th e  m u c ila g e  o f A n a b a e n a  a lm o s t  d o u b le d  th e  

r a t e  o f n i t r o g e n  f ix a t io n ,  A s i m i l a r  i n c r e a s e  i s  n o te d  w hen  N o s to c  c a lc ic o la  

is  c u l tu r e d  w ith  no d u le  b a c t e r i a  (B ja lfv e  1 9 6 2 ). B a c t e r i a  m a y  a ls o  

im p ro v e  a lg a l g ro w th  by  p ro v id in g  C O ^ . L ange (l9 7 0 ) sh o w e d  th a t  u n d e r  

C O ^ - lim itin g  c o n d itio n s  in  th e  p r e s e n c e  o f  b a c t e r i a ,  th e  g ro w th  o f b lu e -  

g r e e n  a lg a e  i s  e n h a n c e d  by  th e  a d d itio n  o f s u c r o s e .

T h e  d is t r ib u t io n  o f a lg a e  an d  th e  a v a i la b i l i ty  to  h ig h e r  p la n ts  o f 

f ix e d  n i t ro g e n  is  a ls o  a f fe c te d  by  b a c t e r i a l  an d  v i r a l  p a th o g e n s  w h ich  

c a u s e  th e  d e a th  o f  b lu e - g r e e n  a lg a l  p o p u la tio n s  (D aft a n d  S te w a r t  1971,

D a f t,  B egg an d  S te w a r t  1970) w ith  a  c o n c o m ita n t r e l e a s e  o f  b ound  

n i t ro g e n  ( s e e  s e c t io n  S )

( 5 ) L ight in te n s i ty  an d  h e te r o t r o p h ic  g ro w th

A n u m b e r  o f s p e c ie s  o f b lu e - g r e e n  a lg a e  h a v e  b e e n  sh o w n  to  g ro w  an d  

fix  n i t r o g e n  h e te r o tr o p h ic  a l ly  in  th e  d a rk  in  th e  p r e s e n c e  o f a  s u i ta b le  

s u b s t r a t e . N .m u s c o r u m  fo r  e x a m p le ,  w ill  g ro w  s lo w ly  in  th e  d a rk  on 

e le m e n ta l  n i t r o g e n  in  th e  p r e s e n c e  o f g lu c o se  o r  s u c r o s e  (A lliso n  e t  a l 

1937) .  C h lo ro g lo e a  f r i t s c h i i  f ix e s  n i t r o g e n  w ith  s u c r o s e  an d  to  a  l e s s e r  

e x te n t w ith  g lu c o s e  (F a y  a n d  F ogg  1962, F a y  1965) w h ile  A n a b a e n o p s is  

c i r c u la n s  f ix e s  n i t r o g e n  m o s t  e f f ic ie n t ly  in  th e  p r e s e n c e  o f g lu c o se  an d  l e s s  

w e ll w ith  f r u c to s e ,  s u c r o s e  a n d  m a lto s e  (W a tan ab e  a n d  Y a m a m o to  1 9 6 7 ).

K h o ja  an d  W h itto n  ( l9 7 l)  in c u b a te d  24 s t r a i n s  o f a lg a e  in  th e  d a rk  

w ith  O.OIM s u c r o s e ,  an d  found  th a t  17 s p e c ie s  g re w  s a t i s f a c t o r i l y .

T h o se  w h ich  fix  n i t r o g e n  in  th e  d a r k ,  a lb e i t  s lo w ly ,  in c lu d e  A n ab aen o p d s
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c i r c u la n s  , N o s to c  c o m m u n e , N . e l l ip s o s p o r u m , N .p u n c t i f o r m e  a n d  

S c y to n e m a  . A n a b a e n a  c y l in d r ic a  an d  A , v a r i a b i l i s  b o th  f a i le d  to  

g ro w - T o ly p o th r ix  te n u is  w o u ld  g ro w  h e t e r o t r o p h ic  a l ly  o n ly  in  th e  

p r e s e n c e  o f c o m b in e d  n i t r o g e n .  T h is  a n o m a ly  is  in  a g r e e m e n t  w ith  

th e  r e p o r t s  o f  K iy o h a ra  e t a l ( i9 6 0 ) .

T h e  r e p o r te d  r a t e s  o f h e te r o t r o p h ic  n i t r o g e n  f ix a t io n  a r e  

g e n e r a l ly  low  an d  m a n y  sp e c ie s  a p p e a r  to  b e  o b lig a te  p h o to t r o p h s .

T h e  b lu e - g r e e n  a lg a e  a s  a  g ro u p  a r e  c o n s id e r e d  by  F o g g  e t  a l  ( l9 7 3 )  

to  be  p r im a r i l y  p h o to -a u to tro p h ic  o r g a n i s m s .  T h is  v ie w  is  s u b s ta n t i a te d  

by  th e i r  d is t r ib u t io n  in  th e  s o i l  w h e re  th e y  a r e  f a r  m o r e  p r o l i f i c ,a t  

l e a s t  in  a  p h y s io lo g ic a l ly  a c t iv e  s t a t e , i n  th e  u p p e r  l a y e r s .

T h o se  d is t r ib u te d  b e lo w  th e  s o i l  s u r f a c e  h a v e  b e e n  c o m m o n ly  

e n u m e ra te d  a n d  id e n t if ie d  a f te r  s a m p le s  h a v e  b e e n  e n r ic h e d  by  p h o t-  

a u tro p h ic  g ro w th  in  a  s u ita b le  m e d iu m  ( f o r  e x a m p le  B r i s to l  R o a c h  1927,

S h tin a  1 9 6 l) .

T h is  m e th o d  g iv e s  no q u a l i ta t iv e  in d ic a t io n  o f  th e  s t a t e  in  w h ich  th e  

a lg a e  o c c u r  in  th e  s o i l  an d  th e  q u a n tita t iv e  in fo rm a t io n  i n f e r r e d  f ro m  th e  

d ilu tio n  c o u n ts  m a y  b e  b ia s e d  to w a rd  s p e c ie s  w h ich  c u l tu r e  re a d ily -  Such  c o u n ty  

a r e  a r t i f i c i a l l y  h ig h  b y  c o m p a r is o n  w ith  s u r f a c e  e s t im a te s  b e c a u s e  o f 

th e  d if f ic u lt ie s  in v o lv e d  in  b re a k in g  dow n th e  a lg a l  f i la m e n ts  e n c o u n te re d  

in  s u r f a c e  c r u s t s  ( s e e  B r i s to l  R o a c h  1 9 2 7 ) . T h e  a lg a l  f i la m e n ts  o r  

c o lo n ie s  g ro w n  f ro m  s u b te r r a n e a n  s o i l  s a m p le s  m a y  h a v e  c o m e  f ro m  

i s o la te d  a k in e te s  w h ich  w ou ld  r e a d i ly  s e p a r a t e  in  th e  c u l tu r e  m e d iu m .

T h e  c o n tr ib u tio n  o f h e te r o t r o p h ic a l ly  g ro w in g  a lg a l  p o p u la tio n s  to  th e  

n i t r o g e n  eco n o m y  o f  th e  s o i l  i s ,  in  any  c a s e ,  p ro b a b ly  s m a l l  s in c e ,  

a s  S te w a r t  (1969) o b s e r v e s ,  th e  q u a n t i t ie s  o f  c a r b o h y d r a te s  r e q u i r e d  fo r  

n i t r o g e n  f ix a tio n  a r e  l a r g e  an d  th e r e  i s  in te n s e  c o m p e ti t io n  f o r  th a t  w h ich  

i s  a v a i la b le  n o t o n ly  b e tw e e n  n i t r o g e n  fix in g  f o r m s ,  b u t a l s o  b e tw e e n  

n i t r o g e n  fix in g  an d  n o n -n i t ro g e n  fix in g  f o r m s .  U n d e r  th e s e  c o n d itio n s  i t  

i s  doub tfu l w h e th e r  th e r e  i s  s u f f ic ie n t  r e a d i ly  o x id iz a b le  c a r b o h y d ra te  

p r e s e n t  in  th e  s o i l  to  s u p p o r t  h ig h  le v e ls  o f  n i t r o g e n  f ix a t io n .
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A lg ae  b u r ie d  by  h e a v y  r a in f a l l  g ro w  b a c k  to  th e  s u r f a c e  qu ite  

r a p id ly  ( s e e  s e c t io n  s )  a n d .a s  Lund (1967) o b s e rv e s .^ fa c u lta tiv e  

h e te r o t r o p h y  m a y  b e  o f  v a lu e  in  m a in ta in in g  a lg a l  p o p u la tio n s  

b u r ie d  in  th e  s o i l ,  b u t i t  i s  o f  l i t t l e  v a lu e  in  m a in ta in in g  p ro d u c tio n  

a s  a  w h o le .

(e )  B IO C H E M IST R Y  O F  ALGAL N IT R O G E N  FIX A T IO N

T h e  c o n f ig u ra tio n  o f  a to m ic  n i t r o g e n  m a y  b e  r e p r e s e n t e d  a s  
2 2 3

IS  , 2S , 2 P  . T h e r e  a r e  th u s  f iv e  b o n d in g  e l e c t r o n s  in  th e  

o u te r  s h e l l  a n d  th e  s ta b i l i ty  o f  th e  d ia to m ic  N 2 c a n  b e  a t t r ib u te d  

to  th e  s h a r in g  o f  t h r e e  e le c t r o n s  to  g iv e  a  t r i p l e  b o n d e d  m o le c u le  

w h o se  c o n s t i tu e n t  a to m s  h a v e  th e  s ta b le  o u te r  o c te t  o f e l e c t r o n s  

c h a r a c t e r i s t i c  o f th e  n o b le  g a s e s .

On th e  m o le c u la r  o r b i t a l  th e o ry  th e  t r i p l e  b o n d  i s  f o r m e d  by  th e  

"If  o v e r la p  o f  th e  P  an d  P ^  a to m ic  o r b i t a l s  a n d  <3  ̂o v e r la p  o f th e  

P  o r b i t a l s  to  g iv e  an  e x t r e m e ly  s ta b le  u n r e a c t iv e  m o le c u le  w ith  a  

to ta l  b o n d  e n e rg y  o f  225K  c a l s ,  p e r  m o le .

T h e  d r a s t i c  c o n d itio n s  r e q u i t e d  by  th e  a v a i la b le  c o m m e r c ia l  

m e th o d s  fo r  th e  f ix a tio n  o f  Ng m a k e  th e  o p e ra t io n  o f  th e  n i t r o g e n a s e  

e n z y m e  a l l  th e  m o r e  r e m a r k a b le .  T h e  c a ta ly t ic  h y d ro g e n a t io n  o f 

N2 in  th e  H a b e r  p r o c e s s ,  f o r  e x a m p le ,  r e q u i r e s  a  t e m p e r a tu r e  o f 

500°C  a n d  a  p r e s s u r e  o f  s e v e r a l  h u n d re d  a tm o s p h e r e s

T h e  o n ly  r e a c t io n  o f N2 know n to  o c c u r  in  th e  l a b o r a to r y  in  

a q u e o u s  s o lu tio n  u n d e r  n o r m a l  c o n d i t io n s , i s  th e  fo rm a t io n  o f  t r a n s i t io n  

m e ta l - N  c o m p le x e s ,  a n d  th e s e  a r e  o f  p a r t i c u l a r  s ig n if ic a n c e  w ith  

r e g a r d  to  th e  in i t i a l  u p ta k e  o f  N2 by  n i t r o g e n a s e .  (C h a tt  a n d  R ic h a rd s  

19 6 9 ) .

N itro g e n a s e  in  p h o to s y n th e tic  o r g a n i s m s .

N itro g e n a s e  c a n  b e  m o s t  e f fe c t iv e ly  e x t r a c te d  f ro m  e x p o n e n tia l ly  

g ro w in g  c e l l s  o f  n i t r o g e n  fix in g  o r g a n is m s  r u p tu r e d  u n d e r  a n a e ro b ic  

c o n d itio n s  in  a  p r e s s u r e  c e l l .  T h e  p r o c e s s  i s  n o r m a l ly  c a r r i e d  o u t 

u n d e r  A r,H 2 o r  N2 a n d  th e  p r e - in c u b a t io n  o f  th e  s a m p le  in  a  n i t ro g e n

-1 7 -



f r e e  a tm o s p h e re  o f te n  in c r e a s e s  th e  y ie ld  by  d e p le tin g  th e  po o l

o f  in t r a c e l lu l a r  NH (S te w a r t 1 9 7 3 ).
3

T he e n z y m e  s y s te m  c o n s is t s  o f  a t  l e a s t  tw o  c o m p o n e n ts  ; an  i r o n  

c o n ta in in g  p r o te in  an d  an  i r o n  m o ly b d e n u m  c o n ta in in g  p r o t e i n .  T h e  

F e  p r o te in  i s  u n s ta b le  in  th e  a b s e n c e  o f  i t s  com pl< îm en t, b u t th e  two, 

p rb te in s  in  c o m b in a tio n  a r e  r e la t iv e ly  s ta b le  a n d  w i l l ,  u n d e r  s u i ta b le  

c o n d i t io n s ,  e f fe c t  a l l  th e  r e a c t io n s  a s s o c ia te d  w ith  in  v i t r o  s y s t e m s .

T h e s e  h a v e  b e e n  s e p a r a t e d  in  a v a r ie ty  o f w ay s m o s t  o f w h ich  a r e  b a s e d  

on  p ro ta m in e  su lp h a te  p r e c ip i ta t io n  o r  c h ro m a to g ra p h y  u s in g  c o lu m n s  

o f D E A E  c e l lu lo s e  o r  S e p h a d e x . T h e  f r a c t io n s  c a n  be  e lu te d  f ro m  th e  

c o lu m n  a s  b ro w n  so lu tio n s  w ith  K C L , th e  F e -M o  f r a c t io n  co m in g  o ff  f i r s t  

( B u r r i s  1969) . F u r th e r  s e p a r a t io n  h a s  b e e n  e f fe c te d  by  d is c  g e l 

e le c t r o p h o r e s i s  ( s e e  S te w a r t  1 9 7 3 ).

T he e s t im a te d  m o le c u la r  w e ig h ts  an d  m e ta l  c o n te n ts  o f th e  tw o 

p rb te in s  v a r y  c o n s id e r a b ly ,  p o s s ib ly  b e c a u s e  o f  th e  d i f f e re n t  s e p a r a t io n  

te c h n iq u e s  u s e d  in  t h e i r  p r e p a r a t io n .  V a n d e c a s te e le  an d  B u r r i s  ( l9 7 0 ) 

w o rk in g  w ith  e x t r a c t s  o f C lo s tr id iu m  p a s te u r ia n u m  s u g g e s t  th a t  1 a to m  

o f Mo a n d  15 a to m s  o f n o n -h a e m  F e  a r e  p r e s e n t  in  a  M o -F e  p r o te in  o f 

m o le c u la r  w e ig h t 1 6 0 ,0 0 0 . D a lto n  a n d lM o rte n so n  (l9 7 0 ) r e p o r t  2 Mo 

an d  3 n o n -h a e m  F e  to  be p r e s e n t  in  a  u n it  o f  m o le c u la r  w e ig h t 2 0 0 ,0 0 0 .

N itro g e n a s e  i s  an  e x t r e m e ly  u n s p e c if ic  e n z y m e  w h ich  w ill  r e d u c e  a
%

w ide  v a r i e ty  o f s u b s t r a t e s  in  a d d itio n  to  N ^ . T h e s e  in c lu d e  N ^O , N ^ , 

a lk y  ne s , c y a n id e s  an d  i s o c y a n id e s . T h e s e  s u b s ta n c e s  a r e  c h a r a c t e r i z e d  

by  a  t r i p l e  b o n d  a n d  w ith  th e  e x c e p tio n  o f  a lk y  ne  s a l l  h av e  one o r  m o r e  

n o n -b o n d in g  e l e c t r o n s .

C e ll  f r e e  s y s te m s  r e q u i r e  e n e r g y ,  r e d u c ta n t  an d  a  d iv a le n t c a t io n  s u c h
"t" "I* *4* *1“ “f“ *4* *4* 4"

a s  Mg a lth o u g h  C o o r  M n b u t n o t C a  , Cu o r  Z n  m a y  b e  u s e d  

(H a y s te a d  an d  S te w a r t  1 9 7 2 ).

In  a d d i t io n , th e  n i t r o g e n a s e  o f  w ho le  o r g a n is m s  r e q u i r e s  c a rb o n  

s k e le to n s  fo r  th e  r e m o v a l  o f r e d u c e d  p ro d u c ts  , a lth o u g h  th e r e  is  no su c h  

r e q u i r e m e n t  w hen  th e  e n z y m e  is  r e d u c in g  s u b s t r a t e s  s u c h  a s  a c e ty le n e .
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T h e  e n e rg y  r e q u i r e m e n t  is  m e t  by  A T P  w h ich  m u s t  b e  p ro v id e d ,  

fo r  th e  e f f ic ie n t  fu n c tio n in g  o f  in  v i t r o  s y s t e m s , a t  a  low  s te a d y  s ta t e  

c o n c e n tr a t io n . A n A T P  g e n e ra t in g  s y s te m  s u c h  a s  c r e a t in e  p h o s p h a te /  

c r e a t in e  p h o sp h o k in a se  is  n o r m a l ly  u s e d .  S od ium  d ith io n ite  i s  c o m m o n ly  

u s e d  a s  th e  r e d u c ta n t  in  c e l l  f r e e  s y s te m s  (S te w a r t  1973) a lth o u g h  

p y ru v a te  h a s  b e e n  u s e d  in  e a r l i e r  w o rk  a s  th e  s o u r c e  o f  b o th  r e d u c ta n t  

an d  A T P  (C a rn a h a n  e t . a l . I9 6 0 ) . D ith io n ite  i s  th e  o n ly  r e d u c ta n t  w h ich  

is  know n to  co u p le  d i r e c t ly  to  n i t r o g e n a s e  w ith o u t th e  in te r v e n t io n  o f  an  

e le c t r o n  c a r r i e r  su c h  a s  f e r r e  do x in ,  f la v o d o x in  o r  m e th y l v io lo g e n .

(H a rd y  an d  B u rn s  1968) .

In  p h o to s y n th e tic  o r g a n is m s  th e  s o u r c e  o f  in  v iv o  r e d u c ta n t  h a s  b e e n  

d is p u te d .  T h e  d i r e c t  p h o to s y n th e tic  p r o v is io n  o f  r e d u c ta n t  to  n i t r o g e n a s e  

is  s u p p o r te d  by  th e  fa c t  th a t  th e r e  i s  a  g e n e r a l  c o r r e l a t i o n  b e tw e e n  

p h o to s y n th e s is  an d  n i t r o g e n  f ix a tio n  an d  by  e a r ly  s to c h io m e t r i c  s t u d i e s , 

w h ich  s u g g e s te d  th a t  th e  e l e c t r o n s  g e n e r a te d  by  p h o to s y s te m  II d i r e c t ly  

p ro v id e  th e  r e d u c ta n t  fo r  a lg a l  n i t r o g e n a s e  ( s e e  S te w a r t  1 9 7 3 ) . C ox ( l9 6 6 )  , 

h o w e v e r ,  u s in g  m a n o m e tr ic  m e a s u r e m e n t  o f  u p ta k e  h a s  s u b s e q u e n tly  

show n th a t  th e  s to c h io m e t r ic  r e la t io n s h ip  b r e a k s  dow n in  n i t r o g e n  s t a r v e d  

c e l ls  o f A n ab aen a  c y l in d r ic a .

Cox a n d  P a y  (1969) n o te  th a t  N g f ix a tio n  i s  u n a f fe c te d  b y  th e  a d d itio n  o f 

CMU (p -c h lo ro p h e n o l-1 , 1 -d im  e th y l u r e a )  a t  a  c o n c e n tr a t io n  w h ich  in l ib ite d  

CO2 f ix a tio n  by  m o re  th a n  90% a n d  co n c lu d e  th a t  n i t r o g e n  f ix a t io n  i s  

in d e p e n d e n t o f re d u c in g  p o te n t ia l  g e n e r a te d  in  n o n  c y c l ic  e l e c t r o n  flow  

fro m  p h o to s y s te m  I I .  A lth o u g h  th is  e v id e n c e  d o es  s u g g e s t  a  la c k  o f 

d i r e c t  in te rd e p e n d e n c e  b e tw e e n  th e  tw o  p r o c e s s e s  Lex e t  a l  (l97g) sh o w e d  

th a t  n i t r o g e n a s e  a c t iv i ty  d o es  b e c o m e  DCM U (d ic h lo ro p h e n o l-1 , 1 -d im  e th y l 

u r e a )  s e n s i t iv e  u n d e r  c o n d itio n s  w h ich  s t im u la te  p h o to r e s p i r a t io n .  T h e s e  

a u th o rs  s u g g e s t  th a t  th e r e  i s  a n  in d i r e c t  c o m p e ti t io n  b e tw e e n  p h o to 

r e s p i r a t io n  an d  n i t ro g e n  f ix a tio n  f o r  th e  s a m e  r e d u c ta n t  p o o l .

T he  a c tio n  s p e c tru m  fo r  n i t r o g e n a s e  a c t iv i ty  s u g g e s ts  th a t  p h o to s y s te m  I 

on ly  is  in v o lv e d  (F a y  1970) an d  m i c r o s p e c t r o s c o p ie  s tu d ie s  sh o w  th a t  th e
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h e te r o c y s t s  la c k  th e  p ig m e n ts  o f p h o to s y s te m  I I .  I f ,  a s  o th e r  

e v id e n c e  s u g g e s t s , th e  h e te r o c y s t s  a r e  in d e e d  th e  p r im a r y  s i t e s  o f 

n i t ro g e n  f ix a t io n ,  re d u c in g  p o w e r  p h o to s y n th e t ic a l ly  g e n e r a te d  in  th e  

v e g e ta t iv e  c e l ls  m u s t  p a s s  in to  th e  h e t e r o c y s t s  v ia  an  in te r m e d ia te  

r e d u c ta n t .  (F ogg  an d  T h a n -T u n  I9 6 0 , S te w a r t  1 9 7 3 ) .

C ox (1966) sh o w e d  th a t  n i t r o g e n  f ix a t io n  is  a f f e c te d  m o r e  by  

r e s p i r a t o r y  in h ib i to r s  (KCN an d  c h lo ro p ro m a z o n e )  th a n  b y  p h o to s y n th e tic  

in h ib i to r s  (C M U ) . A lth o u g h  th is  fin d in g  m a y  s u p p o r t  th e  v ie w  th a t  a  

d a rk  g e n e r a te d  r e d u c ta n t  b e c o m e s  lim itin g ^ th e  d a ta  s u b m it te d  in  s e c t io n  

3 o f th is  th e s i s  s u g g e s ts  th a t  s u c h  in h ib itio n  c o u ld  o p e ra te  v ia  a 

l im ita t io n  in  a v a i la b le  A T P ,

S e v e ra l  p o s s ib le  s o u r c e s  e x is t  fo r  d a rk  g e n e r a te d  r e d u c t a n t .

P y r u v a te ,  u s e d  by  C a rn a h a n  e t a l ( l96o)  w ith  c e l l  f r e e  e x t r a c t s  o f 

C lo s tr id iu m  p a s te u r ia n u m  w as th e  f i r s t  know n e l e c t r o n  d o n o r  fo r  

n i t ro g e n  f ix a t io n .  A lth o u g h  th e  p h o s p h o ro c la s t ic  c le a v a g e  o f  th is  c o m p o u n d  

p ro v id e s  b o th  r e d u c in g  p o w e r  a n d  A T P  i t s  p o s i t io n  a s  an  e le c t r o n  

d o n o r fo r  in  v iv o  s y s te m s  is  now  q u e s tio n e d  on  s e v e r a l  g r o u n d s .  I ts  

m o la r  e f f ic ie n c y  in  s u p p o r tin g  n i t r o g e n  f ix a t io n  is  lo w . M o r te n s  on  an d  

S iz e lo v e  (1963) w o rk in g  w ith  e x t r a c t s  f ro m  C .p a s te u r ia n u m  found  

th a t  a s  m a n y  a s  100 m o le s  o f  p y ru v a te  a r e  r e q u i r e d  f o r  e a c h  m o le  c f

r e d u c e d ,  a l th o u g h , a s  S te w a r t  ( l9 7 3 ) o b s e r v e s  th is  c o u ld  b e  due to  

a  l im i ta t io n  in  A T P  r a t h e r  th a n  r e d u c ta n t .

S m ith , N oy a n d  E v an s  ( l9 7 l)  w o rk in g  w ith  e x t r a c t s  o f A . c y l in d r ic a  

sh o w ed  th a t  p y ru v a te  o r  i s o c i t r a t e  c o u ld  r e d u c e  N A D P w h ic h , in  t u r n ,  

t r a n s f e r r e d  e le c t r o n s  to  n i t r o g e n a s e  v ia  f e r r e d o x in , b u t o b s e r v e d  th a t  

th e  r a t e  o b ta in e d  w as  o n ly  a b o u t 5% o f th a t  g iv e n  by  l ig h t  g e n e r a te d  

r e d u c ta n t .  B o th e  e t  a l ( l9 7 4 ) found  th a t  c e l l  f r e e  e x t r a c t s  f ro m  

th e  s a m e  o rg a n is m  c a ta ly s e d  a  f e r r e d o x in  d e p e n d a n t p y ru v a te  

d e c a rb o x y la tio n  an d  n o te d  th a t  th e  a c t iv i ty  o f th e  p y ru v a te  : f e r r e d o x in  

o x id o re d u c ta s e  w as  fiv e  t im e s  h ig h e r  in  m a te r i a l  w h ich  w as  g ro w in g  on 

N 2 th a n  th a t  o f  m a te r i a l  g ro w in g  on a m m o n ia .  T h e  a u th o r s  c o n c lu d e  th a t
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th e  p h y s io lo g ic a l  r o le  o f  th e  r e a c t io n  i s  to  g e n e r a te  f e r r e d o x in  fo r  n i t r o g e n  

f ix a t io n .

T h e  p e n to s e  p h o sp h a te  p a th w a y  w o u ld  a ls o  s e e m  to  b e  a n  im p o r ta n t  

p o s s ib le  s o u r c e  o f r e d u c ta n t  in  b lu e - g r e e n  a lg a e .  E v id e n c e  s u g g e s ts  

th a t  th is  p a th w a y  i s  o p e ra t iv e  in  g lu c o se  o x id a tio n  in  T o ly p o th r ix  te n u is  

(C heung  an d  G ibbs 1965) an d  A . c y l in d h ic a  (W ildon  a n d  R e e s  1 9 6 5 ) .

B o th e  (1971) sh o w e d  th a t  in  e x t r a c t s  o f  A .c y l in d r ic a  a  g lu c o s e - 6 - p h o s p h a te ,  

g lu c o s e -6 -p h o s p h a te  d e h y d ro g e n a s e ,  N A D P , f e r r e d o x in  a n d  f e r r e d o x in  

N AD P r e d u c ta s e  s y s te m  g a v e ,  in  th e  l i g h t , ab o u t 20% o f th e  a c t iv i ty  

a s s o c ia te d  w ith  th e  in ta c t  f i l a m e n t s .  T h e  fu n c tio n in g  o f  th is  s y s te m  

in  w ho le  c e l l s  in  th e  lig h t i s ,  h o w e v e r ,  q u e s t io n e d  b y  P e l r o y  e t  a l  ( l9 7 2 ) 

w ho b e l ie v e  th a t  th e  p e n to se  p h o sp h a te  p a th w a y  is  s w i tc h e d  o ff by  r ib u lo s e  

d ip h o sp h a te  g e n e r a te d  in  th e  l ig h t  by  th e  C a lv in  c y c l e .

T h e  t r i c a r b o x y l i c  a c id  c y c le  h a s  b e e n  s h o w n , in  m a n y  b lu e  g r e e n  a lg a e ,  

to  la c k  2 -o x a lo g lu ta r a te  d e h y d ro g e n a se  a n d  s u c c in y l C o A s y n th e ta s e  b u t 

th e  e n z y m e s  n e c e s s a r y  fo r  th e  g ly o x a la te  sh u n t a r e  p r e s e n t ,  ( s e e  S te w a r t  

1973) P e l r o y  e t a l ( l9 7 2 ) fo u n d  th a t ,  in  th e  d a r k ,  c e l l s  o f A p h a n o c a p sa  

c o n v e r te d  a c e ta te  to  C O 2 a n d  c e l lu la r  m a t e r i a l ,  p r e s u m a b ly  v ia  th e  

t r i c a r b o x y l ic  a c id  c y c le ,  a t  a  r a t e  w h ich  r e p r e s e n t e d  o n ly  ab o u t 1% o f 

th a t  w hen  g lu c o se  w as u t i l iz e d  v ia  th e  p e n to s e  p h o s p h a te  p a th w a y . S in ce  

th e s e  a u th o rs  b e l ie v e  th a t  th e  p e n to s e  p h o sp h a te  p a th w a y  s h u ts  dow n in  th e  

l ig h t ,  i t  i s  p o s s ib le  th a t  th e  r o le  o f  th e  t r i c a r b o x y l i c  a c id  c y c le  is  l a r g e r  

u n d e r  th e s e  c i r c u m s ta n c e s .  S te w a r t  ( l9 7 3 ) o b s e r v e s  th a t  i t s  r o l e , m a y ,  

in  any  c a s e ,  b e  im p o r ta n t  in  p ro v id in g  c a rb o n  s k e le to n s ,  p o s s ib ly  

2 - o x o g lu ta r a te , fo r  th e  u p ta k e  o f  n ew ly  f ix e d  a m m o n ia .

T h e  e n e rg y  r e q u i r e m e n t  o f  n i t r o g e n  f ix a t io n  by  b lu e - g r e e n  a lg a e  i s  m e t  

by  A T P  p ro d u c e d  p r im a r i l y  by  o x id a tiv e  a n d  p h o to  s y n th e t ic  p h o s p h o ry la t io n .  

L ittle  o r  no  c o n tr ib u tio n  f ro m  o x id a tiv e  p h o s p h o ry la t io n  c a n  o c c u r  in  

p h o to s y n th e tic  b a c t e r i a  w h ich  f ix  N 2 o n ly  u n d e r  a n a e r o b ic  c o n d i t io n s .

T h e  in v o lv e m e n t o f  p h o to s y n th e tic  A T P  p ro d u c t io n  in  th e  n i t r o g e n a s e  

a c t iv i ty  o f b lu e - g r e e n  a lg a e  is  s u p p o r te d  by  th e  c o r r e l a t i o n  b e tw e e n  

p h o to s y s te m  I a n d  n i t r o g e n  f ix a t io n  (F a y  1970). C ox a n d  F a y  (1969)
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o b s e r v e  th a t  ev en  in  th e  p r e s e n c e  o f  C M U , u n d e r  n i t r o g e n  s t a r v e d  

c o n d itio n s  w h e re  l a r g e  q u a n ti t ie s  o f  s u b s t r a t e  a r e  a v a i la b le ,  th e r e  is  

a n  in c r e a s e  in  a c e ty le n e  p ro d u c tio n  w ith  in c r e a s in g  l ig h t  in te n s i ty .

O x id a tiv e  p h o s p h o ry la t io n  is  im p l ic a te d  in  th e  f ix a t io n  p r o c e s s

s in c e  th o s e  a lg a e  w h ich  fix  N 2 in  th e  d a rk  do s o /o n ly  u n d e r  a e r o b ic  
«»«. S ’ac.tvoO  3  c )

c o n d itio n s^  T h e  r e s u l t s  o b ta in e d  in  th is  th e s i s  s u g g e s t  th a t  o x id a tiv e  

p h o s p h o ry la t io n  a ls o  p la y s  an  im p o r ta n t  r o le  in  th e  l ig h t  b y  p ro d u c in g  

A T P  in  a d d itio n  to  th a t  p ro d u c e d  b y  p h o to s y n th e tic  p h o s p h o ry la t io n .

T he e n e rg y  p ro v is io n s  fo r  n it r o g e n  f ix a tio n  in  c e l l s  o f  A .c y l in d r ic a  

an d  N . e l l ip s o s p o ru m  a r e  d is c u s s e d  f u r th e r  in  s e c t io n  3 .

(f)  ALGAL N ITR O G E N  FIX A T IO N  IN R IC E  C U LTIV A TIO N

W atan ab e  a n d  Y a m a m o to  ( l9 7 l)  o b s e rv e  th a t  th e  w e t ,  w a rm  an d  o f te n  

a lk a lin e  c o n d itio n s  w h ich  a r e  p r e v a le n t  in  p a d d y  s o i l s  f o r  a  l a r g e  p a r t  o f  th e  

s e a s o n  o f fe r  an  id e a l  e n v iro n m e n t fo r  b lu e - g r e e n  a lg a e  w h ich  c a n  d ev e lo p  

u n d e r  th e s e  c o n d itio n s  in  p ro d ig io u s  n u m b e r s .

T h e  e x p lo ita t io n  o f  a tm o s p h e r ic  n it r o g e n  f ix e d  by  a lg a e  u n d e r  th e s e  

c i r c u m s ta n c e s  h a s  a t t r a c t e d  a  g r e a t  d e a l o f i n t e r e s t ,  p a r t i c u la r ly  

s in c e  th e  r i c e  c ro p s  w h ich  b e n e f i t  f ro m  a lg a l iz a t io n  p ro w ie  th e  s ta p le  

d ie t fo r  a  la r g e  p r o p o r t io n  o f  th e  w o r ld s  p o p u la tio n  w h ich  i s  o f te n  

e c o n o m ic a lly  u n a b le  to  o b ta in  th e  q u a n tit ie s  o f  a r t i f i c a l  n i t ro g e n o u s  

f e r t i l i z e r  u s e d  in  w e s te r n  a g r i c u l tu r e .

T h e  e a r l i e s t  o b s e rv a t io n s  on  th e  b e n e f ic ia l  e f f e c ts  o f  a lg a e  on  r i c e  

y ie ld  w e re  th o s e  o f  D e ( l9 3 9 ) w ho sh o w e d  th a t  th e  n i t r o g e n  r e q u i r e d  fo r  

r i c e  h a r v e s t s ,  w h ich  w e re  o b ta in e d  f ro m  th e  s a m e  p lo ts  y e a r  a f te r  y e a r  

w ith o u t th e  a d d itio n  o f  f e r t i l i z e r ,  w as  d e r iv e d  f ro m  th e  a lg a e  w h ic h  g re w  

a ro u n d  th e  r o o ts  o f  th e  c r o p .  A  c o n s id e r a b le  a m o u n t o f s u b s e q u e n t 

w o rk  h a s  b e e n  c a r r i e d  o u t in  In d ia  ( s e e  S i n ^ l 9 6 l ) , J a p a n  ( s e e  W a ta n a b e  1966) , 

R u s s ia  ( s e e  M is h u s tin  a n d  Shi’l* n ik o v a  197l) an d  th e  P h il ip p in e s  ( s e e  

M acR ae  an d  C a s t r o  1 9 6 7 ).

T h e  a lg a l s p e c ie s  w h ich  c o n tr ib u te  to  n i t r o g e n  f ix a t io n  v a r y  d ep en d in g  

on  th e  c o n d i t io n s .  S ingh  ( l9 6 l)  c o n s id e r s  th a t  th e  m o s t  im p o r ta n t  s in g le
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c o n tr ib u to r  in  In d ia n  r i c e  f ie ld s  is  A u lo s i r a  f e r t i l i s s i m a  w h ich  is  b o th  

ab u n d an t an d  e f f ic ie n t  a s  a  n i t r o g e n  f i x e r .  W a ta n a b e  a n d  Y a m a m o to  

( l9 7 l)  ,who h a v e  u s e d  T o ly p o th r ix  te n u is  in  l a r g e  n u m b e rs  o f  f ie ld  

e x p e r im e n ts  in  J a p a n ,c o n s id e r  th is  to  b e  th e  m o s t  e f fe c t iv e  n i t r o g e n  

f i x e r ,  w h ile  Shang H ao  i s  c i te d  by  M is h u s t in  a n d  S h l i 'n ik o v a  ( l9 7 l)  

a s  fin d in g  A n a b a e n a  a z o t ic  a  to  b e  th e  m o s t  im p o r ta n t  s p e c ie s  u n d e r  

C h in e se  p ad d y  c o n d i t io n s .

S e v e ra l  a u th o rs  a ls o  n o te  th a t  s p e c ie s  s u c c e s s io n  o c c u r s  d u r in g  th e  

g ro w in g  s e a s o n .  M is h u s tin  a n d  S h li *nikova ( l9 7 l)  o b s e r v e ,  in  c e r t a in  - 

R u s s ia n  p ad d y  s o i l s ,  an  e a r ly  d e v e lo p m e n t o f  g r e e n  a lg a e  su c h  a s  

S p i r o g y r a , Z y g n e m a  a n d  O e d o g o n iu m , fo llo w e d , a s  th e  p la n t  can o p y  

c lo s e d  o v e r ,  by  b lu e - g r e e n s  w h ich  a p p e a r e d  to  f lo u r i s h  d e s p ite  a lm o s t  

c o m p le te  s h a d in g . S ingh  ( l9 6 l)  w ho n o te s  a  s i m i l a r  s u c c e s s io n  in  In d ia n  

p ad d y  s o i l s ,  f u r th e r  su b d iv id e s  th e  i m m e r g e n t  s p e c ie s  o f  b lu e - g r e e n  a lg a e .  

A n a b a e n a  a p p e a r s  to  d ev e lo p  f i r s t  fo llo w e d  b y  C y l in d r o s p e r m u m ,

T o ly p o th r ix  an d  F i s c h e r e l l a . T h e s e  a r e  th e n  s u p e r c e d e d  by  a n  a b u n d a n t 

g ro w th  o f A u l o s i r a .

T h e  e f fe c t  o f  in o c u la tin g  r i c e  c ro p s  w ith  v a r io u s  s p e c ie s  o f a lg a e  h a s  

b e e n  in v e s t ig a te d  by  a  n u m b e r  o f w o r k e r s  a lth o u g h  M is h u s tin  a n d  S h il* n ik o v a  

(1971) a n d  V e u k a t a r  am  an  ( l9 7 3 ) p o in t o u t th a t  th is  m a y  n o t b e  n e c e s s a r y  

u n d e r  a l l  c i r c u m s ta n c e s  b e c a u s e  o f an  a b u n d a n t n a tu r a l  flora.3^t i s ,  h o w e v e r ,  

p o s s ib le  fo r  a lg a l  in o c u la tio n s  to  h a v e  a  b e n e f ic ia l  e f fe c t  e v e n  in  th e  p r e s e n c e  

o f a  la r g e  in d ig e n o u s  f l o r a ,  b o th  by  b ia s in g  th e  p o p u la tio n  to w a rd s  an  

e f fe c tiv e  n i t r o g e n  fix in g  s p e c i e s , a n d  by  p ro d u c in g  a n  a lg a l  ;b loom  e a r l i e r  

in  th e  g ro w in g  s e a s o n .

W atan ab e  ( l9 6 2 ) , re v ie w in g  m u c h  o f  th e  w o rk  done in  J a p a n ,  e s t im a te d  

th a t  th e  a v e ra g e  in c r e a s e  due to  b lu e - g r e e n  a lg a e  w as  b e tw e e n  20 a n d  25 

Kg N /h a .  T h e  e x a c t b e n e f i t  p ro d u c e d  a p p e a r s  to  b e  d e p e n d a n t on  th e  s o i l  

ty p e , th e  c h e m ic a l  c o m p o s i tio n  o f  th e  s o i l  w a te r  a n d  th e  f e r t i l i z e r  u s e d ,  

a s  w e ll a s  th e  a lg a l  s p e c ie s  a n d  c l im a t e .  D e an d  M an d a i ( l9 5 6 )  e s t im a te d  

th a t  th e  f ix a tio n  in  a  ra n g e  o f u n f e r t i l i z e d  In d ia n  s o i l s  v a r i e d  b e tw e e n  1 3 .8  

an d  4 4 ,4  lb  N /  a c r e  ( l6 .7  to  5 3 .7  Kg N /h a )  .
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T h e  e f f e c t iv e n e s s  o f  a lg a l  in o c u la tio n  a p p e a r s  to  i n c r e a s e  in  

s u c c e s s iv e  y e a r s  o f  a p p l ic a t io n .  W a ta n a b e  ( l9 6 2 ) in v e s t ig a t in g  th e  

e f fe c t  o f  in o c u la t io n  w ith  T o ly p o th r ix  te n u is  on  a b o u t 40  r i c e  f ie ld s  

lo c a te d  in  v a r io u s  p a r t s  o f  J a p a n  o b s e r v e d  a  m e a n  i n c r e a s e  o f 

c ro p  y ie ld  in  th e  f i r s t  y e a r  o f  2%, in  th e  s e c o n d  y e a r  8%, in  th e  t h i r d  

y e a r  15.1% an d  in  th e  fo u r th  y e a r  10.6% .

A s im i l a r  in c r e a s e  in  th e  s e c o n d  y e a r  w a s  n o te d  by  Ih a  e t  a l  (1965) 

w ho a ls o  n o te d  th a t  th e  t im e  o f  a p p l ic a t io n  is  im p o r ta n t .  T o ly p o th r ix  

te n u is  w as m o r e  e f fe c tiv e  in  th e  f i r s t  y e a r  o f  in o c u la tio n  w hen  i t  w as  

a p p lie d  20 d ays b e fo re  th e  c ro p  w as so w n , r a t h e r  th a n  a t  th e  t im e  o f  

sow ingo  T h e  t im e  o f a p p l ic a t io n  a p p e a re d  to  h a v e  l i t t l e  e f fe c t  in  th e  

s e c o n d  y e a r .

T h e s e  a u th o rs  a l s o  fo u n d  th a t  th e  a d d itio n  o f  p h o s p h a te  w as  b e n e f ic ia l .  

T h e  r i c e  y ie ld  in  th e  f i r s t  y e a r  w as  i n c r e a s e d  f ro m  3070 K g /h a  to  

3614 K g /h a  by th e  a d d itio n  o f  40 K g /h a  p h o s p h a te  w h e re a s  s im i l a r  

a d d itio n s  to  u n in o c u la te d  c o n tro l  p lo ts  r e d u c e d  th e  y e ld .

De an d  M an d a i ( l9 5 6 ) n o te  an  i n c r e a s e  in  f ix a t io n  f ro m  4 8 .8  Kg N /h a  to  

6 9 .0  Kg N /h a  a s s o c ia te d  w ith  th e  a d d itio n  o f p h o sp h a te  a n d  o b s e rv e  th a t  th e  

f ix a tio n  c o u ld  be  in c r e a s e d  s t i l l  f u r t h e r ,  to  77 Kg N / h a ,  by  th e  a d d itio n  

o f  s m a l l  q u a n tit ie s  o f  M o , a  g ro w th  r e q u i r e m e n t  s p e c if ic  to  n i t r o g e n  

fix in g  o r g a n is m s .

E s t im a te d  f ix a tio n  v a lu e s  a r e  g r e a t e r  in  th e  p r e s e n c e  o f  a  r i c e  c ro p  

th a n  in  i t s  a b s e n c e .  D e an d  M an d a i ( l9 5 6 ) c o n s id e r  th a t  th is  i s  due to  

th e  a lg a l  u t i l iz a t io n  o f C O 2 p ro d u c e d  by  th e  p la n t  r o o t  s y s t e m s .

T h e  le v e ls  o f c ro p  s u s ta in e d  b y  a lg a e  a lo n e  m a y  b e  r e la t iv e ly  low  a n d  

a lth o u g h  th e s e  y ie ld s  c a n  be  im p ro v e d  by  th e  a d d itio n  o f o rg a n ic  f e r t i l i z e r ,  

p h o s p h a te s  a n d  t r a c e  e l e m e n t s ,  i t  m a y  b e  d e s i r a b le  to  i n c r e a s e  i t  s t i l l  

f u r th e r  by  th e  a d d itio n  o f s u p p le m e n ta r y  in o rg a n ic  n i t r o g e n .  S u b r  am  any  an  

e t a l (1964) in v e s t ig a t in g  th e  e f fe c t  o f  T o ly p o th r ix  te n u is  on  r i c e  y ie ld  fo u n d  

th a t  th e  in c r e a s e  a s s o c ia te d  w ith  th e  a lg a e  d id  n o t b e c o m e  m a n if e s t  a ^ n s t  

th e  b a c k g ro u n d  n i t r o g e n  le v e l  c a u s e d  by  th e  a d d itio n  o f  20 Kg /  h a  N a s

- 2 4 -



a m m o n iu m  s u lp h a te ,  a lth o u g h  a  30% im p ro v e m e n t  o v e r  th e  c o n t ro l  

v a lu e s  w e re  p ro d u c e d  in  th e  a b s e n c e  o f  a d d e d  N , V e n k a ta ru m a n  (l972  

an d  1973) , h o w e v e r ,  n o te d  an  in c r e a s e  in  c ro p  y ie ld  o f a b o u t 10% due 

to  a lg a l iz a t io n  e v e n  in  th e  p r e s e n c e  o f  h ig h  le v e ls  o f  s o lu b le  n i t r o g e n  

an d  s u g g e s te d  th a t  th e  im p ro v e m e n t  in  th e  c ro p  u n d e r  th e s e  c i r c u m s ta n c e s  

m a y  b e  due to  th e  p ro d u c tio n  o f  g ro w th  s u b s ta n c e s  a n d  v i ta m in s  r a t h e r  

th a n  so lu b le  n i t r o g e n .

(g )  ALGAL NITROGEN FIXATION IN T E M P E R A T E  SOILS

A lth o u g h  th e  r o le  o f b lu e - g r e e n  a lg a e  in  th e  n i t r o g e n  e c o n o m y  o f a  

w ide ra n g e  o f d if f e re n t  e c o s y s te m s  h a s  b e e n  in v e s t ig a te d ,  in fo rm a tio n  

ab o u t t h e i r  e f fe c t  on  te m p e r a te  s o i ls  h a s  b e e n  s c a r c e  d e s p ite  th e  f a c t  th a t  

t h e i r  p o te n tia l  in  su c h  h a b i ta ts  w a s  f i r s t  n o te d  by  F r a n k  a s  e a r ly  a s  1889-

T h e  b lu e - g r e e n  a lg a e  s u b s e q u e n tly  fo u n d  in  te m p e r a te  s o i l s  ( fo r  

e x a m p le  B n i ^ l  R o ach  1927, Jo h n  1942, Lund 1947) w e re  p r e s u m a b ly  

p h y s io lo g ic a l ly  ab le  to  fix  N£ s in c e  th e  h e te r o c y s t s  u s e d  to  id e n tify  

m a n y  o f th e  s p e c ie s  a r e  n o rm a l ly  in d ic a t iv e  o f  a c t iv e  n i t r o g e n  f ix a t io n  

(S te w a r t 1966, 1969) a lth o u g h  S to k e s  ( 1940) a n d  l a t e r  B e c k  (1968) 

s u g g e s te d  th a t  th e  q u a n tita t iv e  im p o r ta n c e  o f  a lg a l  n i t r o g e n  f ix a t io n  is  

s m a l l .

A n u m b e r  o f in v e s t ig a to r s  h a v e  r e p o r t e d  th e  o c c u r r e n c e  o f  n i t r o g e n  

fix in g  a lg a e  in  R u s s ia n  s o i l s .  S h tin a  ( l9 6 l)  a n d  G o lle rb a k h  a n d  S h tin a  

(1969) r e p o r t  th a t  p o te n t ia l  n i t r o g e n  f ix in g  s p e c ie s  a r e  o f te n  a b u n d a n t in  

so d d y  p o d so l a lth o u g h  th e y  a r e  l e s s  im p o r ta n t  in  a r a b le  s o i l s .

P ry k h o d * k o v a  ( l9 6 9 , 197l) c a r r i e d  o u t a  s tu d y  o f  n i t r o g e n  fix in g  a lg a e  

in  th e  s te p p e  re g io n s  o f th e  U k ra in e  a n d  r e p o r te d  th a t  b lu e - g r e e n  a lg a e  

w e re  a b u n d an t in  40 o u t o f th e  50 s o i l  s a m p le s  e x a m in e d .  T h e  m o s t  

co m m o n ly  o c c u r r in g  n i t r o g e n  f ix in g  f o r m s  w e re  N . co m m u n e  , N . p u n c t ifo rm e  

an d  C a lo th r ix  e le n k in i i .

T h e  f i r s t  s y s te m a t ic  s tu d y  o f  th e  n i t r o g e n  fix in g  p o te n t ia l  in  t e m p e r a t e  

re g io n s  w as th a t  o f G ra n h a ll  an d  H e n r ik s  so n  (l9 6 9 ) w ho s tu d ie d  th e  

o c c u r r e n c e  o f  h e te ro c y s to u s  n i t r o g e n  f ix in g  a lg a e  in  S w e d ish  s o i l s . T h e y
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c o n c lu d e d  th a t  n i t r o g e n  fix ing  f o r m s  w e re  ab u n d a n t in  m o s t  s o i l s  w h ich  

w e re  m o is t  , low  in  c o m b in e d  n i t r o g e n  a n d  v e r y  s l ig h t ly  a c id  o r  

a lk a l in e .  N itro g e n  f ix in g  s p e c ie s  w e re  fo u n d  in  a l l  s o i l  s a m p le s  w ith  a  

pH in  e x c e s s  o f  8 .0  an d  76% o f  s o i l  s a m p le s  w ith  a  pH  b e tw e e n  7 .0  a n d  

8 .0 .

H e n r ik s  so n  (l9 6 9 ) s u b s e q u e n tly  in v e s t ig a te d  th e  in  s i tu  f ix a t io n  in  

m o re  th a n  1000 s o i l  s a m p le s  f ro m  v a r io u s  lo c a l i t i e s  u s in g  th e  a c e ty le n e  

r e d u c t io n  te c h n iq u e .  F ix a t io n  w as  m o n i to r e d  a t  th r e e  s i t e s  f ro m  A p r i l  

u n t i l  O c to b e r  in  o r d e r  to  o b ta in  e s t im a te s  o f a n n u a l f ix a t io n .  T h e  e s t im a te d  

n i t r o g e n  f ix a t io n  a t a l l  th r e e  s i t e s  c o n tin u e d  a t  a  r a t e  in  e x c e s s  o f 

10 n g N /c m ^ /h r .  th o u g h o u t th e  s e a s o n  i r r e s p e c t iv e  o f  c h a n g e s  in  

te m p e r a tu r e  a n d  l ig h t in te n s i ty .  T h e  h ig h e s t  f ix a tio n  r e c o r d e d  w as  

3300 n g N /c m ^ /h r .  p ro d u c e d  by  s a m p le s  f ro m  th e  b o tto m  o f p u d d le s  in  a  

c la y  f ie ld .  T h e  e s t im a te d  a n n u a l f ix a t io n  r a t e s  v a r i e d  f ro m  0 .4  to  5 .1  

gN 2/ m ^ / y e a r  a n d  th e  a u th o r  c o n c lu d e s  th a t  b lu e - g r e e n  a lg a e  c a n  c o n tr ib u te  

to  th e  n it r o g e n  e c o n o m y  o f t e m p e r a te  s o i l s .  A lth o u g h  th e s e  r e s u l t s  a r e  in  

g e n e r a l  a g r e e m e n t  w ith  th o s e  d e s c r ib e d  in  th is  t h e s i s ,  th e r e  i s  a  

s ig n if ic a n t  p o in t o f d i f f e r e n c e .  T h e  f ix a t io n  v a lu e s  a r e  r e p o r t e d  by  

H e n r ik s s o n  a s  re m a in in g  r e la t iv e ly  c o n s ta n t  d e s p ite  c h a n g e s  in  t e m p e r a tu r e  

(9 -3 5 ° C )  a n d  th e  d e c r e a s e  in  l ig h t  in te n s i ty  d u rin g  th e  s h o r t  S w e d ish  n ig h t s .  

H o w e v e r ,  th e  w o rk  d e s c r ib e d  h e r e  ( s e c t io n  4 )  sh o w s th a t  th e  f ix a t io n  

r a t e s  v a r y  s u b s ta n t ia l ly  w ith  b o th  f a c t o r s .

(h ) AIMS O F  IN V E ST IG A TIO N

T h e  p r e s e n t  s tu d y  w as c a r r i e d  o u t in  a n  a t te m p t to  e v a lu a te  th e  

c o n tr ib u tio n  o f  a lg a l  n i t r o g e n  f ix a tio n  to  te m p e r a te  a g r i c u l tu r a l  s o i l s  in  

th is  c o u n try .  L ittle  o r  no  p re v io u s  w o rk  h a s  b e e n  done on  th i s  to p ic .

T h e  in v e s t ig a t io n  in v o lv e s  b o th  m o n i to r in g  th e  s e a s o n a l  n i t r o g e n a s e  

a c t iv i ty  in  th e  f ie ld  u n d e r  v a r io u s  c o n d i t io n s ,  a n d  the l a b o r a to r y  s tu d ie s  o f  

p h y s io lo g ic a l  f a c to r s  e n c o u n te re d  in  th e  f ie ld  w h ich  m ig h t a f f e c t  a lg a l  

g ro w th , n i t r o g e n  f ix a tio n  an d  n i t r o g e n  r e l e a s e .  T h e  f ie ld  w o r k ,  c a r r i e d  ou t 

a t  R o th a m s te d  E x p e r im e n ta l  S ta t io n ,  w a s  o f  tw o  ty p e s .  F i r s t  in o c u la t io n
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o f  v a r i o u s  a lg a l  s p e c i e s  o n to  s u i t a b ly  a r r a n g e d  t e s t  p lo t s  so w n  to  

w in t e r  w h e a t  an d  th e  s u b s e q u e n t  e s t i m a t i o n  o f  n i t r o g e n  f ix a t io n  a n d  

c r o p  y ie ld ;  and s e c o n d ly  th e  s e a s o n a l  m o n i to r in g  o f  n i t r o g e n a s e  

a c t iv i t y  o v e r  a  tw o y e a r  p e r i o d  u n d e r  w h e a t .

In  th e  l a t t e r  in v e s t ig a t io n s  B r o a d b a l k ,  one  o f  th e  R o th a m s te d  

c l a s s i c  p l o t s ,  w as  u n iq u e ly  u s e f u l .  P a r t s  of th i s  f i e ld  w h ic h  h a v e  b e e n  

so w n  to  w h e a t  s in c e  1843 p r o v id e  a  s e r i e s  o f  p lo t s  of s i m i l a r  s o i l  

ty p e  a n d  d r a i n a g e ,  w ith  f e r t i l i z e r  t r e a t m e n t s  wMch v a r y  f r o m  n o th in g  a t  

a l l  t h r o u g h  a  n u m b e r  o f  c o m b in a t io n s  of N ,  P  a n d  K to  f a r m y a r d  m a n u r e  

E a c h  p lo t  h a s  r e c e i v e d  th e  s a m e  f e r t i l i z e r  t r e a t m e n t  f o r  130 y e a r s ,  

a n d  th e  r e c o r d  of c r o p  y ie ld s  a r e  a v a i la b le  o v e r  th i s  p e r i o d .
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2 . M ATERIALS AND M ETH O D S

A .  ISOLATION AND P U R IF IC A T IO N  O F  ALGAE F R O M  T H E  F IE L D .

A n u m b e r  o f  m e th o d s  e x i s t  f o r  th e  i s o l a t i o n  a n d  p u r i f i c a t i o n  o f  

b l u e - g r e e n  a l g a e .  T h e s e  in c lu d e  th e  u s e  o f  a n t ib io t ic s  (D ro o p  1967, 

G o ld w e ig -S h e lu b sk y  1951, R e ic h  a n d  K han  1964, S p e n c e r  1952, T c h a n  

a n d  G ould  1961, P i n t n e r  a n d  P r o v a s a l i  1958 a n d  K iy o h a r a  1 9 6 3 ) ,  u l t r a  

v io l e t  i r r a d i a t i o n  (A llen  1952, G e r o lo f f ,  F i t z g e r a l d  a n d  Skoog 1950 a n d  

W a ta n a b e  1 9 5 9 ) ,  g ro w th  a t  r e l a t i v e l y  h ig h  t e m p e r a t u r e s  ( W i e r r i n g a  1968 

a n d  A lle n  an d  S ta n i e r  1968) , m i c r o m a n i p u la t io n  ( P r i n g s h e i m  1946, W e id m a n ,  

W alne  and  T r a i n o r  1964) , u l t r a s o n i c a t i o n  a n d  r e p e a t e d  d i lu t io n  (B ro w n  

an d  B is c h o f f  1962) an d  p h o to ta c t i c  g ro w th  th ro u g h  n i t r o g e n  f r e e  a g a r  

(B unt 1961a, V an B a a l e n ,  1 9 6 2 ) .  S e v e r a l  o f  t h e s e  te c h n iq u e s  w e r e  t r i e d  

bu t th e  s i m p l e s t  a n d  m o s t  e f f e c t iv e  w as  found  to  b e  u l t r a s o n i c a t i o n  fo l lo w e d  

by  n ic r o m a n ip u la t io n .  T h e  p r o c e d u r e  u s e d  w as  b a s i c a l l y  s i m i l a r  to  th a t  

o f  P r i n g s h e i m  ( l9 4 6 ) .

T h e  f i r s t  s ta g e  in  p u r i f i c a t i o n  in v o lv e d  th e  p r o d u c t io n  o f  a n  e n r i c h e d  

c u l t u r e .  A p p r o x im a te ly  1 s q .  c m  o f  th e  s u r f a c e  s o i l  c r u s t  w a s  m ix e d  

w ith  a  few  d ro p s  o f  N - f r e e  c u l tu r e  m e d iu m  (A llen  a n d  A rn o n  1955) in  a  

t e s t  tube  u s in g  a  g l a s s  r o d  an d  th e  r e s u l t i n g  p a s t e  s u s p e n d e d  in  25 m l  o f  

c u l tu r e  m e d iu m .  A s e r i e s  o f  d i lu t io n s  w e r e  p r e p a r e d  f r o m  th i s  

s u s p e n s io n  a n d  t h e s e  w e r e  u s e d  to  in o c u la te  N - f r e e  a g a r  p l a t e s  (B unt 

1961a). T h e s e  p la t e s  w e r e  in c u b a te d  a t  1800 lux  a n d  r o o m  t e m p e r a t u r e  

fo r  ab o u t 10 d a y s .  S u i ta b le  d i s c r e t e  c o lo n ie s  w e r e  th e n  r e m o v e d  f r o m  th e  

a g a r  s u r f a c e  a n d  u s e d  to  in o c u la te  25 m l  a l iq u o ts  o f  N - f r e e  m e d iu m  in  

s m a l l  s t e r i l e  c o n ic a l  f l a s k s .  A f te r  20 day s  g ro w th  in  a  sh a k in g  in c u b a to r  

s o m e  o f  th e s e  f l a s k s  c o n ta in e d  a  h e a l th i l y  g ro w in g  c u l tu r e  w h ic h  w a s ,  

in  m a n y  c a s e s  , -u n i - a lg a L. a. sp>c-cie^_

A x en ic  c u l tu r e s  w e r e  p r o d u c e d  f r o m  t h e s e  e n r i c h e d  c u l t u r e s  by  

m i c r o m a n i p u la t io n .  F i r s t l y  th e  c u l tu r e  w a s  d i lu te d  by  a  f a c t o r  o f  abou t 

2 0 ,  an d  th e n  u l t r a s o n i c a t e d  to  b r e a k  th e  f i l a m e n t s  down to  2 - 4  c e l l  u n i t s .

A d ro p  of th i s  m a t e r i a l  w as  p l a c e d  on  a  s l id e  u n d e r  a  p h a s e  c o n t r a s t  

m i c r o s c o p e  a n d  a  s in g le  g ro u p  o f  v e g e ta t iv e  c e l l s  w as  t r a n s f e r r e d  w ith  

a  m i c r o p ip e t t e  to  a  d ro p  o f  s t e r i l e  m e d iu m  on  th e  s a m e  s l i d e .  T h is
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p r o c e d u r e  w as  r e p e a t e d  s ix  t i m e s  b e f o r e  th e  c e l l s  w e r e  t r a n s f e r r e d  

to  s t e r i l e  s lo p e s  in  u n i v e r s a l  b o t t l e s .  In  a b o u t  90% o f  th e  a t t e m p t s  th e  

c e l l s  w e r e  l o s t  d u r in g  t r a n s f e r ,  b u t  o f  th o s e  t h a t  w e r e  s u c c e s s f u l l y  

t r a n s f e r r e d  j u s t  u n d e r  a  q u a r t e r  p r o d u c e d  a x e n ic  c u l t u r e s .

T h e  c u l tu r e s  i s o l a t e d  by  th e  a u th o r  w e r e  i d e n t i f i e d  b y  M r A . E . G e o r g e  

o f  th e  C a m b r id g e  c u l tu r e  c o l l e c t io n  a n d  s e v e r a l  c u l t u r e s  w e r e  p u r c h a s e d  

f ro m  th i s  s o u r c e .

B .  CU LTU RE O F  ALGAE IN T H E  LABORATORY 

1 ) L iquid  C u l tu r e s

a )  C u l tu r e  m e d ia

T he  c u l tu r e  m e d iu m  d e s c r i b e d  by  A lle n  a n d  A rn o n  ( l95S )  w a s  u s e d  f o r  

m o s t  o f  th e  l iq u id  c u l t u r e s .  T h e  m e d i a  d e s c r i b e d  by  C hu ( l9 4 2 ) B u n t ( l9 6 l )  a n d  

H e n r i k s s o n  ( l9 5 l)  w e r e  a l s o  u s e d  in  v a r io u s  e x p e r i m e n t s  ( s e e  a p p e n d ix ) .

b ) S m a l l  v o lu m e s

( i)  Shake c u l t u r e s .

S m a l l  v o lu m e s  o f  c u l t u r e , s u c h  as  th o s e  u s e d  a s  p i lo t  c u l t u r e s  

w hen  t r a n s f e r r i n g  f ro m  a g a r  s lo p e s  in to  l iq u id  c u l t u r e , w e r e  g ro w n  in  

100 an d  250 m l  c o n ic a l  f l a s k s  a t t a c h e d  to  a  f la t  b e d  o r b i t a l  s h a k e r  a t  r o o m  

t e m p e r a t u r e .  T h e  f l a s k s  w e r e  s t o p p e r e d  w ith  c o t to n  w o o l .

( i i )  B u b b le  c u l t u r e s .

R o u tin e  b u b b le  c u l tu r e s  f o r  e x p e r im e n ts  w e r e  g ro w n  in  2^1 c l e a r  

g la s s  W i n c h e s t e r s .  T h e  a i r  w a s  f i l t e r e d  th r o u g h  c h a r c o a l  a n d  p a s s e d  th r o u g h  

r u b b e r  tub ing  w h ich  w as  ta p p e d  by  i n s e r t i n g  a  h y p o d e r m ic  n e e d le  ( s e e  

F i g . 2 . l ) .  T he  a i r  f r o m  th e  s u p p ly  w as  g e n e r a l l y  m a in t a i n e d  a t  a  c o n s ta n t  

p r e s s u r e  a n d  th e  flow  to  e a c h  o f  th e  c u l tu r e s  a d j u s t e d  b y  ch an g in g  th e  s i z e  

o f  th e  h y p o d e r m ic  n e e d l e .  A x e n ic  c u l tu r e s  m a y  b e  m a in t a i n e d  b y  i n s e r t i n g  

a  m i l l i p o r e  f i l t e r  in to  th e  a i r  l in e  c lo s e  to  th e  c u l tu r e  v e s s e l .  T h e  c u l t u r e s  

w e r e  i l lu m i n a te d  by  a  v a r i a b l e  n u m b e r  o f  D ayg lo  f l u o r e s c e n t  tu b e s  a n d  

ro u t in e ly  d i lu te d  in  o r d e r  to  m a in t a i n  a  h e a l th i l y  g ro w in g  log . p h a s e  c u l t u r e .

It  i s  o f  i n t e r e s t  th a t  in  c u l tu r e s  o f  N .  e l l i p s o s p o r u m  a n d  to  a  l e s s e r  e x te n t

A .  c y l i n d r i c a .e x c e s s iv e  d i lu t io n  c a u s e d  an  a p p a r e n t  c h a n g e  in  g r o w th  h a b i t .
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T h e  a l g a e ,  i n s t e a d  o f  g ro w in g  in  th e  b u lk  o f  l iq u id  m e d iu m ^ te n d e d  to

c lu m p  to g e th e r  a n d  s t i c k  to  th e  w a l l s  o f  th e  c u l t u r e  v e s s e l  g iv in g ,

a f t e r  s e v e r a l  d a y s ,  a  c o m p le te ly  c l e a r  s o lu t i o n .
\

T h is  e f fe c t  w as  a l s o  n o te d  a t  low  l ig h t  i n t e n s i t i e s  a n d  i t  w o u ld  

s e e m  p ro b a b le  th a t  i t  w as  c a u s e d  by  s o m e  f a c t o r  r e l e a s e d  by  th e  

c e l l s  in to  th e  c u l tu r e  m e d iu m .

( i i i )  L a rg e  v o lu m e s  o f  c u l tu r e  f o r  th e  in o c u la t io n  o f  f i e ld  p l o t s .

L a rg e  v o lu m e s  o f  a lg a e  w e r e  g ro w n  in  b u b b le  c u l t u r e s  u s in g  th e  91 

g la s s  c o lu m n s  c o n ta in in g  71 o f  c u l tu r e  sh o w n  in  F i g s . 2 . 3  a n d  2 . 4 .  F o r  

ax en ic  c u l tu r e s  a  m i l l i p o r e  f i l t e r  w a s  i n s e r t e d  in  th e  b u ty l  r u b b e r  tu b e  

an d  th e  e n t i r e  c o lu m n  a u to c la v e d .

F o r  f ie ld  in o c u la t io n s  r e q u i r i n g  l a r g e  v o lu m e s  o f  c u l t u r e ,  th e  a lg a e  

c a n  be c o n v e n ie n t ly  s t o r e d  in  401 g l a s s  a s p i r a to r s  w ith  a  b u b b le d  a i r  

s u p p ly .  C u l tu r e s  u n d e r  th e s e  c o n d i t io n s  r e m a i n e d  h e a l th y  f o r  3 - 4  w e e k s  

bu t g ro w th  w as  e x t r e m e l y  s lo w  b e c a u s e  th e  l ig h t  i n t e n s i ty  i s  l i m i t e d  by  th e  

dep th  o f  c u l t u r e .

2 .  A lga l C u l tu r e s  on  S o lid  S u r f a c e s

a )  A g a r  s lo p e s

N - f r e e  a g a r  s lo p e s  in  u n i v e r s a l  b o t t l e s  w e r e  u s e d  fo r  th e  

m a in t  a i n a n c e  o f  s to c k  a lg a l  c u l t u r e s .  T h e s e  w e r e  k e p t  a t  r o o m  t e m p e r a t u r e  

an d  900 Lux . T h e  c a p s  w e r e  lo o s e n e d  a n d  r e - t i g h t e n e d  e v e r y  w e e k  to  a l lo w  

g a s  ex ch a n g e  a n d  s u b c u l t u r e d  e v e r y  3 - 4  m o n t h s .

T h e  s lo p e s  w e r e  p r e p a r e d  by  m ix in g  O xo id  N o .  1 a g a r  ( l2 g /L )  

w ith  the  m e d iu m  o f  A llen  an d  A rn o n  ( l9 5 5 ) .

b )  Sand  c u l tu r e s

A c id  w a s h e d  q u a r tz  s a n d  w as  r i n s e d  in  d i s t i l l e d  w a t e r  a n d  s t e a m  

s t e r i l i z e d .  In o r d e r  to  o b ta in  an  e v e n  c o v e r  a  f l a t  s u r f a c e  i s  n e c e s s a r y .  

T h is  c a n  be r e a d i l y  a c h ie v e d  in  a  p e t r i  d is h  h av in g  a  m o d i f i e d  l i d ,  by  o v e r  

f i l l ing  the  b a s e  an d  th e n  s c r a p in g  off th e  e x c e s s  ( F i g . 2 . 2 ) .

L a r g e r  c u l tu r e s  w e r e  g ro w n  in  12" x  18" x 2 "  e n a m e l l e d  s u r g i c a l  t r a y s  

c o v e r e d  by  a  g la s s  p l a t e .  T h e  s a n d  w as  m o i s t e n e d  w ith  N - f r e e
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Fig 2*3 One of a bank of culture vesse ls  used for producing large
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c u l tu r e  m e d iu m  a n d  s p r a y - i n o c u l a t e d  w ith  th e  d e s i r e d  a lg a l  s p p .

V a r io u s  m e th o d s  w e r e  t r i e d  f o r  p ro d u c in g  a n  e v e n  in o c u lu m  on  

s o l id  s u r f a c e s . A G o lden  P r o d u c t s  s u p e r  d i s p e n s e r  ( B . P .  L t d . ,

1 ,  G o lden  D r i v e ,  H e n lo w ,  B e d s )  w as  found  to  be  c o n v e n ie n t .  T h is  

d e l i v e r e d  a  f ix e d  v o lu m e  of a lg a e  th ro u g h  a n  a d j u s t a b le  n o z z l e .  A 

BDH n in h y d r in  s p r a y  i s  a l s o  u s e f u l .

B e fo re  s p r a y in g , th e  a lg a e  w e r e  f i l t e r e d  th ro u g h  1 .5  m m  g l a s s  b e a d s  

to  r e m o v e  th e  l a r g e r  c l u m p s .

c )  S o il  c u l tu r e s

S o il  f r o m  th e  R o th a m s te d  s o i l  m in e  a t  W o b u rn  w as  u s e d  b e c a u s e  

o f  i t s  low  so lu b le -N  c o n te n t .

T he  s o i l  w as  s i e v e d  (2 m m  m e s h  s i e v e )  a n d  8% C aC O ^  w as  a d d e d  

to  r a i s e  th e  pH f ro m  6 .2  to  7 . 5 .  N - f r e e  c u l tu r e  m e d iu m  w as  a d d e d  to  

fo rm  a  p a s t e  w h ich  w as  s p r e a d  e v e n ly  in  a  p e t r i  d i s h  o r  c u l tu r e  t r a y  

an d  s p r a y  in o c u la te d .  E x c e s s iv e  w e tt in g  d u r in g  in o c u la t i o n .c a u s in g  lo c a l  

c o n c e n t r a t i o n s  o f  a lgae^ w as  a v o id e d  by  p a r t i a l l y  d ry in g  th e  t r a y  b e f o r e  

t r e a t m e n t .  U sing  th i s  m e th o d  a  d e n se  e v e n  c o v e r  o f  a lg a e  c a n  be  

o b ta in e d  in  10-14 days  ( s e e  F i g .  2 . 5 ) .  T h e  a v a i la b le  m e th o d s  o f  s t e r i l i z i n g  

s o i l  t e n d  to  p r o d u c e  a  l a r g e  i n c r e a s e  in  f r e e  N c a u s e d  by  th e  s o lu b i l i z a t io n  

of bound  N an d  the  ly s i s  o f  l iv in g  o r g a n i s m s  in  th e  s o i l .  I f ,  f o r  e x a m p le ,
"F

W o b u rn  s o i l  i s  a u to c la v e d  th e  NH  ̂ -  N c o n c e n t r a t i o n  in  s o i l  w a t e r  r i s e s
4

f ro m  5 p pm  to  o v e r  100 p p m .  A s e p t ic  le a c h in g  o f  th e  s o i l  w ith  d i s t i l l e d  

w a te r  o r  c a t io n  e x c h a n g e  m a t e r i a l  w as  in e f f e c t iv e  in  r e m o v in g  th i s  N .

T he  s o i l  u s e d  in  a l l  e x p e r i m e n t s  w as  u n s t e r i l i z e d .

T he  e x p e r i m e n t a l  c o n d i t io n s  w h ich  p r e v a i l  w ith  r e s p e c t  to  th e  s o i l  

f l o r a  a n d  fau n a  w e r e  c o n s i d e r e d  to  be  s i m i l a r  to  th o s e  o c c u r r i n g  in  th e  

f ie ld .

C . E STIM A TIO N  O F  N IT R O G E N A SE  A C T IV IT Y  

( l  ) In t ro d u c t io n

F o u r  p r in c i p a l  m e th o d s  e x i s t  fo r  th e  e s t i m a t io n  o f  b io lo g ic a l  n i t r o g e n
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Fig 2.5, N ellipsosporum after 10 days growth on soil
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f ix a t io n .  T h e s e  a r e :

a )  M e a s u r e m e n t  o f  i n c r e a s e  in  t o t a l  n i t r o g e n  w ith in  th e  s y s t e m  u n d e r  

c o n s id e r a t io n ,  n o r m a l ly  by  K je ld a h l  d ig e s t io n  a n d  a n a l y s i s  f o r  a m m o n i a .  

T h is  m e th o d  h a s  the  a d v a n ta g e  th a t  i t  m e a s u r e s  d i r e c t l y  th e  a b s o lu te  

i n c r e a s e  in  n i t r o g e n ,  bu t i t  i s  e x t r e m e l y  s lo w  s in c e  a  r e l a t i v e l y  long  

g ro w th  p e r i o d  m u s t  be  a l lo w e d ,  an d  i t  c a n n o t  be  a p p l ie d  to  s i t u a t i o n s  

w h e re  t h e r e  is  a l r e a d y  a  h ig h  ( in s o lu b le )  b a c k g r o u n d  n i t r o g e n  l e v e l ,  

s u c h  as  is  found  in  c la y  s o i l s .  It do es  n o t  t h e r e f o r e  le n d  i t s e l f  e a s i l y

to  in  s i tu  f i e ld  s t u d i e s .

b )  T h e  m e a s u r e m e n t s  o f  u p ta k e .  T h i s  m e th o d  i s  s e n s i t i v e  en o u g h  to
13a l low  s h o r t  in c u b a t io n  p e r io d s  b u t  th e  h a l f  l i fe  o f  N is  e x t r e m e l y  s h o r t  

(lO m i n s . ) an d  th i s  n o r m a l ly  p r e c l u d e s  th e  u s e  o f  th e  te c h n iq u e  in  th e  f i e l d ,  

o r ,  i n d e e d ,  in  l a b o r a t o r i e s  w h ich  do n o t  h a v e  a  r e a d y  a c c e s s  to  th e  

i s o to p e .

c )  M e a s u r e m e n t  o f  u p t a k e .  i s  m o r e  c o n v e n ie n t  th a n   ̂ N

in  th a t  i t  i s  a  s ta b l e  n o n - r a d io a c t i v e  i s o to p e  w h ic h  c a n  be  u s e d  f o r  f i e ld  

in v e s t ig a t io n s  (S te w a r t  1967a, 1 9 6 7 b ) .  T h is  m e th o d  is  , h o w e v e r ,  t i m e  

c o n s u m in g ,  e x p e n s iv e  a n d  r e q u i r e s  th e  u s e  o f  a  m a s s  s p e c t r o m e t e r .

d) T he  A c e ty le n e  r e d u c t io n  a s s a y .  T h is  te c h n iq u e  i s  q u ic k ,  s e n s i t i v e  a n d  

in e x p e n s iv e ,  an d  le n d s  i t s e l f  e a s i l y  to  f i e ld  i n v e s t i g a t i o n s .  I ts  p r i n c i p a l  

d is a d v a n ta g e  l i e s  in  th e  f a c t  th a t  i t  i s  an  i n d i r e c t  a s s a y  p r o c e d u r e  w h ic h  

m u s t  be c a r e f u l ly  c h e c k e d  fo r  e a c h  e x p e r i m e n t a l  s i tu a t io n  a g a i n s t  th e  

r e s u l t s  f r o m  one o f  th e  d i r e c t  te c h n iq u e s  p r e v io u s l y  d e s c r i b e d .

2 ,  T h e  a c e ty le n e  r e d u c t io n  te c h n iq u e  f o r  a s s a y in g  N i t r o g e n a s e  a c t iv i t y

(a )  T h e o r e t i c a l
II

S h o l lh o rn  a n d  B u r r i s  ( l9 6 6 )  n o te d  th a t  a c e ty le n e  in h ib i t e d  n i t r o g e n

f ix a t io n  an d  w as  r e d u c e d  to  a n  unknow n p r o d u c t .  D i lw o r th  (1966) s h o w e d

th a t  th i s  p ro d u c t  w as  e th y le n e  a n d  th a t  i t  w as  r e d u c e d  a t  th e  s a m e  e n z y m ic

s i t e  a s  N .2

T h e s e  o b s e r v a t io n s  l e d  to  the  u s e  o f  th i s  r e a c t i o n  a s  a n  a s s a y  

fo r  n i t r o g e n - f ix in g  p o te n t ia l  in  r o o t  n o d u le s  (K och a n d  E v a n s ,  1966)
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n o d u le  e x t r a c t s  (K och  e t  a l  196?) b l u e - g r e e n  a lg a e  (S te w a r t  e t  a l  1968) 

a n d  a  v a r i e t y  o f  f i e ld  a n d  a q u a t ic  h a b i t a t s  ( S te w a r t  e t  a l  1967 ; H a r d y  

e t  a l  1 9 6 8 ) .  T h e  a s s a y  i s  b a s e d  on  a  s i m i l a r i t y  in  th e  r a t e  o f  e l e c t r o n  

a c t iv a t io n  a n d  t r a n s f e r  to  e i t h e r  C ^H ^ o r  N ^ ,

A s s u m in g  th a t  + 6H ^ ^ ^ 3  th a t  C ^H ^ + 2H C ^H ^

a t h e o r e t i c a l  r a t i o  o f  IN ^  = 3C^H ^ o r  1 .5 C ^ H ^  = IN H ^  i s  o b ta in e d .

T h i s  t h e o r e t i c a l  r a t i o  i s  s e ld o m  o b ta in e d  a n d  e s t i m a t e s  o f  th e  r a t i o  v a r y

c o n s i d e r a b l y .  S h o l lh o rn  an d  B u r r i s  (1967) r e p o r t  r a t i o s  c l o s e  to  1 .2 5  f o r

C lo s t id iu m  a n d A z o b a c t e r  w h ile  K lu c a s  (1967) r e p o r t s  an  a v e r a g e  r a t i o

1 .5 9  fo r  C H p r o d u c e d  to  NH f o r m e d  by  A z o b a c te r  v in e la n d i i . S t e w a r t  e t  
2 4  j

a l ( l968 )  c a l c u l a t e d  th e  r a t i o  f o r  t h r e e  s p e c i e s  o f  b l u e - g r e e n  a lg a e  u s in g  th e  
15N te c h n iq u e .  T h e  r a t i o s  w e r e :  N o s to c  m u s  c o r u m  1. 8 ,  A n a b a e n a  c y l i n d r i c a  

1 .4 ,  A n a b a e n a  flo s  aq u ae  1 .6 .

T h e  r e d u c t io n  o f  a c e ty le n e  i s  c o m p e t i t i v e l y  in h b i te d  by  b u t  th e

a f f in i ty  o f  N - a s e  fo r  C ^ H ^  is  m u c h  g r e a t e r  th a n  i t s  a f f in i ty  f o r  N ^ .  T h e  K m

f o r  C H r e d u c t io n  by  N - a s e  i s  in  th e  r a n g e  0 .0 0 4  -  0 .0 1  A tm .  b o th  in  v iv o  
2 2

an d  in  v i t r o  (H a rd y  a n d  B u rn s  1968, H a r d y  a n d  K n ig h t 1967, P o s t g a t e  197l) . 

T h e  a u th o r  h a s  sh o w n  t h a t ,  p r o v id e d  th e  a c e ty le n e  c o n c e n t r a t i o n  is  

m a in t a i n e d  above  ab o u t 5%, th e  p r e s e n c e  o f  a t m o s p h e r i c  h a s  no  e f f e c t  

on  th e  a s s a y  a n d  th e  s a m p le  c a n  b e  in c u b a te d  in  a i r  w ith  a d d e d  a c e t y l e n e .

A lthough  th e  m e c h a n i s m  f o r  C H. r e d u c t io n  i s  s i m i l a r  to  th e  i n i t i a l
2 2

m e c h a n i s m  o f  f ix a t io n ,  th e  r e q u i r e m e n t s  a r e  n o t  i d e n t i c a l .  F o r  

f ix a t io n  in  v ivo  N - a s e  r e q u i r e s  A T P ,  r e d u c in g  p o w e r ,  a n d  c a r b o n  s k e le to n s  

to  m o p  up  th e  r e d u c e d  p r o d u c t s .  T h e  r e d u c t io n  o f  C^H ^ do es  n o t  r e q u i r e  

C s k e le to n s  s in c e  th e  C ^H ^ p r o d u c e d  i s  im m e d i a t e l y  r e l e a s e d  by  th e  c e l l .

T h e  a c e ty le n e  r e d u c t io n  a s s a y  h a s  b e e n  u s e d  e x t e n s iv e ly  in  b o th  th e  

l a b o r a t o r y  an d  th e  f ie ld  e x p e r i m e n t s  d e s c r i b e d  in  th i s  t h e s i s .  A w id e  

v a r i e t y  o f  m e th o d s  e x i s t  f o r  e s t i m a t in g  N - a s e  a c t iv i t y  in  l iq u id  c u l t u r e s  

bu t  l i t t l e  w o rk  h a s  b e e n  c a r r i e d  ou t on  s o l id  s u r f a c e s .

S e v e r a l  new  p ie c e s  o f  a p p a r a tu s  h a v e  b e e n  e v o lv e d  f o r  th e  q u a n t i t a t iv e  

e s t i m a t io n  o f  N - a s e  a c t iv i ty  in  m a t e r i a l  g ro w in g  on s o l id  s u r f a c e s  u n d e r  

c o n t r o l l e d  c o n d i t io n s  in  th e  l a b o r a t o r y ,  a n d  in  th e  f i e ld .
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In  g e n e r a l  t e r m s  th e  n i t r o g e n a s e  a s s a y  r e q u i r e s  th a t  th e  t e s t  

m a t e r i a l  b e  in c u b a te d  in  a  s e a l e d  c o n t a in e r  u n d e r  an  a t m o s p h e r e  

co n ta in in g  10% ^.nd t h a t ,  a f t e r  th e  d e s i r e d  in c u b a t io n  t i m e  ( u s u a l l y

30 m in s  o r  1 h o u r ) ,  th e  g a s  p h a s e  be  a n a l y s e d  f o r  c o n t e n t .

(b ) G as  s a m p l in g  a n d  a n a ly s i s

R e p l i c a t e  -Jml s u b - s a m p l e s  w e r e  t a k e n  f r o m  th e  in c u b a t io n  

c h a m b e r  w ith  a  1m l d is p o s a b le  p l a s t i c  s y r in g e  f i t t e d  w i th  a  25g n e e d l e .  

T h e s e  s a m p l e s  c a n  b e  c o n v e n ie n t ly  s t o r e d  p r i o r  to  a n a l y s i s  f o r  p e r i o d s  

o f  up  to  24  h o u r s  by  s ta b b in g  th e  n e e d l e s  in to  a  r u b b e r  bung h e l d  in  a - 

s u i ta b ly  a r r a n g e d  r a c k .

T h e  w as  m e a s u r e d  u s in g  a  P y e  104 g a s  c h r o m a t o g r a m

f u r n i s h e d  w ith  an  H / A i r  f l a m e  io n iz a t io n  d e t e c t o r .  A  2 m  g l a s s  c o lu m n
o

p a c k e d  w i th  80-100 m e s h  R ro p a k  N w as  u s e d  a t  80 C w ith  c a r r i e r  

g a s  flow  r a t e  o f  ab o u t  3 0 m l / m i n .  T h e  l i n e a r i t y  o f  th e  f la m e  io n iz a t i o n  

d e t e c t o r  a n d  a m p l i f i e r  r e s p o n s e  to  w a s  c h e c k e d  u s in g  a  c o n t in u o u s

d i lu t io n  m e th o d .  T h e  r e s p o n s e  w as  l i n e a r  o v e r  th e  r a n g e  o f  c o n c e n t r a t i o n s  

e n c o u n t e r e d  in  th e  e x p e r i m e n t s .  T h e  r e s p o n s e  d o es  ch a n g e  o v e r  a  p e r i o d  

o f  t i m e  due to  d i r t  a c c u m u la t io n s  on  th e  d e t e c to r  e t c . , a n d  th e  i n s t r u m e n t  

w as  r e - c a l i b r a t e d  b e f o r e  e a c h  b a t c h  o f  a n a ly s e s  u s in g  a  BOG s p e c i a l  

g a s  m ix  o f  100 p p m  e th y le n e  in  A r g o n .  T h e  BOG w eld in g  g r a d e  a c e ty le n e  

u s e d  f o r  th e  a s s a y s  c o n ta in s  s m a l l  q u a n t i t i e s  o f  G ^H ^ a s  w e l l  a s  m e t h a n e ,  

p h o s p h in e  a n d  a c e to n e .  T h e  q u a n t i t i e s  o f  t h e s e  c o n ta m in a n ts  v a r y  f r o m  

c y l in d e r  to  c y l in d e r  a n d  b e tw e e n  s a m p l e s  t a k e n  f r o m  th e  s a m e  c y l i n d e r .

In  a l l  l a b o r a t o r y  e x p e r i m e n t s  th e  a l iq u o ts  o f  a c e ty le n e  to  b e  i n j e c t e d  

in to  e a c h  s a m p l e  w e r e  n o t  t a k e n  s t r a i g h t  f r o m  th e  c y l in d e r  b u t  r a t h e r  

f r o m  a  h o m o g e n o u s  v o lu m e  o f  a c e ty le n e  in  a  fo o tb a l l  b l a d d e r .  A  s h o r t  

le n g th  o f  r u b b e r  p r e s s u r e  tu b in g  w a s  f i t t e d  to  th e  n e c k  o f  th e  b l a d d e r  

s o  th a t  g a s  c o u ld  be  r e m o v e d  w ith  a  h y p o d e r m ic  s y r i n g e .

In  a l l  e x p e r i m e n t s , a l lo w a n c e  w a s  m a d e  f o r  th e  c o n ta m in a t in g  

e th y le n e  b y  e i t h e r  : -

l )  u s in g  a  b la n k  s a m p le  c o n ta in in g  a c e ty le n e  b u t  no  a lg a l  m a t e r i a l .
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T h i s  s a m p l e  w as  in c u b a te d  w ith  th e  o th e r s  a n d  b a c k g ro u n d  

m e a s u r e d  a n d  s u b t r a c t e d  f r o m  e x p e r i m e n t a l  v a l u e s .

O r  Z)  ta k in g  tw o s u c c e s s i v e  r e a d i n g s  f r o m  e a c h  s a m p le  a n d  s u b t r a c t in g  

one f r o m  th e  o t h e r .  T h e  e th y le n e  c o n c e n t r a t i o n  a f t e r  5 m i n u t e s ,  f o r  

e x a m p l e , c o u ld  be  s u b t r a c t e d  f r o m  th e  c o n c e n t r a t i o n  a f t e r  1 h o u r  

5 m in u te s  a n d  th e  r e s u l t  e x p r e s s e d  a s  p ro d u c t io n  p e r  h o u r .

T h e  p l a s t i c  s y r in g e s  c a n  b e  r e - u s e d  a f t e r  th e  c o n ta m in a t in g  e th y le n e  

a n d  a c e ty le n e  h a v e  b e e n  r e m o v e d .  T h is  c a n  be  c o n v e n ie n t ly  a c h ie v e d  

by  p la c in g  th e m  in  a  v a c u u m  d e s s i c a t o r  a n d  a l t e r n a t e l y  e v a c u a t in g  

a n d  f lu sh in g  w ith  a i r .

( 3 ) T h e  s t a t im  b lo c k  an d  f ib r e  o p t ic  te c h n iq u e

L a b o r a to r y  m e a s u r e m e n t s  of n i t r o g e n  f ix a t io n  w ith  m a t e r i a l  g ro w in g  

on  s o l id  s u r f a c e s  r e q u i r e d  c o n t r o l l e d  t e m p e r a t u r e  an d  l ig h t  i n t e n s i t y .  

I n i t i a l  e x p e r i m e n t s  w e r e  c a r r i e d  ou t in  u n i v e r s a l  b o t t le s  o r  m e d ic a l  

f la t s  c a p p e d  w ith  s u b a s e a l s .  T h e  r e q u i r e d  v o lu m e  of w as  in j e c te d

in to  th e  b o t t le  a f t e r  th e  a p p r o p r i a t e  v o lu m e  o f  a i r  h a d  b e e n  r e m o v e d ,  

a n d  th e  b o t t l e s  w e r e  in c u b a te d  in  a  w a te r  b a th .  I l lu m in a t io n  w as  

p r o v id e d  by  f lu o r e s c e n t  t u b e s ,  p h o to f l o o d s ,  o r  a  q u a r tz  h a lo g e n  l a m p .  

A lth o u g h  th i s  te c h n iq u e  i s  s a t i s f a c t o r y  f o r  s o m e  e x p e r i m e n t s ,  i t  i s  

in c o n v e n ie n t  i f  l a r g e  n u m b e r s  o f  r e p l i c a t e s  a r e  r e q u i r e d  an d  a c c u r a t e  

m e a s u r e m e n t  o f  l ig h t  in t e n s i ty  i s  d i f f i a u l t .

(a) A p p a r a tu s

In  o r d e r  to  o v e r c o m e  t h e s e  d i f f ic u l t i e s  th e  a p p a r a tu s  show n  in  F i g s . 2 . 6  ^

2 . 7  a n d  2 . 8  w as  d e v e lo p e d .  L ight i s  c a r r i e d  th ro u g h  f ib r e  o p tic  

b u n d le s  to  a lg a l  c o r e s  to  g iv e  a  know n l ig h t  in t e n s i ty  in  a  c o n t r o l l e d  

t e m p e r a t u r e  s t a t i m  b lo c k .  T h e  f ib r e  o p t ic s  u s e d  (R an k  P r e c i s i o n  

I n d u s t r i e s  L t d . )  w e r e  I m  long  w ith  a  6 m m  d ia .  l ig h t  t r a n s m i t t i n g  c o r e  

( o v e r a l l  d i a m e t e r  = 10m m ) ; th e y  t r a n s m i t  a b o u t 80% o f  th e  v i s a b l e  l ig h t  

b u t  a c t  a s  an  e f fe c t iv e  I . R .  f i l t e r .  T h e  s p e c t r a l  a d s o r b t io n  c u r v e  i s  show n 

in  F i g .  2 . 9 .
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F ig  . 2 . 8  S ta t im  b lo c k  an d  f ib r e  o p t ic  te c h n iq u e

(a ) A s s e m b l e d  a p p a r a t u s .

( b ) R e m o v a l  of a  c o r e  f ro m  a  s a n d  p la te  o f  

N . e l l i p s o s p o r u m .

(C ) M e a s u r e m e n t  o f  l ig h t  i n t e n s i t y .  F i b r e  

o p t ic  a n d  p h o to c e l l .

(D ) C o r e  s a m p l e s ,  s u b a s e a l  an d  f ib r e  o p t ic  

a s s e m b l e d  f o r  i n s e r t i o n  in to  th e  s t a t i m  

b lo c k .



1

(B)

i c ) (D)



F IG  2 . 9  S p e c t r a l  t r a n s m i s s i o n  c u r v e  o f  f ib r e  o p t ic  a n d  a b s o r p t io n  s p e c t r a
o f  A n a b a e n a  c y l in d r i c a

60 -

z:
2 55 .I
w
g
^ 50-

T T

0 *2 .

M
H
Dh

O
w
m
<

g
2 0 - 2-

a,
o
V)
m
<

500 700

(a ) S p e c t r a l
t r a n s m i s s i o n  c u r v e  
o f  f ib r e  o p t i c .  
(R e d ra w n  f ro m  
f ib ro x  t e s t  
s p e c i f i c a t io n  
MD 690 )

(B )  A b s o rp t io n
s p e c t r u m  o f in t a c t  
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o f
A n a b a e n a  c y l in d r i c a  
(R e d ra w n  f ro m  
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Light w as  p r o v id e d  by  a  m o d i f ie d  m i c r o s c o p e  la m p  f u r n i s h e d  w ith  

a  750 w a t t  q u a r tz  h a lo g e n  o v e r h e a d  p r o j e c t o r  b u lb  a n d  co o lin g  f a n .

T h e  b e a m  w as  f o c u s s e d  by  a  c o n c a v e  m i r r o r  a n d  a d ju s t a b le  le n s  th ro u g h  

a  h e a t  f i l t e r  on to  th e  en d s  o f  th e  f ib r e  o p t i c s .  W a te r  f low ing  c o n t in u o u s ly  

th ro u g h  the  h e a t  f i l t e r  r e m o v e s  s u f f ic ie n t  o f  th e  I . R .  to  p r e v e n t  th e  

f ib r e  o p t ic s  f r o m  b e c o m in g  e x c e s s iv e ly  h o t .

T h e  in t e n s i ty  o f  i l lu m in a t io n  p a s s in g  th ro u g h  th e  f ib r e  o p t ic s  w as  

a d j u s t e d  by  m o v in g  th e m  n e a r e r  to  o r  f u r t h e r  aw ay  f r o m  th e  l ig h t  s o u r c e .  

T h e  t r a n s m i t t e d  in t e n s i ty  w as  m e a s u r e d  by  p lugg ing  th e  o u tp u t  e n d  o f  th e  

o p t ic  in to  a  s p e c i a l l y  d e s ig n e d  l i g h t m e t e r  ( F i g .  2 . 8 , C ) .  T h e  e f fe c t iv e  

a r e a  o f  the  p h o to c e l l  w as  the  s a m e  s i z e  a s  an  a lg a l  d is c  a n d  the  s a m e  

d i s t a n c e  f r o m  th e  f ib r e  o p t i c .

T h e  p h o to c e l l^ w h ich  w as  u s e d  w ith  n e u t r a l  d e n s i ty  f i l t e r s  ,w as  

c a l i b r a t e d  by  c o m p a r i s o n  w ith  a  E E L  L i g h tm a s t e r  l i g h t m e t e r ,  w h ic h  w as  

r e - c a l i b r a t e d  by  th e  m a k e r s  e v e r y  6 m o n t h s .  A g ro u p  of  f i b r e  o p t i c s ,  h e ld  

in  th e  l ig h t  beam ty%  Ï . D .  c o p p e r  tu b e s ^ w e re  in d iv id u a l ly  a d j u s t e d  to  

g iv e  e q u a l  o u t -p u t  i n t e n s i t i e s .

G r o s s  c h a n g e s  in  in t e n s i ty  w e r e  a c c o m p l i s h e d  by  m o v in g  th e  c o p p e r  

tu b e s  a n d  l ig h t  g u id e s  to  a n d  f r o  a s  a  u n i t ,  o r  f o r  v e r y  low i n t e n s i t i e s  by 

ch an g in g  th e  l ig h t  s o u r c e .

T h e  s t a t i m  b lo c k  (S c ie n c o -W e s to n  L td) , w h ich  w as  d e s ig n e d  fo r  the  

p u r p o s e ,  w as  b a s i c a l l y  a  15" x  10" x  4 "  b lo c k  o f  c o p p e r / a l u m i n i u m  a l lo y  

w ith  a  h ig h  t h e r m a l  c o n d u c t iv i ty  s u r r o u n d e d  by  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  

h e a t in g  e l e m e n t .  25 h o le s  2 c m  in  d i a m e t e r  w e r e  d r i l l e d  th ro u g h  th e  b lo c k  

to  a c t  a s  in c u b a t io n  c h a m b e r s . T h e  t e m p e r a t u r e  o f  th e  b lo c k  c o u ld  be 

m a in ta in e d  to  w i th in  0 .1 C ° .  F o r  t e m p e r a t u r e s  b e lo w  a m b ie n t  c o o la n t  

w as  c i r c u l a t e d  th ro u g h  th e  v a c a n t  c h a m b e r s  .

(b) M e th o d  of  o p e r a t io n

T h e  l ig h t  i n t e n s i ty  w as  a d ju s t e d  to  th e  d e s i r e d  v a lu e  a n d  the  b lo c k  

t h e r m o s t a t  s e t  to  th e  a p p r o p r i a t e  t e m p e r a t u r e .  T h e  t e m p e r a t u r e  in  two 

v a c a n t  in c u b a t io n  c h a m b e r s  w as  m o n i to r e d  w ith  m e r c u r y  t h e r m o m e t e r s  

d u r in g  e x p e r i m e n t s .
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D is c s  o f  t e s t  m a t e r i a l  w e r e  ta k e n  f r o m  th e  s u r f a c e  o f  a  u n i fo rm  

a lg a l  p l a te  by  p u sh in g  th e  s h a r p e n e d  e n d  o f  th e  0 .8 4 c m  d i a m e t e r  s t a i n l e s s  

s t e e l  c o r e  s a m p l e r  in to  th e  s o i l  o r  s a n d  ( s e e  F i g .  2 . 8 B ) .  T he  c o r e  w as  

a d j u s t e d  so  th a t  th e  a lg a l  c r u s t  w as  le v e l  w ith  th e  t r a n s v e r s e  h o le  th ro u g h  

th e  s a m p l e r .  T h i s  e n s u r e d  th a t  a l l  th e  c r u s t s  w e r e  an  e q u a l  d is ta n c e  f r o m  

th e  e n d  o f  th e  f ib r e  o p t i c .

T h e  b r a s s  f e r r u l e  on  th e  e n d  o f  th e  f i b r e  opticwas p u s h e d  th ro u g h  a  

d r i l l e d  s u b a s e a l  a n d  lo c a te d  in  a  f ix e d  p o s i t io n  in  the  c o r e  s a m p l e r  a n d  th e  

w h o le  u n i t  p u s h e d  in to  th e  s t a t i m  b lo c k .

T h e  o th e r  e n d  o f  th e  in c u b a t io n  c h a m b e r  w a s  p lu g g e d  w ith  a  s u b a s e a l  

a n d  v e n te d  to  th e  o u ts id e  f o r  a  few  m o m e n ts  w ith  a  h y p o d e r m ic  n e e d le  to  

a l lo w  th e  c h a m b e r  to  e q u i l i b r a t e  to  a t m o s p h e r i c  p r e s s u r e .  F i f te e n  

m in u te s  w e r e  a l lo w e d  f o r  t e m p e r a t u r e  e q u i l i b r a t i o n .

A t th e  s t a r t  o f  th e  e x p e r i m e n t  3 m ls  o f  a i r  w e r e  w i th d ra w n  f r o m  e a c h  

c h a m b e r  w i th  a  h y p o d e r m ic  sy ir inge a n d  r e p l a c e d  w ith  3 m ls  o f  a c e ty l e n e .  

T h e  in c u b a t io n  c h a m b e r s  h a d  an  a p p r o x im a te  v o lu m e  o f 3 0 m l s , th e  e x a c t  

v o lu m e  o f  e a c h  c h a m b e r  w as  i n f e r r e d  f r o m  th e  c o n c e n t r a t i o n  o f  i n t e r n a l  

s t a n d a r d  ( e i t h e r  a c e ty le n e  o r  p r o p a n e ) .

A f t e r  th e  d e s i r e d  in c u b a t io n  p e r i o d ,  r e p l i c a t e  ^ m l  g a s  s a m p le s  

w e r e  t a k e n  a n d  a n a l y s e d  in  th e  n s u a l  w a y .
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4 .  T h e  E s t i m a t io n  o f  N i t r o g e n  F ix a t io n  in  th e  F i e l d

a .  I n t r o d u c t io n .

T h e  a c e ty le n e  r e d u c t io n  a s s a y  f o r  n i t r o g e n a s e  a c t iv i t y  h a s  b e e n  

a p p l ie d  to  a  n u m b e r  o f  f i e ld  s i t u a t i o n s ,  ( f o r  e x a m p le  S t e w a r t ,

F i t z g e r a l d  a n d  B u r r i s  1967, H e n r i k s s o n  1969, W a u g h m a n  1 9 7 l ) .  T h e s e  

a s s a y s  h a v e  n o r m a l l y  in v o lv e d  th e  in c u b a t io n  o f  s m a l l  a m o u n ts  o f  

t e s t  m a t e r i a l  in  a  s e a l e d  b o t t le  u n d e r  an  a t m o s p h e r e  o f  A r / C O  / O  

w ith  10% a c e t y l e n e .

A lth o u g h  s m a l l ,  r e p l i c a t e  s u b - s a m p l e s  m a y  p r o v id e  a  r e a s o n a b l e  

e s t i m a t e  o f  o v e r a l l  f ix a t io n  in  a  r e l a t i v e l y  h o m o g e n o u s  s i tu a t io n  s u c h  

a s  la k e  w a t e r ,  w h e r e  th e  " c lu m p "  s i z e  i s  s m a l l  c o m p a r e d  w ith  th e  

s a m p l e  s i z e ,  th e  a u th o r  found  th a t  th i s  te c h n iq u e  d id  n o t  w o rk  w e l l  

on  th e  t e m p e r a t e ,  a g r i c u l t u r a l  s o i l s  i n v e s t i g a t e d .  T h e  d i s t r i b u t io n  

o f  a lg a e  in  th i s  h a b i t a t  i s  d is c o n t in u o u s  w ith  a  " c lu m p "  s i z e  w h ich  

v a r i e s  f r o m  a  few  m i l l i m e t r e s  to  o v e r  a  m e t r e  a c r o s s ,  a n d  an  i m p o s s ib l y  

l a r g e  n u m b e r  o f  c o r e s  m u s t  be  t a k e n  to  o b ta in  a  r e l i a b l e  m e a n  v a l u e .  

F u r t h e r m o r e  th e  p h y s i c a l  r e m o v a l  o f  l a r g e  n u m b e r s  o f  c o r e  s a m p l e s  

f r o m  a  t e s t  p lo t  o v e r  th e  c o u r s e  o f  a  g ro w in g  s e a s o n  le a d s  to  s e v e r e  

d i s r u p t io n  o f  th e  s o i l  s u r f a c e ,  w i th  a  c o n s e q u e n t  d e c r e a s e  in  a lg a l  c o v e r .

B . T h e  In c u b a t io n  C h a m b e r .

T h e  a p p a r a tu s  sh o w n  in  F i g . 2 .10  a n d  P l a t e  2 .12  w as  d e s ig n e d  s o  

th a t  th e  n i t r o g e n a s e  a c t iv i t y  o f  a  r e l a t i v e l y  l a r g e  a r e a  o f  s o i l  s u r f a c e  

c o u ld  be  a s s a y e d  in  s i tu . I t  c o m p r i s e s  a  s t e e l  tu b e  6" in  d i a m e t e r  

s h a r p e n e d  a t  th e  b o t to m  s o  th a t  i t  c a n  be  d r iv e n  in to  th e  g r o u n d .  A 

g a s  t ig h t  in c u b a t io n  c h a m b e r  i s  f o r m e d  by  s e a l in g  a  t r a n s p a r e n t  l / S "  

th i c k  p e r s p e x  l i d  to  th e  top  o f  th e  tu b e .  S e v e r a l  s e a l a n t s  w e r e  t r i e d ,  

b u t  th e  b e s t  w a s  fo u n d  to  be  a  s t e e l  c a s e m e n t  p u t ty  s u c h  a s  A r b o s e a l .

T h i s  m a t e r i a l ,  w h ic h  m a k e s  a  r e l i a b l e  g a s  s e a l ,  d o es  n o t  h a r d e n ,  an d
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Fig2-10 Sectional view of field incubation ch am b er
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F ig .  2.12 F ie ld  incubation ch am b er  and p e rsp e x  lid .

F ig .  2.13 A pparatus  u se d  to in jec t ace ty lene into the 
incubation c h am b ers  .



s t i c k s  to  the  l id s  v/hen th e y  a r e  r e m o v e d  so  th a t  i t  c a n  be  s to red  

in  p o s i t io n  an d  r e - u s e d  th ro u g h o u t  the  s e a s o n .  An a n n u la r  g r o o v e ,  

f o r m e d  in  the  l i d  by  p r e s s i n g  i t  on to  th e  h e a t e d  r i m  o f one of the  

t u b e s ,  w as  found to  be c o n v e n ie n t  b e c a u s e  i t  p r e v e n t e d  th e  s e a l a n t  

f ro m  s p r e a d in g  out d u r in g  s u c c e s s i v e  i n c u b a t io n s .

c .  A c é ty la t io n

In e a r l i e r  e x p e r i m e n t s  a c e ty le n e  w as  in j e c t e d  in to  th e  c h a m b e r s  

th ro u g h  the  s u b a s e a l  u s in g  a  0 0 m l p l a s t i c  s y r i n g e ,  b u t  i t  w as  found  th a t  

the  in t r o d u c t io n  o f  ISOmls of g a s  in  th i s  w ay  w as  so  s lo w  as  to  be 

i m p r a c t i c a b l e  in  l a r g e r  e x p e r i m e n t s ,  an d  th e  a p p a r a tu s  sh o w n  in  F i g . 2.11 

an d  P l a t e  2 .13  w as  c o n s t r u c t e d .  W hen th e  op e a t in g  l e v e r  is  m o v e d  

( s e e  i n s e t  B .  F i g . 2 .1 l )  th e  g a s  p r e s s u r e  f r o m  th e  a c e ty le n e  c y l in d e r  

d r iv e s  th e  p i s to n  a long  th e  g l a s s  tu b e  d e l iv e r in g  a  f ix e d  v o lu m e  o f  g a s .

T h e  v o lu m e  c a n  be  a d ju s t e d  by  e i t h e r  a l t e r in g  th e  le n g th  o f  the  tube  

o r  by  c h an g in g  th e  in l e t  g a s  p r e s s u r e .

In p r a c t i c e  th e  e n t i r e  a p p a r a tu s  w as  m o u n te d  on  a  b o a r d  w h ich  c o u ld  

be w o rn  by th e  o p e r a t o r ,  an d  c o n n e c te d  to  th e  a c e ty le n e  c y l in d e r  by 

50 m e t r e s  o f  p r e s s u r e  tu b in g .  T he  r u b b e r  p i s to n  c o n s t r u c t e d  f ro m  

tw o 50m l p l a s t i c  s y r in g e  p lungers , h a d  a te n d e n c y  to  s t i c k  in  th e  tube  

an d  ’D u r o l '  c o n t r a c e p t iv e  lu b r i c a n t  w as  found  to  be  e f f e c t iv e  in  

p r e v e n t in g  t h i s .

d .  G as L o s s e s  F r o m  th e  S y s te m

A n u m b e r  o f  f i e ld  e x p e r i m e n t s  an d  l a b o r a t o r y  s im u la t io n s  w e r e  

c a r r i e d  out in  o r 6 r  to  i n v e s t ig a t e  g a s  l o s s e s  f r o m  th e  in c u b a t io n  

c h a m b e r  w ith  d i f fe r in g  le n g th s  o f  tube  an d  f ie ld  c o n d i t i o n s .

( l)  D ep th  o f  t u b e .

U n le s s  th e  s o i l  is  fu lly  s a t u r a t e d  w ith  w a t e r ,  th e  t h e o r e t i c a l  v o lu m e  

o f the  in c u b a t io n  c h a m b e r  i s  a l m o s t  in f in i te  s in c e  th e  g a s e s  d if fu se  

down th e  f r e e  s p a c e  in to  th e  s o i l  p r o f i l e .  In p r a c t i c e  a  r a p i d  d e c r e a s e
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in  g a s  c o n c e n t r a t i o n  a t  th e  s a m p l in g  p o r t  o c c u r s  a s  th e  g a s  d i f fu s e s  

in to  th e  a v a i la b le  f r e e  s p a c e ,  b u t  th e  c u r v e  f la t t e n s  ou t a f t e r  abou t 

20 m in u te s  a n d  th e  d if fu s io n  t h e r e a f t e r  i s  r e l a t i v e l y  s lo w  ( s e e  F i g .  2 .1 4 )  

p r o v id e d  th a t  th e  in c u b a t io n  s p a c e  is  n o t  in  d i r e c t  c o n ta c t  w ith  th e  

e x t e r i o r  v ia  m a j o r  i n t e r s t i c e s  in  th e  s o i l .

I t  i s  th u s  im p o r t a n t  th a t  th e  c y l in d e r  i s  long  enough  to  p a s s  down 

th r o u g h  any  lo o s e ly  p a c k e d  c lo d s  w h ich  r e m a i n  a f t e r  p lo u g h in g ,  in to  

w e l l - c o m p a c t e d  s o i l .

E x p e r i m e n t s  w e r e  c a r r i e d  ou t w ith  v a r io u s  le n g th s  o f  c y l i n d e r ,  an d  

i t  w as  found  th a t  th e  r e s u l t s  w e r e  g e n e r a l l y  s a t i s f a c t o r y  i f  th e  lo w e r  

edge  o f  p o t  w as  6" b e lo w  th e  s u r f a c e  ( F i g . 2 .1 5 ,  C u rv e  A ) .  A 4%" 

d ep th  g a v e  r e a s o n a b l e  r e s u l t s  w h en  th e  g r o u n d  w as  d a m p ,  b u t  th e  

l o s s e s  i n c r e a s e d  m a r k e d ly  a s  th e  s o i l  d r i e d ,  ( F i g . 2 .1 5 ,  C u r v e  B ) .

T h e  6" c h a m b e r  c h o s e n  d id  n o t  sh o w  e x c e s s iv e  le a k a g e  e v e n  d u r in g  

p r o lo n g e d  d ry  p e r io d s  in  th e  f i e l d s .

(2 )  C o r r e c t i o n  fo r  g a s  l o s s .

B e c a u s e  o f  th e  i n i t i a l  r a p i d  n o n - l i n e a r  g a s  lo s s  w h ic h  o c c u r r e d  

( F i g s .  2 .1 4  -  2 .1 7 )  th e  q u a n t i t i e s  of e th y le n e  p r o d u c e d  in  th e  s y s t e m  

a r e  d i f f ic u l t  to  c a l c u la te  o v e r  th e  f i r s t  20 m in u te s  , an d  f o r  th i s  r e a s o n  

f ix a t io n  v a lu e s  w e r e  i n f e r r e d  f r o m  g a s  s a m p l e s  t a k e n  a t  30 a n d  60 

m in u te s  on th e  a lm o s t  l i n e a r  p a r t  o f  th e  c u r v e .

B o th  th e  g a s  l o s s e s  b e tw e e n  th e  f i r s t  a n d  s e c o n d  s a m p l in g ,  a n d  th e  

a b s o lu te  v o lu m e  o f th e  s y s t e m  w e r e  c a l c u l a t e d  f ro m  th e  c o n c e n t r a t i o n  

o f  an  i n t e r n a l  s t a n d a r d .

( 3 ) I n t e r n a l  s t a n d a r d s .

T h e  r a t e  o f  e th y le n e  lo s s  c l o s e l y  p a r a l l e l s  b o th  th a t  o f  a c e ty le n e  

( F i g . 2 . 17) a n d  th a t  o f  p r o p a n e  ( F i g . 2 .1 4 )  b u t  a c e ty le n e  i s  a  c o n v e n ie n t  

i n t e r n a l  s t a n d a r d  s in c e  a f ix e d  v o lu m e  o f  i t  m u s t ,  in  any  c a s e ,  be  

i n j e c t e d  in to  th e  c h a m b e r  a t  th e  s t a r t  o f  th e  in c u b a t io n  an d  i t  i s  r e a d i l y  

s e p a r a t e d  f r o m  th e  o th e r  g a s e o u s  c o m p o n e n ts  d u r in g  a n a l y s i s .  O b je c t io n s  

to  i t s  u s e  on  th e  g ro u n d s  th a t  i t  i s  th e  s u b s t r a t e  f o r  th e  n i t r o g e n a s e  a r e  

on ly  t h e o r e t i c a l  s in c e  in  none  o f  th e  e x p e r i m e n t s  w as  m o r e  th a n  0,5%
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F IG  2 . 1 4  P r o p a n e  a n d  e th y le n e  lo s s  f ro m  a  s t e e l  in c u b a t io n  c h a m b e r  
co n ta in in g  s o i l  in  th e  a b s e n c e  o f  a c e t y l e n e .
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FIG  2.15 T h e  e f fe c t  o f  c y l in d e r  le n g th  on , g a s  lo s s

A , c y l in d e r  edge  6 ‘* b e lo w  s u r f a c e  

B , c y l in d e r  ed g e  3” belov/ s u r f a c e .
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90 ■
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q H ,

C H
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Incubation t im e  [mins.] .
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FIG  2 .1 6  N o n -b io lo g ic a l  e th y le n e  p r o d u c t io n  by  s t e r i l e  s o i l  in  a  s t e e l
in c u b a t io n  c h a m b e r . I n i t ia l  c o n c .  o f  = 10 % a n d  3 p p m
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F IG  2 . 1 7  G as l o s s e s  f ro m  a  g l a s s  in c u b a t io n  c h a m b e r  c o n ta in in g  s t e r i l e  s o i l .
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o f  th e  a c e ty le n e  r e d u c e d .

ë .  N on B io lo g ic a l  E th y le n e  P r o d u c t i o n .

I t  i s  o f  i n t e r e s t  th a t  th e  s y s t e m  d e s c r i b e d  a c t s  a s  a  n o n « b io lo g ic a l  

a ce ty len e  r e d u c in g  s y s t e m .  A ty p ic a l  r e s u l t  i s  sh o w n  F i g .  2 .1 6 .  T h e  

s o i l  a n d  c h a m b e r  w e r e  s t e r i l i z e d  by  a u to c la v in g  a t  150 p s i  f o r  4  h o u r s  

b e f o r e  th e  in je c t io n  of  a c e t y l e n e .  T h e  in i t i a l  e th y le n e  c o n c e n t r a t i o n  

( 3 .0  p p m )  i s  th a t  w h ich  i s  p r e s e n t  a s  an  i m p u r i ty  in  th e  a c e t y l e n e .  

A f te r  th e  u s u a l  d e c r e a s e ,  the  e th y le n e  c o n c e n t r a t i o n  r i s e s  l i n e a r l y  

f o r  200 m in u te s  f r o m  41% to  a b o u t  68% o f  th e  o r ig i n a l  c o n c e n t r a t i o n .  

T h i s  i s  e q u iv a le n t  to  th e  p r o d u c t io n  o f  1 .23  m i s  o f  e th y le n e  o v e r  200 

m in u te s  o r  O.O66 m o le s  e t h y l e n e / c m ^ / H r . A lth o u g h  th i s  q u a n t i ty  i s  so  

s m a l l  t h a t  i t  i s  o f  l i t t l e  i m p o r t a n c e  in  th e  f i e ld  a s s a y  p r o c e d u r e  

( i t  i s  e q u iv a le n t  to  .00012 K g N / h a / H r )  i t  i s  s u f f ic ie n t  to  be  a n a l y s e d  

w ith  c e r t a i n t y  u s in g  th e  g a s  c h r o m a t o g r a m .

T h e  e th y le n e  i s  a p p a r e n t ly  p r o d u c e d  by  th e  r e d u c t io n  o f  a c e ty le n e  

s in c e  i t s  c o n c e n t r a t i o n  does  n o t  i n c r e a s e  i f  th e  a c e ty le n e  s u b s t r a t e  

i s  a b s e n t .  F i g . 2 .1 4  sh o w s th e  r e s u l t s  o b ta in e d  w hen  s t e r i l e  s o i l  i s  

i n c u b a te d  in  a  s t e e l  c y l in d e r  w ith  3 p p m  e th y le n e  a n d  p r o p a n e  a s  an  

i n t e r n a l  s t a n d a r d .  T h i s  r e s u l t  a l s o  im p l i e s  th a t  th e  e th y le n e  i s  n o t  

a d s o r b e d  a n d  p r o g r e s s i v e l y  r e l e a s e d .

I t  i s  a l s o  u n l ik e ly  th a t  th e  r e s u l t  i s  c a u s e d  by  i m p e r f e c t  s t e r i l i z a t i o n  

o f  th e  s o i l  o r  th a t  th e  r e d u c t io n  i s  b r o u g h t  ab o u t  by  th e  s e a l a n t ,  

s u b s e a l  o r  p e r s p e x  l i d  b e c a u s e  in  i d e n t i c a l  e x p e r i m e n t s ,  u s in g  a 

g l a s s  c y l in d e r  in  p la c e  o f  th e  s t e e l  in c u b a t io n  c h a m b e r ,  no  e th y le n e  

p r o d u c t io n  o c c u r s  ( s e e  F i g . 2 . 1 ? ) .  T h is  w o u ld  a p p e a r  to  im p l i c a t e  

th e  s t e e l  c y l in d e r  b u t  th i s  on  i t s  ow n does  n o t  r e d u c e  a c e ty le n e  w ith  

o r  w i th o u t  a  w e t t e d  i n t e r n a l  s u r f a c e .

T w o  p o s s i b i l i t i e s  r e m a i n ;  th e  s t e r i l i z a t i o n  p r o c e d u r e  i s  m o r e  e f fe c t iv e  

in  a  g l a s s  c y l i n d e r ,  o r  a  r e d u c in g  s y s t e m  i s  f o r m e d  by  th e  i n t e r a c t i o n  

o f  th e  s t e e l  p o t  a n d  th e  s o i l .  T h e  f o r m e r  w o u ld  s e e m  th e  l e s s  l ik e ly
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s in c e  th e  g l a s s  a n d  m e t a l  c y l in d e r s  w e r e  o f  s i m i l a r  s i z e  a n d  

g l a s s  i s  a  p o o r  c o n d u c to r  o f  h e a t  c o m p a r e d  w ith  s t e e l .

f>. R e p e a te d  A c é ty l a t i o n .

T h e  a lg a l  d i s t r i b u t io n  in  th e  f i e ld  i s  s u c h  th a t  a  c o n s i d e r a b l e  

n u m b e r  o f  in c u b a t io n  c h a m b e r s  w e r e  r e q u i r e d  to  g iv e  a  s a t i s f a c t o r y  

m e a n  v a l u e .  In  th e  f i e ld  p lo t  e x p e r i m e n t s  in v o lv in g  th e  e f fe c t  o f  

a lg a l  in o c u la t io n s  on  w h e a t  g ro w th  a n d  n i t r o g e n a s e  a c t i v i t y ,  10 c h a m b e r s  

w e r e  u s e d  on  e a c h  7* x  15* p lo t  g iv ing  a  to t a l  o f  420 c h a m b e r s .

(E v e n  so  th e  s t a n d a r d  d e v ia t io n  v a lu e s  a r e  r a t h e r  h ig h )  .

U n d e r  t h e s e  c i r c u m s t a n c e s  i t  b e c a m e  p h y s ic a l ly  im p o s s ib l e  to  

im p la n t  a n d  r e m o v e  th e  c h a m b e r s  on  e a c h  m o n i to r in g  o c c a s i o n  a n d  

th e  c h a m b e r s  w e r e  t h e r e f o r e  le f t  in  s i t u . T h e  r e p e a t e d  r e m o v a l  a n d  

r e p la c e m e r t  o f  th e  c h a m b e r s  i s ,  in  any  c a s e ,  u n d e s i r a b l e  b e c a u s e  o f  

th e  d a m a g e  to  th e  w h e a t  c r o p  a n d  th e  g e n e r a l  d i s r u p t i o n  o f  th e  s o i l  

s u r f a c e .

E a c h  c h a m b e r  w as  a c e ty l a t e d  f o r  a  p e r i o d  o f  l-g- h o u r s  on  one  o c c a s i o n  

e a c h  w e e k  th ro u g h o u t  th e  s u m m e r .  T h e  e f f e c t  o f  t h e s e  r e p e a t e d  

a c é ty la t io n s  on  a lg a l  n i t r o g e n  f ix a t io n  w as  in v e s t ig a t e d  in  th e  l a b o r a t o r y ,  

u s in g  a lg a e  g ro w n  on s o i l  in  4* x  7* g a l v a n i s e d  i r o n  t a n k s .  In c u b a t io n  

c h a m b e r s  a c e ty l a t e d  f o r  t h r e e  h o u r s  e v e r y  o th e r  day  f o r  t h r e e  w e e k s  

f ix e d  a t  ab o u t  th e  s a m e  r a t e  a t  th e  e n d  o f  th i s  p e r i o d  in  c h a m b e r s  w h ich  

h a d  n o t  b e e n  a c e ty l a t e d .

g .  D is a d v a n ta g e s  a n d  P r e c a u t i o n s .

(k )  C h a n g e s  in  th e  e n v i ro n m e n t  a r o u n d  th e  c h a m b e r .

I f  d a m a g e  to  th e  c r o p  i s  to  be  a v o id e d ,  th e  c h a m b e r s  m u s t  be  d r iv e n  

in to  th e  g ro u n d  b e f o r e  th e  w h e a t  r o o t s  h a v e  s p r e a d  in to  th e  a r e a s  

b e tw e e n  th e  r o w s .  E v e n  i f  th i s  i s  d o n e ,  t h e r e  i s  s o m e  r e d u c t io n  in  

w h e a t  g ro w th  a r o u n d  th e  c h a m b e r ,  due to  th e  l a t e r a l  l i m i t a t i o n  o f  r o b t  

s p r e a d .
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(2 )  C h a n g e s  in  th e  e n v i ro n m e n t  w ith in  th e  c h a m b e r .

T h e  f l o r a  w ith in  the  c h a m b e r  w as  le f t  i n - t a c t  a s  f a r  as  p o s s i b l e ,  bu t 

i t  w as  n e c e s s a r y  to  c u t  th e  t a l l e r  p la n ts  down to  th e  le v e l  o f  th e  

po t  r i m  s o  th a t  th e  l id s  c o u ld  be f i t t e d .

P a r t s  o f  th e  s o i l  f l o r a  an d  fa u n a  m ig h t  a l s o  be  a f f e c t e d  by  th e  h igh  

a c e ty le n e  c o n c e n t r a t i o n  p r e s e n t  a s  w e ll  a s  th e  e th y le n e  w h ic h  is  

know n to  a f fe c t  p la n t  g r o w th .  T h e s e  f a c t o r s ,  h o w e v e r ,  p r o d u c e d  no 

ob v io u s  e f f e c t .  A s id e  f r o m  an  e v id e n t  l a c k  o f  t a l l  p la n t s  w i th in  th e  

in c u b a t io n  c h a m b e r s  , th e  f l o r a  a p p e a r e d  to  be  u n c h a n g e d .  

S o lu b i l i s a t io n  o f  c o m p o n e n ts  in  th e  s t e e l  c y l in d e r  m a y  h a v e  an  a f fe c t  

on  th e  i r o n  c o n c e n t r a t i o n  in  th e  s o i l ,  b u t ,  a s  S te w a r t  ( l9 6 9 )  o b s e r v e s ,  

i r o n  i s  s e ld o m  a  l im i t in g  f a c t o r  and  u n d e r  a lk a l in e  c o n d i t io n s  i t  

w o u ld  s e e m  u n l ik e ly  th a t  th e  c o n c e n t r a t i o n  w o u ld  be  e x c e s s i v e .

T h e  a r e a  w ith in  th e  r i m  o f  th e  in c u b a t io n  c h a m b e r  i s  p r o t e c t e d ,  to  

s o m e  e x t e n t ,  f r o m  th e  d ry in g  a c t io n  o f  th e  w in d  a n d  f u r t h e r m o r e  

c o m p a c te d  s l ig h t ly  so  th a t  i t  b e c o m e s  l e s s  p e r m e a b l e .  A lth o u g h  

th e s e  f a c t o r s  m u s t  te n d  to  e n c o u ra g e  a lg a l  d e v e lo p m e n t ,  v i s u a l  

e s t i m a t io n s  o f  a lg a l  c o v e r  a t  th e  e n d  o f  th e  s e a s o n  f a i l e d  to  show  any  

s ig n i f i c a n t  a f f e c t  on  a lg a l  d i s t r i b u t io n .
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3 .  T H E  E F F E C T  O F  OXYGEN ON N IT R O G E N  FIX A TIO N

A .  IN TR O D U C TIO N

N i t r o g e n  f ix a t io n  by  b l u e - g r e e n  a lg a e  i s  e x c e p t io n a l  in  i t s  r e l a t i v e  

i n s e n s i t i v i t y  to  f r e e  o x y g e n .  (S te w a r t  a n d  P e a r s o n  1970) .

T h e  n i t r o g e n a s e  o f  f a c u l ta t iv e  a n a e r o b e s  s u c h  a s  K le b s i e l l a  

p n e u m o n ia e  , B a c i l lu s  m a c e r a n s  an d  B a c i l lu s  p o ly m y x a  o p e r a t e s  o n ly  

u n d e r  a n a e r o b ic  c o n d i t io n s .  T h e s e  o r g a n i s m s  w i l l  g ro w  a e r o b i c a l l y  o n ly  

in  th e  p r e s e n c e  o f  c o m b in e d  n i t r o g e n  (W itz ,  D e t r o y  a n d  W i ls o n  1967, H a m 

i l to n  an d  W ilso n  1955) . N i t r o g e n  f ix a t io n  by  th e  a e r o b e  A a p b a c t e r  i s  

m o s t  e f f ic ie n t  a t  low  p a r t i a l  p r e s s u r e s  o f  o x y g e n .

C e l l - f r e e  p r e p a r a t i o n s  o f  a lg a l  n i t r o g e n a s e  a r e  i m m e d i a t e l y  an d  

i r r e v e r s i b l y  in h ib i te d  by  o x y g en  ( B u r r i s ,  1966, 1969? H a r d y  a n d  B u r n s  

1968, F a y  a n d  C ox 1967) a n d  i t  i s  th u s  th e  m i c r o - e n v i r o n m e n t  s u r r o u n d in g  

the  n i t r o g e n a s e  w h ich  p r o t e c t s  i t  f r o m  o x y g en  in  th e  in t a c t  c e l l .

E x p e r i m e n t a l  e v id e n c e  s t r o n g ly  s u g g e s t s  th a t  n i t r o g e n  f ix a t io n  is  

l o c a l i z e d  w ith in  th e  h e t e r o c y s t  ( F a y ,  S t e w a r t ,  W a lsb y  a n d  F o g g  1968, 

S t e w a r t ,  H a y s te a d  a n d  P e a r s o n  1 9 6 9 ) .  T h e s e  s p e c i a l i z e d  c e l l s ,  w h ich  

o c c u r  a t  i n t e r v a l s  a long  th e  v e g e ta t iv e  c h a in  o f  a l l  f i l a m e n to u s  a lg a e  

know n to  fix  n i t r o g e n  u n d e r  a e r o b i c  c o n d i t io n s  , l a c k  th e  p ig m e n ts  o f  

ÿ h o t o s y s t e m  II a n d  a r e  t h e r e f o r e  u n a b le  to  c a r r y  ou t non  c y c l ic  e l e c t r o n  

flow  an d  ev o lv e  ( F a y ,  S t e w a r t ,  W a lsb y  a n d  F ogg  1968, -F t gg  and  

T h a n  T un-i96# )  . T h e  r e s p i r a t o r y  r a t e  w i th in  th e  h e t e r o c y s t  i s  h ig h  (F a y  

an d  W a lsb y  1966) a n d  th e  r e d u c t io n  o f  t r i p h e n y l t e t r a z o l i u m  c h lo r id e  

a n d  p h o to g ra p h ic  e m u ls io n  in d i c a te s  th a t  a  s t r o n g ly  r e d u c in g  e n v i ro n m e n t  

e x i s t s  w i th in  th e  c e l l  ( S t e w a r t ,  H a y s te a d  a n d  P e a r s o n  1 9 6 9 ) .

T h e r e  i s  a  c lo s e  r e l a t i o n s h i p  b e tw e e n  N f ix a t io n  a n d  p h o to s y n th e s i s  

w h ich  p r o v id e s  e n e r g y ,  c a r b o n  s k e le to n s  a n d  r e d u c in g  p o w e r  (F o g g  an d  

T h a n - T u n  I 9 6 0 ) .  T h e s e  a u th o r s  n o te  th a t  th e  h e t e r o c y s t ,  la c k in g  

p h o to s y s te m  I I ,  c o u ld  p ro v id e  A T P  by  c y c l ic  p h o to p h o s p h o ry la t io n  b u t 

w ou ld  r e q u i r e  an  ex o g e n o u s  s o u r c e  o f  r e d u c in g  p o w e r  w h ic h  m ig h t  be  

p r o v id e d  by  th e  i n t im a te ly  c o n n e c te d  a d j a c e n t  v e g e t a t i v e  c e l l s .
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A poo l o f  r e d u c t a n t  w o u ld  a p p e a r  to  e x i s t  s i n c e  DCM U a r  CMU 

^ - c h l o r o p h e n y l - 1 , 1 -d im e th y lu r e a ) w h ic h  in h ib i t s  p h o to s y s te m  I I ,  h a s  no 

i m m e d i a t e  e f f e c t  on  u p ta k e  (C ox  a n d  F a y  1969, B o th e  1 9 7 0 ) .  U n d e r  

c o n d i t io n s  w h ich  s t i m u l a t e  p h o t o r e s p i r a t i o n  (low  p C o^  a n d  h ig h  pO ^)

N - a s e  a c t iv i t y  in  A . c y l i n d r i c a  , e s t i m a t e d  by  u s in g  th e  a c e ty le n e  r e d u c t io n  

t e c h n iq u e ,  does  b e c o m e  D CM U s e n s i t i v e  b e c a u s e  th e  tw o  p r o c e s s e s  a p p e a r  

to  c o m p le te  i n d i r e c t l y  f o r  th e  s a m e  r e d u c t a n t  p o o l (Lex e t  a l  1972) . T h e  

c o m p e t i t io n  i s  n o t  f o r  A T P  s in c e  p h o t o r e s p i r a t i o n  i s  n o t  an  A T P  c o n s u m in g  

p r o c e s s  (D eD uve a n d  B a u d h u im  1966) a n d  i t  i s  u n l ik e ly  to  be  due to  a  

s h o r t a g e  o f  c a r b o n  s k e le to n s  s in c e  t h e s e  a r e  n o t  r e q u i r e d  to  a c c e p t  th e  

p r o d u c t s  o f  a c e ty le n e  r e d u c t i o n .

C h a n g e s  in  l ig h t  i n t e n s i ty  p r o d u c e  an  a p p a r e n t ly  im m e d i a t e  ch a n g e  in  

n i t r o g e n a s e  a c t iv i t y  a n d  i t  w o u ld  s e e m  l ik e ly  t h a t  th e  A T P  g e n e r a t e d  by  

c y c l ic  e l e c t r o n  flow  in  p h o to s y s te m  I p r o v id e s  th e  e n e r g y  n e c e s s a r y  f o r  th e  

r e d u c t io n  o f  (C ox  a n d  F a y  1969, F o g g  a n d  T h a n - T u n  I960)  . A . v a i ia b i l is  

h a s  b e e n  sh o w n  to  p r o d u c e  A T P  by  o x id a t iv e  p h o s p h o s p h o r u l a t i o n  ( C a r r ,  

H o o d  a n d  P e a r c e  196% L each  a n d  C a r r  1969) a n d  th e  d a ta  p r e s e n t e d  in  

th i s  s e c t i o n  s u g g e s t s  th a t  a t  a t m o s p h e r i c  o x y g en  c o n c e n t r a t i o n s ,  a t  

l e a s t  h a l f  o f  th e  A T P  r e q u i r e m e n t s  i s  m e t  by  o x id a t iv e  p h o s p h o r y la t io n .

T h e  f in d in g s  o f  Lyne a n d  S te w a r t  ( l97S) p u b l i s h e d  a f t e r  t h e s e  e x p e r i m e n t s  

h a d  b e e n  c a r r i e d  o u t  a r e  in  a g r e e m e n t  w ith  th i s  c o n s lu s io n .

B .  E X P E R IM E N T A L  T E C H N IQ U E

B a tc h  c u l tu r e s  o f  A n a b a e n a  c y l i n d r i c a  a n d  N os to e  e l l i p s o s p o r u m  

w e r e  g ro w n  in  th e  n i t r o g e n - f r e e  m e d iu m  o f  A l le n  a n d  A rn o n  a t  23 C a n d  

3200 Lux.

F o r  th e  s o l i d  s u r f a c e  e x p e r i m e n t s  u n i f o r m  c r u s t s  o f  t h e s e  s p e c i e s  

w e r e  g ro w n  on  s o i l  a t  a  pH o f  7 . 5  u n d e r  day  g low  f l u o r e s c e n t  tu b e s  a t  

3400 Lux an d  2 3 ^ C .

U n ifo rm  a l iq u o ts  o f  l iq u id  c u l tu r e  w e r e  o b ta in e d  u s in g  a  m e th o d  

s i m i l a r  to  t h a t  o f  D ay  , a n d  H opk ins  ( 1967 ) . T h e  a lg a l  s u s p e n s i o n  w as  

f i r s t  f i l t e r e d  th r o u g h  g l a s s  b e a d s  (3 m m  d i a m e t e r )  a n d  th e n  s t i r r e d
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v ig o r o u s ly  to  m a in ta in  a  h o m o g e n o u s  s u s p e n s i o n  w h ile  5 m l  a l iq u o ts  

w e r e  r e m o v e d  w ith  a  p ip e t te  an d  t r a n s f e r r e d  to  120 m l  m e d ic a l  f l a t s .  

(A liq u o ts  t a k e n  in  th i s  w ay  a r e  r e p r o d u c e a b le  to  w i th in  a b o u t 1%) . 

R e p ro d u c e  ab le  s a m p l e s  f ro m  th e  s o l id  s u r f a c e  w e r e  o b ta in e d  by  cu t t in g  

out d is c s  o f  th e  a lg a l  c r u s t  w ith  a  c o r k  b o r e r .

T h e  g a s  m i x t u r e s  w e r e  p r e p a r e d  u s in g  a  BOG s p e c i a l  g a s  m ix  of 

A r /C O ^  ( 9 9 . 96% : 0 .04% ) a n d  in  v a r io u s  p r o p o r t i o n s .  T h e  a p p a r a tu s  

u s e d  fo r  th i s  i s  sh o w n  in  F i g .  3.1  o v e r l e a f .  T h e  o xygen  c o n c e n t r a t i o n s  

a c tu a l ly  p r o d u c e d  w e r e  m e a s u r e d  u s in g  th e  a p p a r a tu s  sh o w n  in  A p p en d ix  2

T h e  v o lu m e  o f  g a s  e n te r in g  th e  b l a d d e r  i s  sh o w n  by  d i s p la c e m e n t  

in  th e  g r a d u a t e d  a s p i r a t o r  a f t e r  th e  p r e s s u r e  in  the  b l a d d e r  h a s  b e e n  

b r o u g h t  to  a t m o s p h e r i c  u s in g  th e  m a n o m e t e r .  T h e  fo o tb a l l  b l a d d e r  w as  

u s e d  in  p r e f e r e n c e  to  d i r e c t  d i s p la c e m e n t  to  p r e v e n t  th e  g a s e s  d is s o lv in g  

in  th e  w a t e r .

T he  m e d ic a l  f la t s  w e r e  c a p p e d  w ith  s u b a s e a l s  a n d  th e  g a s  m i x tu r e s  

w e r e  i n t r o d u c e d  by  s u c c e s s i v e  e v a c u a t io n  a n d  r e p l a c e m e n t .  T h e  p r e s s u r e  

w as  r e d u c e d  to  a b o u t 60 m m  Hg on e a c h  o c c a s i o n  so  th a t  a f t e r  4 c h a n g e s  

o n ly  0.003% o f  th e  o r ig in a l  b o t t le  c o n te n ts  r e m a i n e d .

Six r e p l i c a t e  s a m p l e s  w e r e  u s e d  f o r  e a c h  t r e a t m e n t .  10 m is  o f  g a s  

w as  r e m o v e d  f ro m  e a c h  b o t t l e  an d  r e p l a c e d  w ith  a c e ty le n e  so  th a t  th e  

o x y g en  c o n c e n t r a t i o n  in  e a c h  c a s e  w as  r e d u c e d  by  9%. U sin g  the  

a c e ty le n e  r e d u c t io n  te c h n iq u e  fo r  a s s a y in g  N - a s e  a c t iv i t y ,  i t  i s  th u s  

im p o s s ib l e  to  o b ta in  v a lu e s  f o r  100%0^.

T h e  s a m p l e s  w e r e  in c u b a te d  a t  a  s u i t a b le  l ig h t  i n t e n s i ty  f o r  30 m i n s .  

an d  th e n  ^ m l  s a m p l e s  w e r e  t a k e n  an d  a n a l y s e d  fo r  e th y le n e  in  th e  u s u a l  

w a y .

C T H E  E F F E C T  O F  OXYGEN C O N C E N T R A T IO N  ON T H E  R A T E  O F 
DARK AND LIGHT F IX A T IO N .

T h e  r e s u l t s  a r e  sh o w n  g r a p h ic a l l y  in  F i g s . 3 .2  to  3 . 5 .  T h e  v a r io u s

- 5 9 -
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f i g u r e s  a r e  n o t  q u a n t i t a t iv e ly  c o m p a r a b l e  b e c a u s e  i t  w as  no t 

p o s s i b l e  to  u s e  th e  s a m e  m a t e r i a l  in  a l l  e x p e r i m e n t s .

T h e  inH bit ion  o f  a c e ty le n e  r e d u c t io n  by  i s  a p p a r e n t ly  

im m e d i a t e  w ith  a  t i m e  c o u r s e  w h ich  r e m a i n s  l i n e a r  f o r  a t  l e a s t  1 h o u r  

( F i g .  3 . 2 ) .

Q u a l i ta t iv e  c o m p a r i s o n s  sh o w  th a t  th e  o x y g e n  c o n c e n t r a t i o n  g iv ing  

m a x im u m  f ix a t io n  in  th e  d a r k  w a s  r e l a t i v e l y  c o n s ta n t  a t  a b o u t 30% 

i r r e s p e c t i v e  o f  s p e c i e s  (N .e l l i p s o s p o r u m  o r  A .  c y l i n d r i c a ) in  b o th  

l iq u id  c u l t u r e  a n d  on  s o i l  ( F i g s . 3 . 3  to  3 . 5 )  a n d  in  a l l  c a s e s  th e  r a t e  o f  

d a r k  f ix a t io n  in  th e  a b s e n c e  o f  o x y g en  w as  n e g l ig ib l e .

T h e  o x y g en  c o n c e n t r a t i o n  g iv ing  m a x im u m  f ix a t io n  in  th e  l ig h t  

v a r i e d  b e tw e e n  0 an d  25% d epend ing  on  th e  i n t e n s i ty  o f  i l l u m i n a t i o n ,  b u t  

a t  l ig h t  i n t e n s i t i e s  b e lo w  3000 Lux n i t r o g e n a s e  a c t iv i t y  i n c r e a s e d  w ith  

i n c r e a s i n g  0^ c o n c e n t r a t i o n  up  to  a b o u t 20% 0^ ( F i g s .  3 . 3  B a n d  C ,

3 . 4  B a n d  C ) .

T h e  i n c r e a s e  in  f ix a t io n  a s s o c i a t e d  w i th  i l lu m in a t io n  ("L ig h t m in u s  

d a r k "  f ix a t io n  sh o w n  a s  h a t c h e d  l in e s  in  F i g s . 3 . 3  a n d  3 . 4 )  i s  m o r e  

s e n s i t i v e  to  0^ a t  h ig h  l ig h t  i n t e n s i t i e s  th a n  a t  low  l ig h t  i n t e n s i t i e s .  A t 

5900 Lux th e  n i t r o g e n a s e  a c t iv i t y  f a l l s  by  m o r e  th a n  50% a s  th e  0^ 

c o n c e n t r a t i o n  i n c r e a s e s  f r o m  0 to  20%, w h e r e a s  a t  400 Lux th e  v a lu e  d ro p s  

h a r d l y  a t  a l l .

A t a t m o s p h e r i c  o x y g en  c o n c e n t r a t i o n s  a  s u b s t a n t i a l  p r o p o r t i o n  o f  

th e  l ig h t  f ix a t io n  c o n t in u e s  in  th e  d a r k .  T h e  d a r k  f ix a t io n  r a t e  

r e p r e s e n t e d  a b o u t 50% o f  t h a t  a t  5900 Lux a n d  60 to  70% o f  th a t  a t  3400 L u x .

T h e  r e s u l t s  o b ta in e d  w ith  l iq u id  c u l t u r e s  o f  th e  two a lg a l  s p e c i e s  

a r e  b a s i c a l l y  s i m i l a r  to  th o s e  o b ta in e d  w ith  s o i l  g ro w n  m a t e r i a l ,  b u t  th e y  

do d i f f e r  in  th a t  th e y  a r e  a p p a r e n t ly  l e s s  s e n s i t i v e  to  i n c r e a s e d  0^ 

c o n c e n t r a t i o n s  ( s e e  F i g .  3 . 5 ) .  T h e  n i t r o g e n a s e  a c t iv i ty  in  l iq u id  

c u l t u r e s  a t  5000 Lux d ro p s  to  h a l f  o f  i t s  m a x im u m  v a lu e  a t  an  0^ c o n c e n 

t r a t i o n  o f  a b o u t  70%. A  s i m i l a r  d e c r e a s e  i s  p r o d u c e d  w ith  s o l id  s u r f a c e  

c u l t u r e s ‘w i th  o n ly  50% 0 .
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Fig 3'2 Time c o u r s e  for e thy lene  production in th e  light and  
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Fig3-3 Effect of Oxygen concen tra t ion  on nitrogenase activity a t

t h r e e  light in tens i t ies .  (1) A n ab aen a  cylindrica on soil [23*C]
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n g j '4  b t tec t  of Oxygen concentration on n i t rogenase  activi ty  a t

th r e e  light intensities. (2) Nostoc el lipsosporum on soil [23*C]
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Fig 3*5 E ffect of O xygen  c o n c e n tr a t io n  on n itro gen ase  activ ity  in 

liquid c u l t u r e s  of A .cy lindrica  and N. ellipsorum at

SOOO Lux and 23*̂ C. ,

o

- ^ 1 5 0

100

— Ck

'/oO.

A n a b a e n a  c y lindrica

150
£_

JC

"""G—  ____ U-—

’/oO

2. N ostoc  e l l ipsosporunr)

o  ( l igh t -  dark)O '

- 6 5 -



O xygen  c o n c e n t r a t i o n s  in  b o th  ty p e s  o f  e x p e r i m e n t  w e r e  m e a s u r e d  

by  a n a ly s in g  s a m p l e s  f r o m  th e  g a s  p h a s e .  D e s p i te  th e  f a c t  t h a t  5 m l  

s a m p l e s  w e r e  u s e d  in  125 m l  m e d ic a l  f l a t s  an d  s h a k e n  f o r  10 m in u te s  

b e f o r e  a c é ty l a t i o n ,  i t  i s  p o s s i b le  th a t  th e  i n s e n s i t i v i t y  o f  l iq u id  c u l t u r e s  

to  0^ i s  a t t r i b u t a b l e  to  an  i m p e r f e c t  e q u i l ib r iu m  b e tw e e n  th e  p h a s e s .

D T H E  E F F E C T  O F  T E M P E R A T U R E  ON N IT R O G E N A SE  A C T IV IT Y  IN 
T H E  P R E S E N C E  AND A B S E N C E  O F  O X Y G E N .

T h e  f a c t  th a t  th e  r a t e  o f  d a r k  f ix a t io n  in  th e  a b s e n c e  o f  0^ i s  n e g l ig ib le  

s u g g e s t s  th a t  th e  A T P  r e q u i r e m e n t s  in  th e  l ig h t  u n d e r  s u c h  c o n d i t io n s  

a r e  m e t  e n t i r e l y  by  p h o to p h o s p h o ry la t io n .  T h u s  a t  low  l ig h t  i n t e n s i t i e s ,  

w h e r e  th e  l ig h t  r e a c t i o n s  o f  p h o to s y n th e s i s  a r e  r a t e  l i m i t t i n g , th e  

n i t r o g e n a s e  a c t iv i t y  u n d e r  a n a e r o b ic  c o n d i t io n s  m ig h t  be  e x p e c te d  to  be  

in d e p e n d e n t  o f  t e m p e r a t u r e .  A n u m b e r  o f  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  

i n  o r d e r  to  t e s t  th i s  h y p o t h e s i s .

U n ifo rm  5 m l  a l iq u o ts  o f  N . e l l i p s o s p o r u m  w e r e  in c u b a te d  in  120 m l  

m e d ic a l  f l a t s  a t  v a r i o u s  t e m p e r a t u r e s  in  a  w a te r  b a th  a t  1100 L ux . T h e  

b o t t l e s  c o n ta in e d ,  i n i t i a l l y ,  a  g a s  p h a s e  o f  e i t h e r  O ^ /A r /C O ^  (2 0 :  7 9 - 5 :  0 . 5 )
I Act(iileiA.e c o o - s

o r  A r /C O ^  (9 9 -5  : 0 . 5 ) .  f ATiTm-rm a r  mtyi A t.p_d a s  so o n  a s  th e y  h a d

r e a c h e d  th e  d e s i r e d  t e m p e r a t u r e  a n d  th e  g a s  p h a s e  w a s  s a m p l e d  a f t e r  30 

m in u te s  a n d  a n a ly s e d  in  th e  u s u a l  w a y .

T h e  r e s u l t s  o f  one  s u c h  e x p e r i m e n t  a t  1300 Lux a r e  sh o w n  in  F i g . 3 .6  

o v e r l e a f .  T h e  v a lu e s  p lo t te d  a r e  th e  m e a n s  o f  tw o  s a m p l e s .  T h e  

r e p l i c a t e s  v a r i e d  by  l e s s  th a n  5% a t  a l l  t e m p e r a t u r e s  up  to  3 8 ° C .

A lth o u g h  th e  n i t r o g e n a s e  a c t iv i t y  in  th e  a b s e n c e  o f  0^ i s  n o t  in  d e p e n d a n t  

o f  t e m p e r a t u r e ,  i t  i s  f a r  l e s s  t e m p e r a t u r e  s e n s i t i v e  th a n  th e  r a t e  in  th e  

p r e s e n c e  o f  0 ^ .  A s  th e  t e m p e r a t u r e  i n c r e a s e d  f r o m  11 to  3 8 ° C ,  th e  

p h o to  s y n th e t ic  a l ly  d r iv e n  f ix a t io n  i n c r e a s e d  b y  a  f a c t o r  o f  2 . 6  ( 0 .2 6  n  m o le s  

C ^ H q / m l / m i n .  to  0 .7 6  n  m o le s  C ^ H ^ / m l / m i n .  ) w h e r e a s  in  th e  p r e s e n c e  

o f  0^ th e  r a t e  i n c r e a s e d  by  a  f a c t o r  o f  6 . 5  ( 0 .2  n  m o le s  C ^ H ^ / m l / m i n . to  

1.31 n  m o le s  C ^ H ^ / m l / m i n .  ) .

- 6 6 -



P IG  3 . 6  E f f e c t  o f  t e m p e r a t u r e  on  n i t r o g e n a s e  a c t iv i t y  in  th e  p r e s e n c e  a n d
a b s e n c e  o f  o x y g e n .

n m o l e s  C,H/ml/min.

1.0

C40
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T he  s h o u ld e r  on the  a n a e r o b ic  c u r v e  a t  abou t 17 C w ou ld  a p p e a r  

to  be the  p o in t  a t  w h ich  s o m e  f a c t o r  r e q u i r e d  fo r  n i t r o g e n a s e  a c t iv i ty  

b e c o m e s  l i m i t i n g .  T h e  r a t e  u n d e r  a e r o b i c  co n d i t io n  is  s u b je c t  to  no 

s u c h  g r a d ie n t  ch an g e  s u g g e s t in g  th a t  th e  l im i t in g  f a c to r  is  one w h ich  

m ig h t  be  o th e rw is e  p r o d u c e d  in  th e  p r e s e n c e  o f  0 ^ ,  p r o b a b ly  A T P  

p ro d u c e d  by  o x id a t iv e  p h o s p h o r y la t io n .

E .  E F F E C T  O F T E M P E R A T U R E  ON LIGHT P R O M O T E D  FIX A TIO N  A T 
A T M O S PH E R IC  OXYGEN C O N C E N T R A T IO N S .

T h e  p ro d u c t io n  of A T P  by o x id a t iv e  p h o s p h o r y la t io n  is  a  t e m p e r a t u r e  

d e p en d e n t p r o c e s s  w h e r e a s  th e  p r o d u c t io n  o f  A T P  by  p h o to p h o s p h o ry la t io n  

a t  low l ig h t  i n t e n s i t i e s ,  w h e re  th e  l ig h t  e n e r g y  is  l i m i t i n g ,  m ig h t  be  

e x p e c te d  to  be in d e p e n d a n t  o f  t e m p e r a t u r e .

A n u m b e r  of e x p e r i m e n t s  w e r e  c a r r i e d  out u s in g  th e  s t a t i m  b lo c k  an d  

f ib r e  o p t ic  te c h n iq u e  to  in v e s t ig a t e  th is  h y p o th e s i s  a t  l ig h t  i n t e n s i t i e s  

b e tw e e n  100 an d  800 Lux.

In m o s t  o f  th e s e  e x p e r i m e n t s  th e  r a t e  o f  l ig h t  f ix a t io n  fo l lo w ed  th a t  

o f  d a rk  f ix a t io n  ( th a t  i s ;  l ig h t  f ix a t io n  m in u s  d a r k  f ix a t io n  = c o n s ta n t )  

on ly  up to  abou t 2 0 ° C .  A bove th i s  t e m p e r a t u r e  th e  r e l a t i o n s h ip  b r e a k s  

down as  th e  a p p a r e n t  c o n t r ib u t io n  f ro m  d a rk  f ix a t io n  i n c r e a s e s .  F i g . 3 .7  

show s a ty p ic a l  r e s u l t .

In a  n u m b e r  o f  e x p e r i m e n t s  o f  th i s  t y p e ,  w ith  v e r y  low l ig h t  i n t e n s i t i e s ,  

th e  r a t h e r  s u r p r i s i n g  r e s u l t  o f  th e  ty p e  sh o w n  in  F i g ,  3 . 8  w as  o b ta in e d ,  

w h e re  l ig h t  a c tu a l ly  r e p r e s s e d  n i t r o g e n a s e  a c t i v i t y .  I t  h a s  n o t  b e e n  

p o s s ib le  to  r e p r o d u c e  th is  r e s u l t  c o n s i s t e n t ly  a n d  i t  w as  a t  f i r s t  th o u g h t 

to  be  an  a r t i f a c t .  S i m i l a r  r e s u l t s  h a v e ,  h o w e v e r ,  b e e n  o b ta in e d  u s in g  

s e v e r a l  d i f f e r e n t  te c h n iq u e s  , b o th  by  m y s e l f  a n d  by  o th e r  w o r k e r s  in  th e  

l a b o r a t o r y .  T h e  r e p r e s s i o n  w as  n o te d  in  8 ou t o f  13 e x p e r i m e n t s .  T h e  

r e s u l t s  o f  one s u c h  e x p e r im e n t  a r e  sh o w n  b e lo w .

F iv e  r e p l i c a t e  b o t t l e s ,  e a c h  c o n ta in in g  4  a lg a l  d i s c s  w e r e  in c u b a te d  a t  

150 Lux a n d  33°C  w ith  an  a t m o s p h e r e  o f  a i r  an d  10% a c e ty l e n e .

M e a n  C H P r o d u c t i o n S ta n d a rd
P

(n m o le s  C ^ H ^ /C M  / H r ) D e v ia t io n

D a r k 6 8 .8 6 .7 5
Light 4 2 , 8 7 . 5
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T h e  H ’ t e s t  sh o w s th a t  the  m e a n s  a r e  s ig n i f i c a n t ly  d i f f e r e n t  a t  th e  

1% l e v e l .

T he  a u th o r  c a n  p r e s e n t  no p r o v e n  r e a s o n  fo r  th i s  e f f e c t .  F a y  an d  

C ox (1966) n o te d  a  s i m i l a r  o c c u r r e n c e  in  c e l l  f r e e  p r e p a r a t i o n s  of 

A . c y l in d r i c a  an d  s u g g e s te d  th a t  i t  m a y  be  due to  th e  p h o to -o x id a t io n  o f  

s o m e  f a c to r  r e q u i r e d  in  th e  r e d u c e d  s t a t e  by  th e  n i t r o g e n a s e .  It i s  

p o s s ib le  th a t  th e  e f fe c t  is  due to  s t im u la t e d  p h o t o r e s p i r a t i o n  a t  

a t m o s p h e r i c  a n d  c o n c e n t r a t i o n s  c o m p e t in g  w ith  n i t r o g e n a s e  

a c t iv i ty  f o r  r e d u c t a n t .  T h e  e f fe c t  w as  n o te d  in  a l l  in s t a n c e s  a t  

t e m p e r a t u r e s  b e tw e e n  30°C  a n d  4 0 ° C .

F .  DISCUSSION

T h e  d a ta  o b ta in e d  s u g g e s t s  th a t  an  o x y g en  d e p e n d a n t  d a r k  r e a c t i o n  

c o n t r ib u te s  to  n i t r o g e n  f ix a t io n  e v e n  w hen  th e  c e l l s  a r e  g ro w in g  in  the  

l ig h t .

An oxygen  d e p e n d a n t  d a r k  r e a c t i o n  e v id e n t ly  e x i s t s  s in c e  b o th  A .  

c y l in d r i c a  an d  N .e l l i p s o s p o r u m  w ill  f ix  n i t r o g e n  in  th e  d a r k  p r o v id e d  

oxygen  i s  p r e s e n t .  T h e  f a c t  th a t  th i s  f ix a t io n  c o n t in u e s  f o r  s o m e  t im e  

w ith o u t th e  a d d i t io n  of o r g a n ic  e n e r g y  s o u r c e s  ( s e e  s e c t i o n  4 )  s u g g e s t s  

th a t  a  s u b s t a n t i a l  p o te n t ia l  r e d u c t a n t / e n e r g y  p oo l i s  a v a i l a b l e .

E v id e n c e  f o r  th e  c o n t in u a t io n  o f  th e  r e a c t i o n  in  th e  l ig h t  is  tw o fo ld :

F i r s t  the  d a ta  show # t h a t ,  a l th o u g h  o x y g en  i s  a  r e c o g n i s e d  in h ib i to r  

o f  n i t r o g e n a s e  a c t iv i t y ,  a c e ty le n e  r e d u c t io n  in  d e - o x y g e n a te d  c u l tu r e s  

in c u b a te d  a t  l ig h t  i n t e n s i t i e s  b e lo w  3000 Lux i n c r e a s e d  w ith  r i s i n g  0^ 

c o n c e n t r a t i o n  up to  abou t 20% O^.

S eco n d ly  th e  n i t r o g e n a s e  a c t iv i ty  in  i l l u m i n a t e d  c u l tu r e s  of 

N . e l l ip s o s p o r u m  in  th e  p r e s e n c e  o f  o x y g en  i n c r e a s e d  s t e a d i ly  w ith  

t e m p e r a t u r e  up to  a b o u t 38°C  b u t  in  th e  a b s e n c e  o f  o x y g e n ,  a  p a r t i a l  

l im i t a t i o n  in  n i t r o g e n a s e  a c t iv i ty  o c c u r s ,  p r e s u m a b l y  c a u s e d  by  a  la c k  

o f  s o m e  f a c t o r  r e q u i r e d  by  th e  n i t r o g e n a s e  w h ich  c a n  be  p r o v id e d  in  th e  

p r e s e n c e  o f O ^ .

T he  fa c t  th a t  c h a n g e s  in  0^ c o n c e n t r a t i o n  p r o d u c e d  an  a p p a r e n t ly  

im m e d ia te  ch an g e  in  n i t r o g e n a s e  a c t iv i t y ,  s u g g e s t s  th a t  th e  l im i t in g  f a c t o r
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i s  A T P  r a t h e r  th a n  r e d u c t a n t  s in c e  e v id e n c e  s u g g e s t s  th a t  a  poo l 

o f  r e d u c t a n t  e x i s t s  w h ich  b e c o m e s  l im i t in g  o n ly  u n d e r  e x c e p t io n a l  

c i r c u m s t a n c e s  (Lex e t  a l  1972) o r  a f t e r  p r o lo n g e d  p e r io d s  ( S te w a r t  

an d  P e a r s o n  1 9 7 0 ) .

T h e  o x y g en  c o n c e n t r a t i o n  g iv ing  o p t im u m  n i t r o g e n a s e  a c t iv i t y  

d ep en d s  on  th e  in t e n s i t y  o f  i l l u m i n a t i o n .  A l th o u g h ,  a s  Lex e t  a l  (l972) 

p o in t  o u t ,  th e  i n c r e a s e d  o x y g en  s e n s i t i v i t y  a t  h ig h  l ig h t  i n t e n s i t i e s  c o u ld  

b e  due to  s t i m u l a t e d  p h o t o r e s p i r a t i o n  c o m p e t in g  w ith  n i t r o g e n a s e  f o r  

r e d u c t a n t ,  th e  r e l a t i v e  c o n t r ib u t io n  f ro m  o x id a t iv e  p h o s p h o r y la t io n  

an d  p h o to p h o s p h o ry la t io n  w o u ld  a l s o  s e e m  to  be  c o n t r i b u t a r y .

T h e  to ta l  f ix a t io n  (sh o w n  in  P i g s . 3 . 3  a n d  3 . 4 )  a p p e a r s  to  be  a 

s u m m a t io n  o f  th e  l ig h t  c o n t r ib u t io n  w h ich  h a s  no o x y g en  r e q u i r e m e n t s ,  

an d  th e  r e s p i r a t o r y  ( " d a r k " )  c o n t r ib u t io n ,  w h ic h  h a s  an  o p t im u m  v a lu e  

a t  a b o u t 30% 0 ^ .  A t h ig h  l ig h t  i n t e n s i t i e s  th e  r e s p i r a t o r y  c o n t r ib u t io n  

i s  s m a l l  ( a l th o u g h  l a r g e  enough  to  p ro d u c e  th e  s h o u ld e r  a t  ab o u t 

25% 0^ on c u r v e s  3 .3  (A ) a n d  3 . 4  (A) ) b u t  a s  th e  i n t e n s i t y  o f  i l l u m in a t io n  

f a l l s  i t s  c o n t r ib u t io n  to  th e  total b e c o m e s  l a r g e r ,  s o  t h a t  th e  o p t im u m  

0^ c o n c e n t r a t i o n  te n d s  to w a rd s  30% ( F i g s .  3 . 3 .  (C )  a n d  3 , 4  ( C ) ) .

U n d e r  a e r o b i c  c o n d i t io n s  th e  i n c r e a s e  in  f ix a t io n  a s s o c i a t e d  w ith  

i l lu m in a t io n  m a y  b e  s o le ly  due to  p h o to s y n th e t ic  a l ly  p r o d u c e d  A T P  

su p p lem en tin g  th a t  p r o d u c e d  by  o x id a t iv e  p h o s p h o r y la t io n .  U n d e r  

a n a e r o b ic  c o n d i t io n s ,  w hen  o x id a t iv e  p h o s p h o r y la t io n  i s  u n a b le  to  o p e ra te ^  

th e  r a te ;  o f  d a r k  f ix a t io n  i s  e x t r e m e l y  s m a l l .  T h e  s u b s t a n t i a l  i n c r e a s e  

w h ich  o c c u r s  w hen  s u c h  c u l tu r e s  a r e  s u b j e c t e d  to  h ig h  l e v e l s  o f  i l l u m i n a t i o n ,  

m a y  b e  di:e.to the  u s e  o f  p h o to s y n th e t i c a l ly  p r o d u c e d  o x y g en  f o r  r e s p i r a t o r y  

A T P  p In d u c t io n  as  w e l l  a s  th e  d i r e c t  p r o v i s io n  o f  A T P  by  p h o t o s y n t h e s i s . 

T h a t  i s ,  th e  A T P  r e q u i r e m e n t  a t  h ig h  le v e l s  o f  i l l u m i n a t i o n ,  e v e n  u n d e r  

a n a e r o b ic  c o n d i t io n s ,  m a y  b e  p a r t i a l l y  f u l f i l l e d  by  o x id a t iv e  p h o s p h o r y la t io n .

T h e  a lg a e  in  th e  s o i l  c r u s t s  u s e d  fo r  th e  e x p e r i m e n t s  w e r e  in  

in t im a te  c o n ta c t  w ith  th e  g a s  p h a s e  in  th e  in c u b a t io n  c h a m b e r  w h ich  

s h o w e d  a  n e g l ig ib le  i n c r e a s e  in  o xygen  c o n c e n t r a t i o n  o v e r  th e  30 m i n .  

in c u b a t io n  p e r i o d .  E v e n  so  th e  o x y g en  p r o d u c e d  by  p h o to s y s te m  11
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m a y  be u s e d  fo r  th e  p r o d u c t io n  o f  e n e r g y  f r o m  e n d o g en o u s  s u b s t r a t e s  

w ith o u t  e v e r  le a v in g  th e  v e g e ta t iv e  c e l l s .  T h e  A T P  p r o d u c e d  c o u ld  th e n  

h e  t r a n s f e r r e d  to  th e  h e t e r o c y s t .  S te w a r t  ( l97S )  c o n s i d e r s  th a t  

th e  A T P  u s e d  to  d r iv e  th e  n i t r o g e n a s e  in  th e  d a r k ,  in  a e r o b i c  c u l t u r e s ,  

i s  p r o v id e d  in  th i s  w a y .

I f  th i s  is  in d e e d  th e  c a s e ,  i t  w o u ld  l e a d  to  a n o th e r  e x p la n a t io n  fo r  th e  

o b s e r v a t i o n  th a t  th e  a p p a r e n t  c o n t r ib u t io n  f r o m  i l lu m in a t io n  is m o r e  0^ 

s e n s i t i v e  a t  h ig h  l ig h t  i n t e n s i t i e s  th a n  a t  low  l ig h t  i n t e n s i t i e s .  In  

a d d i t io n  to  th e  s t i m u l a t e d  p h o t o r e s p i r a t i o n  n o te d  by  Lex e t  a l  ( l9 7 l )  

i t  m a y  be  t h a t ,  a t  h ig h  l ig h t  i n t e n s i t i e s ,  th e  p h o to s y n th e t i c a l ly  p r o d u c e d  

ox y g en  i s  a l r e a d y  m e e t in g  th e  r e q u i r e m e n t s  o f  o x id a t iv e  p h o s p h o r y la t io n  

a n d  th e  a d d i t io n  o f  f u r t h e r  o x y g e n  o n ly  s e r v e s  to  in h ib i t  th e  n i t r o g e n a s e .

I t  m ig h t  a l s o  s u g g e s t  th a t  th e  s e n s i t i v i t y  o f  in  v iv o  s y s t e m s  , ev e n  

u n d e r  a n a e r o b ic  c o n d i t io n s  , to  r e s p i r a t o r y  i n h i b i to r s  s u c h  a s  KCN 

an d  c h l o r o p r o m a z i n e  (C ox  1966) i s  v i a  o x id a t iv e  p h o s p h o r y la t io n  r a t h e r  

th a n  th e  r e d u c t a n t  g e n e r a t in g  s y s t e m .

T h e  c o n t in u a t io n  o f  a c e ty le n e  r e d u c t io n  in  th e  d a r k  is  o f  o b v io u s  

r e l e v a n c e  to  e s t i m a t io n s  o f  th e  t o t a l  d a i ly  f ix a t io n  in  th e  f i e ld .

A n  in v e s t ig a t io n  o f  o v e r - n ig h t  f ix a t io n  in  th e  f i e ld  i s  d e s c r i b e d  in  th e  

fo llow ing  s e c t i o n .

G .  SUMMARY

S tu d ie s  o f  a c e ty le n e  r e d u c t io n  by  s o i l  g ro w n  c r u s t s  a n d  l iq u id  

c u l tu r e s  o f  A .  c y l in d r i c a  a n d  N .  e l l i p s o s p o r u m  s u g g e s t  th a t  a  d a r k  

r e a c t i o n  c o n t r i b u te s  to  n i t r o g e n  f ix a t io n  e v e n  w h en  th e  c e l l s  a r e  g ro w in g  

in  th e  l i g h t .  T h e  e v id e n c e  fo r  th i s  i s  tw o fo ld .

( l )  A c e ty le n e  r e d u c t io n  by  a e r o b i c  c u l t u r e s  in  th e  l ig h t  i n c r e a s e d  

s t e a d i ly  w ith  t e m p e r a t u r e  w h e r e a s  , in  th e  a b s e n c e  o f O ^ ,  a  p a r t i a l  

l im i t a t i o n  w as  n o te d .
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(2) T h e  n i t r o g e n a s e  a c t iv i ty  in  d e -o x y g e n a te d  c u l tu r e s  a t  l ig h t  

in t e n s i t i e s  be low  3000 Lux i n c r e a s e d  w ith  i n c r e a s i n g  0^ c o n c e n t r a t i o n  

up to  abou t 20% .

T h e  fa c t  th a t  th e  i n c r e a s e  w as  a p p a r e n t ly  im m e d i a te  s u g g e s t s  th a t  th e  

l im i t in g  f a c to r  is  A T P  r a t h e r  th a n  r e d u c t a n t  s in c e  o th e r  e v id e n c e  s u g g e s t s  

th a t  a  r e d u c t a n t  p oo l e x i s t s  (Lex e t  a l  19 7 2 ) .

U n d e r  l im i t in g  l ig h t  in t e n s i t i e s  th e  c o n t r ib u t io n  f r o m  l ig h t  f ix a t io n  

to  the  to ta l  r e m a i n e d  c o n s ta n t  on ly  up to  abou t 2 0 ° C ,  a n d  u n d e r  s o m e  

c o n d i t io n s  of low  i l lu m in a t io n  an d  h ig h  t e m p e r a t u r e , l ig h t  a c tu a l ly  

a p p e a r e d  to  r e p r e s s  a c e ty le n e  r e d u c t io n .

T h e  0^ c o n c e n t r a t i o n  g iv ing  o p t im u m  n i t r o g e n a s e  a c t iv i t y  d e p e n d e d  on  

the  in t e n s i ty  o f  i l lu m i n a t i o n .  T h is  d e p e n d e n c y  m a y  be  a c c o u n te d  fo r  

by the  r e l a t i v e  c o n t r ib u t io n s  o f  ' d a r k  ' an d  l ig h t  f ix a t io n  p r o c e s s e s  to 

the  o v e r a l l  f ix a t io n  r a t e . U n d e r  c o n d i t io n s  o f  h ig h  i l lu m in a t io n  the  

c o n t r ib u t io n  f ro m  A T P  p r o d u c e d  by  o x id a t iv e  p h o s p h o r y la t io n ,  w h ich  

has  an  o p t im u m  0^ c o n c e n t r a t i o n  o f  30%, i s  s m a l l  w h e r e a s ,  a t  h igh  l i th  

in t e n s i t i e s  , i t s  c o n t r ib u t io n  is  s u f f ic ie n t ly  l a r g e  to  b ia s  th e  o p t im u m  0^ 

r e q u i r e m e n t  o f  the  o v e r a l l  p r o c e s s  to w a rd s  30% 0 ^ .
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4 .  IN V E ST IG A TIO N  O F  O V ERN IG H T F IX A T IO N  IN T H E  FIELD

A .  IN T R O D U C T IO N

C u l tu r e s  o f  N . e l l i p s o s p o r u m  g ro w n  a e r o b i c a l l y  in  th e  l a b o r a t o r y  w ith

a  16 h o u r  d a i ly  i l lu m in a t io n  p e r i o d  c o n t in u e d  to  r e d u c e  a c e ty le n e  in  th e
q

d a r k  a t  a  r a t e  v /h ich  d e c r e a s e d  l i t t l e  o v e r  a  ^  h o u r  p e r i o d ,  ( s e e  F i g ,  4 . l )  . 

Such  a  c o n t in u a t io n  o f  f ix a t io n  in  th e  f i e ld  m ig h t  h a v e  a c o n s id e r a b le  

e f f e c t  on  e s t i m a t e s  of d a i ly  f ix a t io n ,  a n d  an  e x p e r i m e n t  w as  d e s ig n e d  to  

e v a lu a te  th i s  e f f e c t  in  th e  f i e ld .

T h e  f ix a t io n  a s s o c i a t e d  w ith  an  a r e a  o f  g o o d  a lg a l  c o v e r  w as  m o n i t o r e d  

o v e r n ig h t .

B . E X P E R IM E N T A L  DESIGN

T h e  a r e a  c h o s e n ,  B r o a d b a l k ,  p lo t  3 ,  n o n  h e r b i c i d e , i s  one  o f  

R o th a m s te d * s  c l a s s i c  p lo t s  w h ic h  h a v e  b e e n  so w n  to  w h e a t  s i n c e  1840 

w ith o u t th e  a d d i t io n  o f  any  n i t r o g e n o u s  f e r t i l i z e r .

T h e  e x p e r i m e n t  w as  c a r i i e d  o u t  in  th e  m id d le  w eek  o f  A u g u s t ,  d u r in g  

a  p e r i o d  o f  f i n e ,  d ry  w e a th e r  (m id d a y  a i r  t e m p e r a t u r e  = 29 C ) .

32 t e s t  c h a m b e r s  w e r e  d r iv e n  in to  th e  g r o u n d  a n d  w e ll  w a t e r e d  f o r  

48  h o u r s  p r i o r  to  th e  e x p e r i m e n t .

T h e  f ix a t io n  w as  m e a s u r e d  a t  m id d a y ,  th e  l id s  w e r e  r e m o v e d  f r o m  

th e  c h a m b e r s ,  a n d  th e  e x p e r i m e n t  w as  r e s u m e d  a t  6 O * c lo c k .

T h e  c h a m b e r s  w e r e  u s e d  in  r e p l i c a t e  p a i r s ,  e a c h  p a i r  b e in g  u s e d  to  

e s t i m a t e  f ix a t io n  o v e r  a  one h o u r  p e r i o d .

A c e ty le n e  w as  in t r o d u c e d  in to  p a i r s  o f  c h a m b e r s  on  th e  h o u r  e v e r y  h o u r  

b e tw e e n  6 .0 0  p . m .  a n d  10 .00  a . m  th e  fo llow ing  m o r n i n g .  G as s a m p l e s  

w e r e  ta k e n  3 0 ,  60 a n d  90 m in u te s  a f t e r  th e  a d d i t io n  o f  a c e t y l e n e ,  a n d  th e  

p a i r  o f  c h a m b e r s  w a s  th e n  d i s c a r d e d .

T h e  s a m p l e s  w e r e  a n a ly s e d  in  th e  u s u a l  w ay  a n d  th e  r a t e  o f  N - a s e  

a c t iv i ty  e s t i m a t e d .

T h e  v a r i a t i o n  in  a b s o lu te  f ix a t io n  b e tw e e n  t e s t  c h a m b e r s  i s  c o n s id e r a b le  

b e c a u s e  o f  v a r i a t i o n s  in  a lg a l  c o v e r  a n d  in  o r d e r  to  o b ta in  c o m p a r a b le
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d a ta  th e  N - a s e  a c t iv i ty  fo r  e a c h  p o t  i s  e x p r e s s e d  as  a  p e r c e n ta g e  o f  th e  

m id d a y  v a l u e .

C .  RESULTS

T h e  r e s u l t s  a r e  sh o w n  in  F i g .  4 . 2  o v e r l e a f .

T h e  p o in ts  on  th e  g r a p h  jo in e d  by  c o n t in u o u s  l i n e s  r e p r e s e n t  th e  

s u c c e s s i v e  m e a n  r e a d in g s  f r o m  p a r t i c u l a r  p a i r s  o f  c h a m b e r s .  A lth o u g h  

t h e r e  i s  sonie o v e r l a p  in  r e a d in g s  b e tw e e n  6 .0 0  a . m .  a n d  11.00 a . m . ,  

the  e x p e c te d  i n c r e a s e  in  r a t e  b e tw e e n  s u c c e s s i v e  r e a d i n g s  c a n  b e  o b s e r v e d .

T he  m in im u m  r e c o r d e d  N - a s e  a c t iv i ty  ( 4 .3 0  a . m . )  i s  20% o f  th e  

m id d a y  r e a d in g  w h ile  th e  a v e r a g e  n ig h t  t im e  f ix a t io n ,  b a s e d  on  a  16 h o u r  

day  (8 h o u r  d a r k  p e r io d )  , i s  a b o u t 33% o f  th e  m id d a y  r e a d i n g .  T h u s  a  

s ig n i f i c a n t  p a r t  o f  th e  to t a l  f ix a t io n  o c c u r s  a t  n ig h t .

D .  DISCUSSION

Q u a l i ta t iv e  e s t i m a t e s  o f  d a i ly  a n d  s e a s o n a l  n i t r o g e n  f ix a t io n  h a v e  

b e e n  m a d e  a s s u m in g  a  16 h o u r  day  w ith  no  f ix a t io n  o c c u r r i n g  d u r in g

th e  8 h o u r s  o f  d a r k n e s s .  A lth o u g h  th i s  a s s u m p t i o n  i s  e v id e n t ly  f a l s e ,  th e  

e r r o r  i n c u r r e d  does  n o t  a p p e a r  to  b e  v e r y  l a r g e ,  b e c a u s e  th e  a d d i t io n a l  

n ig h t  t im e  f ix a t io n  i s  o f f s e t  b y  a  d e c r e a s e  in  f ix a t io n  a t  daw n  a n d  d u s k .

In  c o m p a r i s o n s  b e tw e e n  th e  tw o  e s t im a te s  on  14 o c c a s i o n s ,  th e  16 h o u r  

l i g h t / 8 h o u r  d a r k  m e th o d  g av e  r e s u l t s  th a t  w e r e  b e tw e e n  4% lo w e r  a n d  11% 

h ig h e r  th a n  th e  ‘co n t in u o u s  f i x a t i o n |  m e th o d .

G ra p h  4 . 3  sh o w n  o v e r l e a f  w a s  p r e p a r e d  so  th a t  n ig h t im e  f ix a t io n  

r a t e s  c o u ld  b e  e s t i m a t e d  f r o m  th e  v a lu e s  m e a s u r e d  in  th e  f i e ld  d u r in g  

th e  d a y .

T h e  p r o p o r t i o n  o f  d a y t im e  f ix a t io n  w h ic h  c o n t in u e s  a t  n ig h t  i s  

d e p e n d a n t  on  tw o  f a c t o r s .

(1) T h e  l ig h t  i n t e n s i ty  d u r in g  th e  d a y .  T h e  p r o p o r t i o n  o f  f ix a t io n  

co n t in u in g  in  th e  d a r k  w i l l  b e  l e s s  i f  th e  d a y t im e  f ix a t io n  i s  h ig h .

(2 ) T h e  d e c r e a s e  in  t e m p e r a t u r e  a t  n ig h t f a l l .

T h e  r a t e  o f  d a r k  f ix a t io n  i s  r e l a t e d  to  t e m p e r a t u r e  in  an  a p p r o x im a te ly  

l i n e a r  m a n n e r  o v e r  s m a l l  t e m p e r a t u r e  c h a n g e s .
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F IG  4 , 3  E S T IM A T E D  P R O P O R T IO N  O F  LIGHT F IX A T IO N  C O N T IN U IN G  

IN T H E  DARK A T  VARIOUS LIGHT IN T E N S IT IE S .

Percen tage  of light fixation 
continuing in t h e  dark.

100

70 a - d a r k  
b - 3 0 0  Lux 
c -1000 Lux 
d -2^700 Lux 
e - 6 0 0 0  Lux 
f -16500 Lux 
g-33000Lux

1 2 3 54

Ratio of day/n ight  soil te m p e ra tu re .
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T h e  g r a p h  i s  c o m p o s i te  o f  r e s u l t s  f r o m  a  n u m b e r  o f  o th e r  

e x p e r i m e n t s  c a r r i e d  ou t by  m y s e l f ,  in  b o th  th e  l a b o r a t o r y  a n d  in  th e  

f i e l d ,  c o n c e rn in g  th e  a f fe c t  o f  l ig h t  in t e n s i ty  on  f ix a t io n  a n d  th e  e f f e c t  

o f  t e m p e r a t u r e  on  th e  d a r k  f ix a t io n  r a t e .  T h e  e f fe c t  o f  t h e s e  tw o  f a c t o r s  

is  c u m u la t i v e ,  f o r  e x a m p le  w h en  a  6200 Lux l ig h t  s o u r c e  i s  t u r n e d  o ff  th e  

f ix a t io n  d ro p s  to  51% o f  i t s  p r e v io u s  v a l u e .  I f  th e  t e m p e r a t u r e  now  d ro p s  

by  50% ( t e m p e r a t u r e  d a y / t e m p e r a t u r e  n ig h t  = 2 . 0 )  th e  f ix a t io n  i s  r e d u c e d  

further to 34% o f its  previous v a lu e . Thus on a day when the ligh t in ten sity  

is  6200 Lux a n d  th e  n ig h t  t i m e  t e m p e r a t u r e  i s  h a l f  o f  th e  d a y t im e  

t e m p e r a t u r e

tbe n ig h t  t im e  f ix a t io n  r a t e  = D aytim e f ix a t io n  r a t e  x  51 x  34
100 100

= D a y t im e  f ix a t io n  r a t e  x  15 /l00

T h e  v a lu e s  p r e d i c t e d  f r o m  th e  g r a p h  a p p e a r  to  b e  a c c u r a t e  to  

w ith in  ab o u t -  15% a t  tem p eratu res b e tw e e n  10°C a n d  3 0 ° C .

The plots chosen  for the overnight experim en t w ere  fa ir ly  open .

T h e  l ig h t  in t e n s i ty  m e a s u r e d  a t  m id d a y  u n d e r  th e  w h e a t  s t a n d  a v e r a g e d  

29000 Lux ( F u l l  s u n l ig h t  w a s  m easu red  a t  61000 L u x ) ,  T h e  v a lu e  

p r e d i c t e d  f ro m  th e  g r a p h  w ith  th is  l ig h t  i n t e n s i ty  a n d  a  day/n ight s o i l  

t e m p e r a t u r e  r a t i o  o f  1 ,6  ( 2 4 ° C / l 5 ° C )  i s  a b o u t  17% o f  d a y t im e  f ix a t io n .

L ight i n t e n s i ty  m e a s u r e m e n t s  u n d e r  w h e a t  w ith  v a r i o u s  f e r t i l i z e r  

a n d  h e r b i c id e  t r e a t m e n t s  sh o w  s o m e  i n t e n s i t i e s  a s  low  a s  400 Lux a n d  

under a s im ila r  tem p erature reg im e the p red icted  dark fixation  rate would  

b e  as h ig h  a s  40% o f  th e  l ig h t  v a lu e .

T h e  results o b ta in e d  in  t h e s e  e x p e r i m e n t s  m u s t  b e  t r e a t e d  w ith  c a u t io n  

s i n c e ,  u n l ik e  f ix a t io n ,  a c e ty le n e  r e d u c t io n  d o es  n o t  r e q u i r e  c a r b o n  

s k e le to n s  to  ta k e  up  th e  r e d u c e d  p ro d u cts . I t  i s  th u s  p o s s i b l e  t h a t  a l th o u g h  

th e  a lg a e  c a n  m e e t  th e  r e q u i r e m e n t s  fo r  a c e ty le n e  r e d u c t io n  f o r  long 

p e r i o d s ,  c a r b o n  s k e le to n s  c o u ld  b e c o m e  l im i t in g  f o r  th e  r e d u c t io n  o f  N ^ ,

A sim p le  laboratory in vestigation  o f fixation  o ver  an extended

d a r k  p e r i o d  w ou ld  b e  o f  i n t e r e s t .

- 8 0 -



E . SUMMARY

T h e  o v e rn ig h t  n i t r o g e n a s e  a c t iv i ty  in  th e  f i e ld  w a s  e s t i m a t e d  

u s in g  th e  in  s i tu  in c u b a t io n  c h a m b e r  te c h n iq u e  d u r in g  a  p e r i o d  o f  

f ine  w e a th e r  in  A u g u s t .

T he  f ix a t io n  a p p e a r e d  to  c o n t in u e  throughout th e  n ig h t  a t  a  r a t e  

which dropped to about 20% o f the m idday v a lu e . Other experim en tal

f ind ings  s u g g e s t  th a t  th e  p r o p o r t i o n  o f  d a y t im e  f ix a t io n  w h ich  

continues a t  n ig h t  d ep en d s  on  th e  d a y t im e  l ig h t  i n t e n s i ty  a n d  th e  d ro p  

in  t e m p e r a t u r e  a t  d u s k .

-81.
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5 .  F A C T O R S  A F F E C T IN G  N IT R O G E N  R E L E A SE

A .  IN TR O D U C TIO N

T h e  a t m o s p h e r i c  N^ f ix e d  by  th e  a lg a l  c e l l s  o v e r  the  g ro w in g  

s e a s o n  i s  u l t im a te ly  r e l e a s e d  by  th e  d e a th  o f  th e  c e l l s .  N i t ro g e n o u s  

p r o d u c t s  a r e  a l s o  r e l e a s e d  d u r in g  a c t iv e  g ro w th  due to  c e l l u l a r  l e a k a g e .

F o g g  (1952) in v e s t ig a t e d  th e  le a k a g e  o f  n i t r o g e n o u s  s u b s t a n c e s  by

A . c y l i n d r i c a  in  r e l a t i o n  to  a  n u m b e r  o f  c u l t u r a l  f a c t o r s . H e found  th a t  

b e tw e e n  10 an d  30% o f  the  to t a l  N f ix e d  a p p e a r e d  in  th e  c u l tu r e  m e d i u m , 

a n d  th a t  the  p e r c e n ta g e  r e l e a s e  w as  h ig h e s t  in  young c u l t u r e s . T h e  

p e r c e n t a g e  w as  i n c r e a s e d  in  o l d e r  c u l tu r e s  by  d e f ic ie n c i e s  o f  F g , K an d  

to  a  l e s s e r  e x te n t  M o .  N e i t h e r  l ig h t  i n t e n s i ty  n o r  th e  a d d i t io n  o f  g lu c o s e  

to  th e  c u l tu r e  m e d iu m  a p p e a r e d  to  h a v e  a  s ig n i f i c a n t  e f f e c t .  T h e  10-30% 

r e l e a s e d  p r o d u c t s  c o n s i s t e d  o f ;  NH -  N (0-2%) , A m i d e -N  (6-21%) 

a n d  A m in o -N  ( 5 .5  -  7 .7 % ) .

T a h a  an d  R e f  a i ( l962 )  n o te  t h a t  30% of th e  t o t a l  N f ix e d  b y  N o s to c  

c o m m u n e  i s  r e l e a s e d  in to  th e  c u l tu r e  m e d i u m .  T h e  n i t r o g e n o u s  p r o d u c t s

c o m p o s in g  th i s  30% a p p e a r  in  th e  fo llow ing  p r o p o r t i o n s ;  NH -  N (2 8 .5 % ) ,  

NO -  N ( 37% ), A m id e -N  (ll%) a n d  A m in o -N  (20 .12% ).

W a ta n a b e  ( l9 5 l)  i n v e s t ig a t e d  n i t r o g e n o u s  r e l e a s e  by  s e v e r a l  a lg a l  

s p e c i e s  an d  o b ta in e d  the  fo llow ing  v a lu e s  fo r  th e  p e r c e n t a g e  o f  th e  to ta l  

N f ix e d  a p p e a r in g  in  the  c u l tu r e  m e d iu m  : T o ly p o th r ix  te n u is  15,6% 

C a lo th r ix  b r e v i s s i m a  73%, A n a b a e n o p s is  sp  26% a n d  N o s to c  s p . 24%.

T h e  in v e s t ig a t io n s  d e s c r i b e d  in  th i s  s e c t i o n  a r e  p r i m a r i l y  c o n c e r n e d  

w ith  f a c t o r s  o c c u r r i n g  in  th e  f i e ld  w h ic h  m ig h t  in d u c e  th e  r e l e a s e  o f  

n i t r o g e n o u s  s u b s t a n c e s .  T h e  s o i l  on  w h ich  th e  e x p e r i m e n t a l  m a t e r i a l  

w a s  g ro w n  w as  no t s t e r i l i z e d ,  so  th a t  th e  p r e v a i l in g  m i c r o f l o r a  w as  

s i m i l a r  to  th a t  w h ich  o c c u r s  in  th e  f i e l d .  In  th e s e  c o n d i t io n s  s u b s t a n c e s  

r e l e a s e d  by  th e  a lg a e  a r e  r a p id l y  d e g r a d e d .  E x p e r i m e n t s  w i th  u n 

s t e r i l i z e d  s o i l  n o r m a l ly  y ie ld  a m m o n iu m  s a l t s  a s  th e  f in a l  d e g r a d a t io n  

p r o d u c t .
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B . THE EFFEC T OF ACETYLENE ON MEMBRANE LEAKAGE

In a  n u m b e r  o f  e x p e r i m e n t s  d e s c r i b e d  in  th i s  sec tio n  s u c h  a s  

th o s e  in v o lv in g  th e  p r o g r e s s i v e  d e s i c c a t i o n  o f  an  a lg a l  c r u s t ,  th e  s a m e  

m a t e r i a l  w as  u s e d  f o r  b o th  th e  n i t r o g e n a s e  a s s a y  a n d  m e a s u r e m e n t  o f  

s o lu b le  N .  T h is  a s s a y  in v o lv e d  th e  in c u b a t io n  o f  s a m p l e s  u n d e r  10% 

fo r  p e r io d s  o f  up to  1 hou r, a n d  i t  s e e m e d  p o s s i b l e  th a t  C^H^ 

w ith  i t s  h igh  l ip id  s o lu b i l i ty  m ig h t  i t s e l f  a f f e c t  m e m b r a n e  p e r m e a b i l i t y .

In s a m p l e s  w h ich  h a v e  b e e n  in a d v e r t e n t ly  l e f t  u n d e r  a c e ty le n e  f o r  

48 h o u rs , phycocyanin and chlorophyll are v is ib le  in so lu tion . 

E x p e r i m e n t s  w e r e  c a r r i e d  ou t in  th e  l a b o r a t o r y  to  e v a lu a te  th i s  e f f e c t .

C u l tu r e s  o f  N . e l l i p s o s p o r u m  an d  A .  c y l in d r i c a  g ro w in g  on  s a n d  

w e r e  u s e d  so  th a t  th e  to ta l  N c o u ld  be  d e t e r m i n e d  u s in g  th e  K je ld a h l  

m e th o d .

2
1 .2 c m  c o r e s  w e r e  c u t  f r o m  the  s u r f a c e  o f  the  c u l tu r e s  an d  

in c u b a te d  u n d e r  10% C^H ^ in  u n i v e r s a l  b o t t l e s  a t  23^C  a n d  2000 Lux 

f o r  th e  r e q u i r e d  t im e .

T h e  r e s u l t s  a r e  sh o w n  in  F ig . 5.1A an d  B . T h e  v a lu e s  fo r  NO -  N ,  

NH -  N a n d  C ^ H ^  p ro d u c t io n  a r e  m e a n s  o f  8 r e p l i c a t e  b o t t l e s . T h e  

v a lu e s  f o r  to t a l  s o lu b le  N a r e  th e  m e a n s  o f  3 K je ld a h l  d i g e s t s .

T h e  e th y le n e  p r o d u c t io n  p r o c e e d s  m o r e  o r  l e s s  l i n e a r l y  o v e r  5 h o u r s .  

T h e r e  i s  no  s ig n i f i c a n t  c h a n g e  in  e x t r a c e l l u l a r  N o v e r  th i s  p e r i o d .

C . T H E  R E L E A SE  O F N ITRO G EN O U S SU B STA N C ES UNDER NORM AL 
GROWTH CONDITIONS.

A s e r i e s  o f  e x p e r i m e n t s  w e r e  c a r r i e d  ou t u s in g  N . e l l i p s o s p o r u m  

in  l iq u id  c u l t u r e s  on  s a n d ,  a n d  on  s o i l .

F o r  s a n d  an d  w a te r  c u l t u r e s  th e  to t a l  N w as  e s t i m a t e d  b y  K je ld a h l  

d ig e s t i o n s .  T he  a m m o n iu m  s a l t s  p r o d u c e d  by  th e  d ig e s t io n  w e r e  a s s a y e d  

u s in g  an  N H ^ io n  s e l e c t iv e  e l e c t r o d e .  E s t i m a t i o n  o f  to t a l  a lg a l  N i s  

n o t  p o s s i b l e  w ith  s o i l  g ro w n  m a t e r i a l  b e c a u s e  o f  th e  h ig h  o r g a n ic  n i t r o g e n  

c o n te n t  o f  th i s  m e d iu m .  E s t i m a t e s  o f  c e l l u l a r  le a k a g e  w e r e  t h e r e f o r e

b ased  on the m easurem en t o f NO and NH^ concentrations using ion
3 4
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F IG  5 .1  E F F E C T  O F  10% A C E T Y L E N E  ON M E M B R A N E  LEAK A GE
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s e l e c t i v e  e l e c t r o d e s .

T h e  r e s u l t s  o b ta in e d  in  l iq u id  c u l tu r e s  a r e  s i m i l a r  to  th o s e  n o te d  by 

o th e r  w o r k e r s .  B e tw e e n  9 a n d  35% o f  th e  to t a l  N f ix e d  a p p e a r e d  in  th e
H” •

c u l tu r e  m e d iu m  a n d  NH^ a n d  NO r e p r e s e n t e d  on ly  a  s m a l l  p r o p o r t i o n  

o f  th i s  (F ig  . 5 .2  ) .

T he  r e s u l t s  o b ta in e d  f ro m  e x p e r i m e n t s  on  s o l id  s u r f a c e s  a r e  

s u b s t a n t i a l l y  d i f f e r e n t .  In  a l l  e x p e r i m e n t s  u s in g  h e a l th i ly  g ro w in g  

m a t e r i a l  on  s o l id  s u r f a c e s ,  th e  p r o p o r t i o n  o f  e x t r a c e l l u l a r  N w as  lo w .  

F ig . 5 .3  show s the resu lts  from  a typ ica l experim en t ca rr ied  out on sand, 

T h e  h igh  in i t i a l  r e a d in g  fo r  p e r c e n t a g e  e x t r a c e l l u l a r  N is  due to  s o lu b le  

n i t r o g e n  c a r r i e d  o v e r  w ith  th e  l iq u id  in n o c u lu m  w h ich  w as  u s e d  to  s t a r t  

th e  p l a t e .  T h e  a b s o lu te  q u a n t i ty  o f  e x t r a c e l l u l a r  n i t r o g e n  in  th e  c o r e  

s a m p l e s  r e m a i n s  r e l a t i v e l y  c o n s ta n t  a s  th e  c r u s t  g ro w s  , b u t  th e  

p r o p o r t i o n  of th e  to ta l  w h ich  th i s  r e p r e s e n t s  fa l l s  a s  th e  t o t a l  b e c o m e s  

l a r g e r ,  to  a  v a lu e  w h ich  is  u s u a l ly  b e lo w  2%. T h e r e  a r e  p r o b a b ly  t h r e e  

r e a s o n s  f o r  t h i s .

F i r s t l y  in  l iq u id  c u l tu r e s  d i s r u p t io n  o f  th e  a lg a l  f i l a m e n t s  m a y  o c c u r  

to  a  s m a l l  e x te n t  b e c a u s e  o f  s t i r r i n g .  No s u c h  d i s r u p t io n  o c c u r s  on  

s o l id  s u r f a c e s .

S e co n d ly  th e  a lg a l  f i l a m e n ts  on  a  s o l id  s u r f a c e  a r e  in  i n t im a te  c o n ta c t  

w ith  one a n o th e r  so  th a t  th e  v o lu m e  o f i n t e r c e l l u l a r  m e d iu m  i s  s m a l l .  

U n d e r  t h e s e  c o n d i t io n s ,  th e  r e l e a s e  o f  a  s m a l l  q u a n t i ty  o f  m a t e r i a l  w o u ld  

c a u s e  c o n s id e r a b l e  lo c a l  c o n c e n t r a t i o n s  o p p o s in g  f u r t h e r  r e l e a s e .  T h is  

e f fe c t  i s  th e  r e v e r s e  o f  th a t  n o te d  in  young  c u l tu r e s  w h e re  a  l a r g e  v o lu m e  

o f  m e d iu m  is  a v a i la b le  to  e a c h  c e l l .

T h i r d ly  i t  i s  p o s s i b le  th a t  th e  i n t im a te  c o n ta c t  b e tw e e n  ne igh b o u rin g  

f i l a m e n ts  a n d  b e tw e e n  th e  f i l a m e n t s  a n d  th e  s u b s t r a t u m ,  m ig h t  a f f e c t  

th e  n u t r i t i o n a l  s t a tu s  o f  th e  a l g a e .

D .  T H E  E F F E C T  O F  F R O ST  ON ALGAL CRU STS

T h e  n i t r o g e n  f ix a t io n  e s t i m a t e d  in  th e  f i e ld  d ecrea sed  r a p id l y  to w a rd s  

the end o f Septem ber and the a lgal c r u s t , w hich w as apparent on many
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F ig  5 .2  C h a n g e s  in  e x t r a c e l l u l a r  n i t r o g e n  in  s a n d  g ro w n  c u l t u r e s  o f
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o f the low  N plots after h a rv estin g , d isappeared  even in area s  which

e s c a p e d  p lo u g h in g . T h is  d ecrea se  in a lg a l  c o v e r  is  p r e s u m a b l y  

a t t r i b u t a b l e  to  a  n u m b e r  o f  f a c t o r s  In c lu d in g  d a y le n g th  a n d  t e m p e r a t u r e . 

I t  i s  p o s s i b l e  th a t  e a r l y  f r o s t  m ig h t  b e  an  im p o r t a n t  f a c t o r  c a u s in g  c e l l  

d e a th  a n d  n i t r o g e n  r e l e a s e .

A s e r i e s  o f  s im p l e  l a b o r a t o r y  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  in  

o r d e r  to  i n v e s t ig a t e  th e  effect of f r e e z in g  on  a lg a l  c r u s t s .

U n ifo rm  8cm  d i s c s  o f  N . e l l i p s o s p o r u m  w e r e  c u t  f r o m  a  so il  tizy 

t o g e th e r  w ith  a b o u t 1 c m  d ep th  o f  the  u n d e r ly in g  s o i l  a n d  p laced  in  

p l a s t i c  P e t r i  d i s h e s .  A c c u r a t e  t h e r m o m e t e r s  ( g r a d u a t e d  in  l/lO °C  

i n t e r v a l s )  w e r e  p u s h e d  in to  th e  s u r f a c e  o f  th e  c r u s t s  th r o u g h  h oles in  

th e  s id e  o f  th e  d i s h e s  a n d  th e s e  u n i t s  w e r e  t r a n s f e r r e d  to  s u i t a b le  

r e f r i g e r a t o r s .

T h e  t e m p e r a t u r e  d e c r e a s e  w a s  n o te d  a n d  th e  s a m p l e s  w ere  

r e m o v e d  when the d e s i r e d  t e m p e r a t u r e  h a d  b e e n  r e a c h e d  a n d  r e t u r n e d  

to  th e  g ro w th  c a b i n e t s .  The f ir s t  s a m p l e s  w e r e  ta k e n  o n ly  a f t e r  the 

c r u s t  h a d  r e t u r n e d  to  r o o m  t e m p e r a t u r e .

P a r t i c u l a r  c a r e  w as  t a k e n  a t  0 °C  w h e r e  th e  s o i l  w a t e r  c a n  e x i s t  

i n  b o th  a  s o l id  a n d  a  l iq u id  s t a t e .  T h e  t r a n s i t i o n  i s  r e a d i l y  o b s e r v a b le  

s in c e  th e  coo ling  c u r v e  fo r  th e  s a m p l e s  sh o w e d  th e  n o r m a l  p la te a u x  

a t  0 °C  a s s o c i a t e d  w ith  th e  l a t e n t  h e a t  o f  fu s io n  o f  w a t e r ,  

o  *
T h e  0 G s a m p le  sh o w n  in  th e  g r a p h  w as  r e m o v e d  f r o m  th e  

r e fr ig era to r  at the on set o f the plateaux before freez in g  had o ccu rred . 

T h e  -0 .5 ° C  s a m p l e  w as  r e m o v e d  when th e  t e m p e r a t u r e  s t a r t e d  to  

f a l l  a g a in  a f t e r  c o m p le te  f r e e z i n g .

C a r e  w a s  a l s o  t a k e n  to  p r e v e n t  th e  s a m p l e s  r e s t i n g  on  c o ld  s u r f a c e s  

in s id e  th e  r e f r i g e r a t o r  a n d  f r e e z in g  f r o m  th e  b o t to m  u p w a r d s .

T h e  r e s u l t s  a r e  show n  in  P i g . 5 , 4  o v e r l e a f .

T h e  d ep ression  in a c t iv i ty  n o te d  im m e d i a t e l y  a f t e r  f r e e z in g  

in c r ea se s  tow ards but at tem p eratu res down to -2 °C  the fu ll

a c t iv i ty  i s  r e c o v e r e d  a f t e r  1-3 d a y s . A lth o u g h  no c e l l u l a r  d a m a g e  i s  

apparent u n d e r  th e  m i c r o s c o p e ,  t h e r e  i s  an  i n c r e a s e  in  e x t i r a c e l l u l a r

- 8 8 -



F ig  5 . 4  E F F E C T  O F  F R E E Z IN G  ON SOIL GROWN CRU STS O F

N OSTOC ELLIPSO SPO RU M
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N evidenced  by a p r o g r ess iv e  in c r ea se  in the concentration  o f free  ,

s u g g e s t in g  th a t  th e  p e r m e a b i l i t y  o f  th e  c e l l  m e m b r a n e  i s  affec ted .

r e d u c t io n  in  s a m p l e s  f r o z e n  to  b e tw e e n  - 0 . 5 ° C  a n d  - 2 ° C  

i n c r e a s e s  to  a  r a t e  w h ich  e x c e e d s  th e  c o n t ro l  in  3 - 4  day s  a n d  th e n  

d e c r e a s e s . T h e  i n c r e a s e  m a y  be  a t t r i b u t a b l e  to  an  in i t i a l  in tra ce llu la r  

N d e f ic ie n c y  c a u s e d  by  m e m b r a n e  l e a k a g e ,  o f f s e t ,  a f t e r  a  few  d a y s ,  by
4-

a n  NH c o n c e n t r a t i o n  w h ich  opposes n i t r o g e n a s e  s y n th e s i s  a n d  

h etero cy st form ation .

A t - 3 ° C  a l l  n i t r o g e n a s e  activ ity  is  l o s t  a n d  th e  c e l l s  do n o t  r e c o v e r .  

M ic r o s c o p ic  e x a m in a t io n  sh o w s  th a t  a l l  th e  v e g e t a t i v e  c e l l s  have  

r u p t u r e d  le a v in g  on ly  th e  a k in e te s  an d  h e t e r o c y s t s  i n t a c t .  T h e  e f fe c t  

o f  th i s  i s  c l e a r l y  s e e n  in  th e  e n t i r e  c r u s t s  w h ich  lo s e  t h e i r  d a r k  g r e e n  

a p p e a r a n c e  a n d  b e c o m e  y e l lo w e d  (See  F i g .  5 . 5 ) .  T h e  d i s r u p t i o n  o f  th e  

c e l l s  i s  p r e s u m a b l y  c a u s e d  by  th e  f r e e z in g  o f  th e  p r o t o p l a s t  a t  a  

t e m p e r a t u r e  b e tw e e n  -2  a n d  - 3 ° C .

Hh
T h e  f a c t  that th e  NH c o n c e n t r a t i o n  i n c r e a s e s  w ith  t i m e  up  to  th e4

fo u r th  day  a f t e r  c e l l u l a r  l y s i s  s u g g e s t s  th a t  NH ^  i s  n o t  th e  p r i m a r y  

p r o d u c t  o f  c e l l u l a r  l e a k a g e  b u t  i s  p r o d u c e d  by  th e  r e d u c t io n  o f  th e  

i n i t i a l l y  r e l e a s e d  n i t r o g e n o u s  s u b s t a n c e s  in  th e  s o i l .

A s  th e  r u p t u r e d  c e l l s  a r e  b r o k e n  do w n , th e  NH c o n c e n t r a t i o n  r i s e s
2 + . o

to  a  r e l a t i v e l y  h ig h  l e v e l .  T h e  50 .4 |^g N /cm  a s  N H ^  n o te d  in  th e  - 3  C

s a m p l e ,  f o r  e x a m p le ;  c o r r e s p o n d s  to  2930 ppm in  s o i l  w a t e r  o f  th e  top

1 c m  com pared w ith  ab o u t  5 p p m  in  th e  co n tro l.

Soil s a m p l e s  w ith o u t  a lg a e  f r o z e n  to  -10°C  s h o w e d  no  s ig n i f i c a n t  
+

i n c r e a s e  in  f r e e  N H ^ .

In  a l l  th e  p l a t e s  f r o z e n  to  t e m p e r a t u r e s  b e lo w  - 3 ° C  ( in c lu d in g  s o m e  

f r o z e n  to  -1 8 °C )  s m a l l  d a r k  g r e e n  c o lo n ie s  r e a p p e a r  a f t e r  4 - 6  d a y s .  

M ic r o s c o p ic  e x a m in a t io n  sh o w s  th a t  th ese  a r e  n o t  N . e l l i p s o s p o r u m  b u t 

a  Lyngbya: s p .  w h ich  i s  f a v o u r e d  b y  th e  h ig h  n i t r o g e n  c o n c e n t r a t i o n .

O ccasional N .e llip sosp oru m  akinetes can be see n  developing to

fo r m  f i l a m e n t s  e v e n  in  p l a t e s  f r o z e n  to  -18 C ,  b u t  t h e s e  r e m a i n  few  an d
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F ig . 5.5 The effect of freezing in soil grown crusts of Nostoc ellipsosporum
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a r e  e v e n tu a l ly  o v e r g r o w n  by  th e  Lyngbya .

F r e e z i n g  the  s a m p l e s  to  - 3 ° C  o v e r  p e r io d s  o f  b e tw e e n  30 m in u te s  

a n d  6 h o u r s  h a d  no e f f e c t  on  th e  r e s u l t .

W a tan ab e  ( l9 5 9 )  n o te s  a  r e c o v e r y  o f  o v e r  90% in  c e l l s  o f  T o ly p o th r ix  

t e n u is  im m e d i a t e l y  a f t e r  f r e e z e  d ry in g  a t  -8 0 ° C  in  th e  p r e s e n c e  o f  

h u m a n  s e r u m  a lb u m e n .  E x t r e m e l y  r a p i d  coo l ing  o f  th i s  ty p e  p r e v e n t s  

th e  f o r m a t io n  of c r y s t a l s  w i th in  th e  c e l l ,  bu t is  o f  l i t t l e  r e l e v a n c e  to  

c o n d i t io n s  o c c u r r i n g  in  th e  f i e ld .

E .  T H E  E F F E C T  O F  D ESIC C A T IO N  ON N IT R O G E N A S E  A C T IV IT Y  AND 
N R E L E A SE

F ie l d  o b s e r v a t io n s  s u g g e s t  th a t  s o i l  m o i s t u r e  i s  a  m a j o r  f a c to r  in  

c o n t ro l l in g  th e  d i s t r i b u t i o n ,  g r o w th ,  an d  n i t r o g e n a s e  a c t iv i t y  o f  b lu e  g r e e n  

a l g a e .  A s im p le  l a b o r a t o r y  e x p e r i m e n t  w as  d e s ig n e d  to  i n v e s t ig a t e  th i s  

e f f e c t .

A u n i fo rm  c r u s t  of N .  e l l i p s o s p o r u m  w as  g ro w n  on  a b o u t 2 "  o f  s o i l  

in  a  12 X 18" t r a y .

At th e  b eg in n in g  o f  th e  e x p e r i m e n t  th e  g l a s s  c o v e r  w as  r e m o v e d  an d  

th e  s o i l  w a s  a l lo w e d  to  d r y  s lo w ly  o v e r  24 h o u r s  u n d e r  co n t in u o u s
2

i l l u m i n a t i o n .  T h r e e  r e p l i c a t e  s a m p l e s ,  e a c h  c o n ta in in g  3 x  1 .2 c m  c o r e s ,  

w e r e  t a k e n  e a c h  h o u r  a n d  in c u b a te d  u n d e r  10% a c e ty le n e  a t  2 3 °C  a n d  

3000 Lux f o r  30 m i n u t e s .  G as s a m p l e s  w e r e  ta k e n  a n d  a n a l y s e d  in  th e

u s u a l  w ay  a n d  th e  s o i l  c o r e s  w e r e  d ry  w e ig h te d  a t  1 0 5 °C . Sub s a m p l e s  w e r e
+  -

t a k e n  fo r  N H^ an d  NO ^ a n a l y s e s .

T h e  r e s u l t s  a r e  sh o w n  in  F i g . 5 , ^ A . E a c h  p lo t  r e p r e s e n t s  th e  m e a n  o f  I

a l l  r e s u l t s  fa l l in g  in to  a  1% m o i s t u r e  i n t e r v a l  b e tw e e n  4% an d  18% m o i s t u r e

T h e r e  w as  no i n c r e a s e  in  th e  le v e l s  o f  f r e e  NH o r  NO _ u n t i l  th e  i
4  3 I

m a t e r i a l  w as  r e - w e t t e d  a f t e r  th e  e x p e r i m e n t .

T h e  r a t e  o f  e th y le n e  r e d u c t io n  i n c r e a s e s  to  a  m a x im u m  a t  16% 

m o i s t u r e .  It w ou ld  s e e m  p r o b a b le  th a t  th i s  i n c r e a s e  i s  a s s o c i a t e d  w ith

a n  i n c r e a s e d  d if fu s io n  r a t e  th ro u g h  th e  s u r f a c e  w a t e r  l a y e r  o v e r ly in g  th e

a l g a e .  W ith  an  18% m o i s t u r e  c o n te n t  th e  a lg a l  s u r f a c e  a p p e a r s  s h in y
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FIG 5 .6  , A.jThe e ffec t  o f  p r o g r e s s iv e  d es icca tion  on the n itrogenase  activ ity  o f
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b e c a u s e  o f  th i s  w a t e r ,  b u t  a t  16% th e  s u r f a c e  a s s u m e s  a du ll  a p p e a r a n c e .

T h e  r a t e  o f  N - a s e  a c t iv i ty  d e c l in e s  s lo w ly  f r o m  16% m o i s t u r e  

an d  c e a s e s  e n t i r e ly  a t  4%. T h e  s o i l  a p p e a r s  d r y  a n d  c r u m b l e s  in  the  f in g e r s  

w hen  the  m o i s t u r e  c o n te n t  f a l l s  b e lo w  a b o u t 9%.

F ix a t io n  h a s  b e e n  r e c o r d e d  in  the  f i e ld  w ith  m o i s t u r e  c o n te n ts  

v a ry in g  b e tw e e n  21% a n d  6%.

T h e  c u l tu r e  t r a y  w as  r e - w e t t e d  a f t e r  48  h o u r s  a n d  th e  f r e e  N H ^ ,

NO^ an d  n i t r o g e n a s e  a c t iv i ty  m o n i to r e d  f o r  14 days  ( s e e  F i g . 5 . 6 B ) .

T h e r e  i s  no r e c o v e r y  o f  N - a s e  a c t iv i ty  b u t  a  s u b s t a n t i a l  i n c r e a s e  in  
+

f r e e  NH^ w as  n o te d  w ith  a  m a x im u m  v a lu e  o c c u r r i n g  on  the  5th  day  a f t e r  

r e - w e t t i n g . T he  o r ig in a l  c o n c e n t r a t i o n  o f  28 ppm  i n c r e a s e d  to  2 85 p p m .

M ic r o s c o p ic  e x a m in a t io n  s h o w e d  th a t  the  v e g e ta t iv e  c e l l s  h a d  l y s e d  

c o m p le te ly  le a v in g  on ly  h e t e r o c y s t s  an d  o c c a s io n a l  a k in e te s  ( s e e  F i g . 5 . 7 ) .  

A s i m i l a r  e f fe c t  w as  o b s e r v e d  e v e n  w hen  th e  p e r i o d  o f  d e s i c c a t i o n  w as  

e x te n d e d  to  7 d a y s .

T h e  r e s u l t s  a f t e r  the  s u r f a c e  i s  r e - w e t t e d  a r e  v e r y  s i m i l a r  to  th o s e  

n o te d  in  th e  f r e e z in g  e x p e r i m e n t .  T h e  c e l l u l a r  l y s i s  an d  N H^ s u r g e  w as  

fo l lo w ed  in  6 -7  days  by  r e - c o l o n i z a t i o n  of th e  s u r f a c e  by  Lyngbya 

( F i g . 5 .7 D )  an d  an  a s s o c i a t e d  d e c r e a s e  in  N H ^ ( F i g .  5 . 6 B ) .

T h e  r e c o v e r y  f r o m  p a r t i a l  d e s ic c a t i o n  (dow n to  a b o u t 8% w a t e r )  is
■f"

r a p i d ,  w ith o u t a  c one om  m i t  an t  r e l e a s e  o f  NH ^ . T h e  o p t im u m  an d  

m in im u m  m o i s t u r e  c o n te n t  o f  N - a s e  a c t iv i ty  d ep en d s  to  a  c o n s id e r a b le  

e x te n t  on th e  p h y s ic a l  n a t u r e  o f  the  s o i l  an d  th e  r e s u l t s  s o  f a r  d e s c r i b e d  

o n ly  ap p ly  to  a  f ine  s a n d y  s o i l .

S e v e r a l  s i m i l a r  e x p e r i m e n t s  w e r e  c a r r i e d  ou t on  s a n d  a n d  th e  a lg a e

a p p e a r  to  s to p  f ix ing  w hen  th e  m o i s t u r e  c o n te n t  in  th e  c o r e  s a m p l e s  f a l l s

b e lo w  ab o u t 20%. T h e s e  e x p e r i m e n t s  s u f f e r  f r o m  th e  d is a d v a n ta g e  th a t
>

th e  m o i s t u r e  c o n te n t  in  th e  s a n d  does  n o t  n e c e s s a r i l y  fo llow  th a t  o f  th e  

a lg a l  c r u s t .  B e c a u s e  o f  th e  o p en  t e x tu r e  o f  s a n d  th e  c a p i l l a r y  r i s e  i s  s m a l l  

c o m p a r e d  w ith  th a t  i n ' s o i l , a n d  th e  w a te r  c o lu m n  b r e a k s  in  l o c a l i z e d  a r e a s
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F i g . 5 .7  The effect of d esiccation  on a so i l  grown cru st  of
Nostoc e llipsosporum  .

(a ) P o r t i o n s  o f  th e  c r u s t  r e m o v e d  f ro m  th e  c u l tu r e  t r a y  b e f o r e

d e s i c c a t i o n  ( le f t )  a n d  2 day s  a f t e r  d e s i c c a t i o n  a n d  r e - w e t t i n g  (right)

(B ) H e a l th i ly  g ro w in g  N . e l l i p s o s p o r u m  ta k e n  f r o m  th e  t r a y  b e fo re  

d ry in g  (x lS O O ) .

(C ) R e - w e t t e d  m a t e r i a l  2 day s  a f t e r  d r y in g .  T h e  v e g e t a t i v e  c e l l s  

h av e  ly s e d  le a v in g  c o n s id e r a b l e  a m o u n ts  o f  c e l l u l a r  d e b r i s  

to g e th e r  w ith  a k in e te s  a n d  h e t e r o c y s t s  ( x l 3 0 0 ) .

(d ) R e - w e t t e d  m a t e r i a l  8 day s  a f t e r  d r y in g .  F in e  f i l a m e n t s  

o f  Lyngbya c a n  be  s e e n  r e c o lo n iz in g  th e  s u r f a c e  (x  1 3 0 0 ) .
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when the m o istu re  content drops below  25%. The gelatinous  

alga l c ru st then dries rapidly and cu rls  away from  the su r fa ce .

T h e  d r i e d  a lg a l  m a t e r i a l  in  t h e s e  e x p e r i m e n t s  p r o d u c e d  an  NH* 

s u r g e  s i m i l a r  to  th a t  in  s o i l  w hen  th e  s a m p l e s  w e r e  r e - w e t t e d ,  b u t  th e  

s a n d  d id  n o t g iv e  r i s e  to  colonies^ o f  L y n g b y a . - _ .

Although the N . e llip sosp oru m  u sed  is  a s tr a in  which was orig in a lly  

iso la te d  from  B roadbalk , it  had been  m aintained for a p eriod  o f two 

y e a rs  under conditions o f continuous uniform  m oistu re  on agar s lop es  

in  the laboratory  and fin a lly  grown in liquid culture for sev e r a l months 

b efore  inoculation  onto the sand tr a y . R epeated asexu al d iv ision  under 

th ese  c ircu m sta n ces  m ay have led  to p h ysio log ica l changes which ahave 

red uced  the to leran ce  o f the stra in  to d esicca tio n .

The experim en ta l findings d escr ib ed  a r e , h ow ever, supported by 

f ie ld  ob servations and experim en ts (See sec tio n  6) .

F .  T H E  E F F E C T  O F  RA INFA LL D AM A GE ON ALGAL CRU STS

O bservations in  the fie ld  ind icate that b lu e-g reen  algae are seld om  found 

on a lo o se  substratum^but rather co lon ize  areas w here the so il  is  firm  

and com p acted .

T h ese  areas include flattened  lanes betw een the wheat r o w s, the s id es  

o f large  c lods o f s o i l ,  and lo ca l d ep ression s such as thoseo le ft by foot

prints or tractor  ty r e s .

During heavy ra in fa ll the so il p a r tic le s  in  the uncom pacted areas m ove 

o ver  each other producing a m ild  grinding action  p o ss ib ly  damaging and /or  

burying the a lga l f ila m en ts .

In ord er to evaluate the m echan ical e ffect o f ra in fa ll as an 

environm ental factor controlling a lgal d istribution  and p o ss ib le  nitrogen , 

r e le a s e ,  s e v e r a l s im p le  experim ents w ere  c a rr ie d  out with N . ellipsosporum  

T h ese  exp erim en ts w ere o f two ty p e s .

1. A lgal m a ter ia l grown in  the laboratory  on uncom pacted so il  was

su bjected  to heavy w atering for a short p er io d .

2 .  A lgal m a ter ia l w as shaken v ig o ro u sly  with a dense su sp en sion  of quartz

sand using a w r is t  action  shaker for p eriods of up to 4  h o u rs .
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N e i t h e r  ty p e  o f  e x p e r i m e n t  p r o d u c e d  a  s ig n i f i c a n t  e f f e c t .

T h e  a lg a e  b u r i e d  by  w a te r in g  g r e w  b a c k  to  th e  s u r f a c e  in  a  few  

d a y s  a n d  e v e n  a f t e r  sh a k in g  w ith  s a n d  f o r  4  h o u r s  th e  e x t r a c e l l u l a r  

n i t r o g e n  i n c r e a s e d  v e r y  l i t t l e .  M ic r o s c o p ic  e x a m in a t io n  s h o w e d  th a t  

th e  m e a n  f i l a m e n t  le n g th  h a d  d e c r e a s e d ,  b u t  th e  a lg a e  g r e w  r e a d i l y  

w h e n  i t  w as  r e - i n o c u l a t e d  on  s o i l .

L a b o r a to r y  a n d  f ie ld  e x p e r i m e n t s  ̂ d i s c u s s e d  e a r l i e r ,  show  th a t  

d e s i c c a t i o n  i s  a  c r i t i c a l  f a c t o r  c o n t ro l l i n g  a lg a l  d i s t r i b u t io n  in  th e  f i e l d ,  

a n d  i t  w o u ld  s e e m  p r o b a b le  t h a t  th e  l a c k  o f  a lg a l  c o v e r  on lo o s e  s o i l  - 

i s  a t t r i b u t a b l e  to  th is  f a c t o r .  In a r e a s  w h e r e  th e  s o i l  i s  u n c o m p a x te d  th e  

w a t e r  c o lu m n  i s  r e a d i l y  b r o k e n  a llo w in g  r a p i d  s u r f a c e  d e s i c c a t i o n  e v e n  

w h e n  th e  u n d e r ly in g  s o i l  i s  d a m p .  A lg a l  d e v e lo p m e n t  in  th e  d e p r e s s e d  a r e a s  

m a y  b e  e n h a n c e d  by  p u d d le  f o r m a t io n  a f t e r  r a i n f a l l .

G .  T H E  E F F E C T  O F  PA T H O G E N IC  IN F E C T IO N  ON ALGAL C R U STS

^ h e  p a th o g e n ic  d e s t r u c t i o n  o f  s o i l  g ro w n  a lg a l  c u l tu r e s  h a s  b e e n  

o b s e r v e d  in  th e  l a b o r a t o r y  on  s e v e r a l  o c c a s i o n s .  T h e  e f fe c t  o f  one  s u c h
*4*

in f e c t io n  on  n i t r o g e n a s e  a c t i v i t y ,  NO ^ a n d  N H ^  c o n c e n t r a t i o n  in  a  s o i l  

g ro w n  c u l tu r e  o f  N .e l l i p s o s p o r u m  i s  sh o w n  in  F i g . 5 . 8 .

T h e  s h a r p  d e c r e a s e  in  n i t r o g e n a s e  a c t iv i t y  a f t e r  th e  s ix th  day  o f  

g ro w th  i s  a s s o c i a t e d  w ith  a  v i s ib l e  y e l lo w in g  of the s o i l  p la te  w h ic h  

a p p e a r e d  to  s p r e a d  o u t  f r o m  a  s in g le  l o c u s .  T h e  f ix a t io n  c e a s e d  e n t i id y  

on  th e  e ig th  day  a n d  m i c r o s c o p i c  e x a m in a t io n  s h o w e d  th a t  m o s t  o f  th e  

v e g e t a t i v e  c e l l s  h ad  ly s e d .

T h e  a m m o n iu m  c o n c e n t r a t i o n  d id  n o t r i s e  a p p r e c i a b ly  u n t i l  two days  

l a t e r  w h en  th e  r e l e a s e d  n i t r o g e n o u s  c o m p o u n d s  h a d  b e e n  d e g r a d e d .

T h e  p a th o g e n ic  o r g a n i s m  w as  n o t  id e n t i f i e d .  M ic r o s c o p ic  e x a m in a t io n  

o f  th e  in f e c te d  m a t e r i a l  r e v e a l e d  th e  p r e s e n c e  o f  l a r g e  n u m b e r s  o f  m o t i l e  

r o d - l i k e  b a c t e r i a  b u t  i t  i s  n o t  know n  i f  t h e s e  a r e  th e  p r i m a r y  c a u s e  o f  l y s i s ,  

o r  w h e th e r  th e y  a r e  s e c o n d a r y ,  m e r e l y  u t i l i z in g  th e  a v a i la b le  o r g a n ic  

c o m p o u n d s .

P a th o g e n s  a p p e a r  to  b e  f a v o u r e d  by  o v e r ly  w e t  p l a t e s  a n d  th e
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5 . 0  T h e  e f f e c t  o f  p a th o g e n ic  in f e c t io n  on  a c e ty l e n e  r e d u c t i o n  and. 
n i t r o g e n  r e l e a s e .
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in fe c t io n  c a n  be s p r e a d  f ro m  p la te  to  p la te  by  the  t r a n s f e r  o f  in f e c te d  

m a t e r i a l .

H .  SUMMARY

T he  r e l e a s e  o f  n i t r o g e n o u s  s u b s t a n c e s  by  c u l tu r e s  o f  N .e l l i p s o s p o r u m  

u n d e r  v a r io u s  e n v i ro n m e n ta l  c o n d i t io n s  w as  i n v e s t ig a t e d .

T h e  a c e ty le n e  r e d u c t io n  a s s a y  w h ich  w as  u s e d  in  s o m e  o f  th e  

e x p e r i m e n t s  d id  n o t  a p p e a r  to  in d u c e  m e m b r a n e  le a k a g e  in  l iq u id  c u l t u r e s  

o f  e i t h e r  N .e l l i p s o s p o r u m  o r  A . c y l i n d r i c a .

U n d e r  n o r m a l  g ro w th  c o n d i t io n s  in  th e  l a b o r a t o r y  l iq u id  c u l tu r e s  

r e l e a s e d  in to  the  m e d iu m  b e tw e e n  9 an d  30% of th e  to ta l  n i t r o g e n  w h e r e a s  

th e  r e l e a s e  by  s a n d  g ro w n  c u l tu r e s  w as  s m a l l e r  w ith  l e s s  th a n  2% of th e  

to t a l  n i t r o g e n  a p p e a r in g  in  th e  c u l tu r e  m e d iu m .

T h e  v e g e ta t iv e  c e l l s  o f  s o i l  g ro w n  c u l tu r e s  w h ich  w e r e  t e m p o r a r i l y  

f r o z e n  to  -3  C u n d e rw e n t  e x te n s iv e  c e l l u l a r  ly s i s  r e s u l t i n g  in  an  im m e d i a te  

an d  p e r m a n e n t  c e s s a t i o n  o f  n i t r o g e n a s e  a c t iv i t y ,  fo l lo w ed  in  tw o  to  t h r e e  

days  by a  s u r g e  in  a m m o n ia  c o n c e n t r a t i o n .  C oo ling  to  t e m p e r a t u r e s  o f  

b e tw e e n  0 an d  - 2 ° C  c a u s e d  s o m e  n i t r o g e n  le a k a g e  an d  a  t e m p o r a r y  d ro p  in  

n i t r o g e n a s e  a c t i v i t y ,  b u t  th i s  r e c o v e r e d  a f t e r  one to  fo u r  days  to  g ive  

h a te s  o f  a c e ty le n e  r e d u c t io n  w h ich  e x c e e d e d  th o s e  of th e  c o n t r o l s .

A s i m i l a r  c e l l u l a r  ly s i s  , c e s s a t i o n  o f  n i t r o g e n a s e  a c t iv i t y ,  a n d  

a m m o n ia  s u r g e  o c c u r r e d  w h en  s o i l  s a m p l e s  b e a r in g  a lg a l  c r u s t s  w e r e  

a l lo w e d  to  d r y  to  b e lo w  a  4% m o i s t u r e  c o n te n t  o v e r  a  p e r i o d  o f  24 h o u r s  

o r  7 d a y s .  A c e ty le n e  r e d u c t io n  w as  o p t im a l  a t  16% H ^O  a n d  th e  r e c o v e r y  

o f  a c t iv i ty  by  s a m p l e s  w h ich  h a d  b e e n  on ly  p a r t i a l l y  d e s i c c a t e d  (ab o u t 

8% h  o ) w as  r a p i d .

A lthough  o c c a s io n a l  f i l a m e n t s  o f  N . e l l i p s o s p o r u m  c o u ld  b e  s e e n  

g e r m in a t in g  f r o m  th e  a k in e te s  w h ich  r e m a i n e d  a f t e r  f r e e z in g  o r  d r y i n g , 

th e  s u r f a c e  o f  the  p la te s  w a s ,  in  f a c t ,  r e c o l o n iz e d  a f t e r  abou t 7 d ay s  by  

Lyngbya w h ich  may. h av e  b e e n  f a v o u r e d  by  th e  h ig h  s o lu b le  n i t r o g e n  

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

T h e  g r in d in g  and  b u ry in g  a c t io n  of th e  s o i l  w h ich  a p p e a r s  to  o c c u r  on
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l o o s e ly  c o m p a c te d  a r e a s  in  th e  f i e ld  d u r in g  h e a v y  r a i n f a l l  w as  s i m u l a t e d  

in  th e  l a b o r a t o r y .  E x t r a c e l l u l a r  n i t r o g e n  d id  n o t  i n c r e a s e  s ig n if ic a n t ly  

w hen  c u l tu r e s  w e r e  s h a k e n  v ig o r o u s ly  w ith  s a n d ,  a n d  the  a lg a l  c e l l s  b u r i e d  by  

h e a v y  w a te r in g  r a p id ly  r e c o l o n i s e d  th e  s u r f a c e .

N i t r o g e n  r e l e a s e  by  l a b o r a t o r y  g ro w n  s a n d  c u l t u r e s  w h ic h  w e r e  

l y s e d  by  p a th o g e n ic  in f e c t io n  w as  o b s e r v e d .
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6 . T H E  R E C O V E R Y  O F  N IT R O G E N A SE  A C T IV IT Y  A F T E R  A P E R IO D

O F  DRY W E A T H E R

A .  IN TR O D U C TIO N

An e x p e r i m e n t  w as  c a r r i e d  ou t in  J u ly  1974 to  i n v e s t ig a t e  th e  

r e c o v e r y  o f  f ix a t io n  a f t e r  a  3 w e e k  p e r i o d  w i th  v e r y  l i t t l e  r a i n .  A n  a r e a  

o f  B ro a d b a lk  p lo t  3 (H e rb ic id e  t r e a t e d )  abou t a  m e t e r  s q u a r e  w as  

s e l e c t e d  f o r  th e  c o n s p ic u o u s  p r e s e n c e  o f  a lg a l  c o v e r .  S a m p le s  w e r e  

ta k e n  f o r  d ry  w e ig h t in g  a n d  a s  c o n t r o l s , a n d  th e  a r e a  w as  th o ro u g h ly  w a t e r e d .  

6 r e p l i c a t e  1 .5  c m  c o r e  s a m p l e s , s e l e c t e d  f o r  th e  v i s u a l  p r e s e n c e  o f  a lg a e ,  

w e r e  t a k e n  f ro m  th i s  a r e a  a t  a p p r o x im a te ly  h o u r ly  i n t e r v a l s  a n d  in c u b a te d  

in  u n i v e r s a l  b o t t l e s  w ith  10% a c e ty le n e  a t  18 C a n d  3000 Lux .

B e c a u s e  th e  s a m p l e s  c o u ld  h a v e  b e c o m e  a c t iv e  d u r in g  th e  in c u b a t io n ,  

th e  g a s  p h a s e  in  e a c h  b o t t le  w as  s a m p l e d  a t  i n t e r v a l s  to  g iv e  a  s e r i e s  o f  

o v e r la p p in g  t i m e  c o u r s e s .

B . RESULTS

T h e  s o i l  m o i s t u r e  b e f o r e  w a te r in g  v a r i e d  f r o m  b e tw e e n  4 .5%  a n d  4.8%  

in  th e  o p en  a r e a s  to  ab o u t 6.0% b e n e a th  s ta n d s  o f  E q u i s e t u m .  A f t e r  w a te r in g  , 

th e  m o i s t u r e  c o n te n t  i n c r e a s e d  to  a b o u t 15% o v e r  th e  e n t i r e  a r e a .  T h e  

n i t r o g e n a s e  a c t iv i ty  o f  d r y  c o n t ro l  s a m p l e s  t a k e n  b e f o r e  th e  p lo t  w as  

w a t e r e d  w as  n e g l ig ib l e .  T h e  e th y le n e  p ro d u c t io n  by  s a m p l e s  p l a c e d  u n d e r  

a c e ty le n e  15 m in u te s  a f t e r  w e t t in g  i s  sh o w n  in  F i g . 6 .1 .  A lth o u g h  th e  

n i t r o g e n a s e  a c t iv i t i e s  v a r y  c o n s id e r a b ly  f r o m  b o t t le  to  b o t t l e  a l l  b e c o m e  

a c t iv e  a f t e r  ab o u t 200 m i n u t e s .

T h e  s a m p l e s  a s s a y e d  75 a n d  138 m in u te s  a f t e r  th e  p lo t  w a s  w e t t e d ,  g iv e  

s i m i l a r  r e s u l t s  a n d  in  o r d e r  t h a t  th e  lag  p e r io d s  c o u ld  be  c o m p a r e d ,  th e  

m e a n  f ix a t io n  r a t e s  f o r  e a c h  b a t c h  of  s a m p l e s  w as  c a l c u l a t e d .  T h e s e  

v a lu e s  a r e  c o m p a r e d  g r a p h ic a l l y  in  F i g .  6 . 2 .

T h e  c u r v e s  h a v e  b e e n  l i f t e d  o ff  th e  lo w e r  X  a x is  s o  tn a t  th e  p o in t s  c a n  be  

c l e a r l y  s e p a r a t e d  a n d  a d j u s t e d  so  th a t  p o in ts  ly ing  ab o v e  feach o th e r  a r e  

c o in c id e n t  in  t i m e  s in c e  w e t t in g .  A c e ty le n e  w as  a d d e d  to  th e  t h r e e  b a t c h e s  

o f  s a m p l e s  a t  "A "  on  t h e i r  r e s p e c t i v e  X a x e s .  A ll  th e  s a m p l e s  t a k e n  f r o m  

th e  p lo t  b e c o m e  a c t iv e  a b o u t  200 m in u te s  a f t e r  w e t t in g  i r r e s p e c t i v e  o f  w h en
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FIG  6 . 1  R e c o v e r y  o f  n i t r o g e n a s e  a c t iv i ty  by  d e s s i c a t e d  c o r e  s a m p le s
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th e  a c e ty le n e  w as  a d d e d ,  a n d  a c h ie v e d  an  a p p r o x im a te ly  s te a d y  r a t e  

a f t e r  450 m in u te s  i r r e s p e c t i v e  o f  th e  m a g n i tu d e  o f  r e c o v e r y  ( s e e  a l s o  

F i g .  6 . 1 ) .

F i g .  6 . 3  sh o w s  th e  ch a n g e  in  r a t e  o f  f ix a t io n  w ith  t i m e  in  s a m p l e s  

f r o m  b e n e a th  the  E q u i s e tu m  a n d  s a m p l e s  f ro m  o p en  a r e a s .  T h e  v a lu e s  

h a v e  b e e n  d e r iv e d  f ro m  th e  m e a n  g r a d ie n t s  sh o w n  in  F i g . 6 .1 .  A lthough  

th e  l e s s  d e s i c c a t e d  s a m p l e s  f r o m  b e n e a th  th e  w e e d s  sh o w  a  g r e a t e r  r e c o v 

e r y  o f  a c t iv i t y ,  bo th  c u r v e s  f l a t t e n  to  an  a p p r o x im a te ly  s t e a d y  r a t e  a f t e r  

450 m in u te s  o f  8.1 an d  2 , 3  m o le s  C ^ H ^ / c m ^ / h r .

T he  w e e d  c o v e r e d  an d  o p en  a r e a s  w e r e  s a m p l e d  a g a in  th e  fo llow ing
2

day  a n d  g av e  f ix a t io n  r a t e s  o f  9 .0 3  a n d  2 .2 6  m o le s  C ^ H ^ /c m  / h r  

r e s p e c t i v e l y .

C .  DISCUSSION

T h e s e  r e s u l t s ,  t o g e th e r  w ith  th e  o b s e r v e d  lag  b e tw e e n  r a i n f a l l  an d  

r e c o v e r y  o f  f ix a t io n  a n d  th e  l a b o r a t o r y  e v id e n c e  f o r  th e  ly s i s  o f  th e  

v e g e ta t iv e  c e l l s  o f  the  in d ig e n o u s  s t r a i n  o f  N . e l l i p s o s p o r u m  l e a d  to  the  

h y p o th e s i s  th a t  a  l a r g e  p r o p o r t i o n  o f  th e  v e g e ta t iv e  c e l l s  c o m p r i s in g  th e  

n a t u r a l l y  o c c u r r i n g  b l u e - g r e e n  a lg a l  p o p u la t io n  o f  B ro a d b a lk  a r e  d e s t r o y e d  

d u r in g  p e r io d s  o f  d r o u g h t .  It w o u ld  a p p e a r  th a t  c e l l  s y s t e m s  w h ich  a r e  

ab le  to  r e c o v e r  do so  w ith in  450 m in u te s  a n d  th a t  i n c r e a s e s  t h e r e a f t e r , 

to  th e  n e x t  m a x im u m  in  n i t r o g e n a s e  a c t i v i t y ,  a r e  a s s o c i a t e d  w ith  i n c r e a s e s  

in  c e l l  n u m b e r s  by  g r o w th .

A lth o u g h  th e  a r e a  c o v e r e d  by  à  v i s ib l e  a lg a l  c r u s t  w as  g r e a t e r  b e n e a th  

th e  w e e d s  th a n  in  th e  o p en  a r e a s  th e  d e n s i ty  o f  c o v e r ,  w h e r e  th e  c r u s t  w as  

p r e s e n t ,  a p p e a r e d  to  be s i m i l a r  in  th e  tw o  lo c a t i o n s .

T h e  d i f f e r e n t  f ix a t io n  r a t e s  g iv e n  by  s a m p l e s  f ro m  th e  tw o a r e a s  m a y  

be s o l e l y  due to  d i f f e r e n c e s  in  in i t i a l  a lg a l  d e v e lo p m e n t ,  b u t  th e y  m a y  a l s o  

r e f l e c t  th e  d e g r e e  o f  d e - a c t i v a t i o n  by  d e s ic c a t i o n  in  th e  tw o  a r e a s .

T h e  f a c t  th a t  th e  t im e  t a k e n  f o r  r e c o v e r y  i s  th e  s a m e  i r r e s p e c t i v e  of 

th e  m a g n i tu d e  o f  f ix a t io n  a t t a in e d  m a y  th u s  s u g g e s t  th a t  th e  in d iv id u a l  c e l l s  

a r e  n o t  ’m o r e  o r  l e s s  * in n a c t iv a te d  by  d e s i c c a t i o n ,  b u t  a r e  r a t h e r  

d e s t r o y e d  o r  n o t  d e s t r o y e d ,  so  th a t  th e  d e g r e e  o f  r e c o v e r y  i s  d ep e n d a n t
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F IG  6 . 3  R e c o v e r y  o f  f ix a t io n  b y  d e s i c c a t e d  a l g a l  f i e l d  s a m p l e s .
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on th e  p r o p o r t i o n  o f  c e l l s  r e m a in in g  in  a  v ia b le  s t a t e .

T h e  m e a n  n i t r o g e n a s e  a c t iv i ty  r e c o r d e d  on  p lo t  3 ( H e r b ic id e )
2

d u r in g  th e  p r e v io u s  m a x im u m  w as  10 .3  n m o le s  C ^ H ^ /c m  / h r .  S a m p le s  

f r o m  b e n e a th  th e  E q u i s e tu m  , w ith  s o i l  m o i s t u r e  c o n te n ts  o f  b e tw e e n  5 .2  

an d  6.1% r e g a i n e d  abou t 90% of th is  a c t iv i t y  c o m p a r e d  w ith  ab o u t  20% f o r  

th e  v i s u a l ly  s i m i l a r  s a m p l e s  f ro m  th e  o p e n  a r e a s  w ith  m o i s t u r e  c o n te n ts  

o f  b e tw e e n  4 . 5  a n d  4 .8% , A s s u m in g  th a t  th e  o r ig in a l  a lg a l  c o v e r  w as  

s i m i l a r ,  t h e s e  v a lu e s  s u g g e s t  th a t  a b o u t 10% o f  c e l l s  f r o m  th e  m o r e  

m o i s t  s a m p l e s  an d  90% of th e  c e l l s  in  th e  d r i e r  s a m p l e s  h a v e  b e e n  

d e s t r o y e d  by  d e s i c c a t i o n .

In the  f i e ld ,  in  o p en  a r e a s  an d  u n d e r  w h e a t  w h ich  h a s  b e e n  h e r b i c i d e -  

t r e a t e d  to  r e m o v e  m u c h  o f  th e  g ro u n d  c o v e r ,  th e  s u r f a c e  d e s i c c a t e s  

r a p id ly  e v e n  in  s h o r t  d ry  p e r io d s  a n d  th i s  m u s t  c o n t r i b u te  s u b s t a n t i a l l y  

to  th e  la c k  o f  a lg a l  c o v e r  in  t h e s e  a r e a s .

E v e n  in  w e l l  p r o t e c t e d  a r e a s  u n d e r  g o o d  w h e a t  s ta n d s  th e  s u r f a c e  

d e s i c c a t e s  d u r in g  long d r y  p e r io d s  to w a r d s  th e  e n d  o f  th e  g ro w in g  s e a s o n ,  

an d  th i s  m u s t  r e s u l t  in  th e  dum ping  o f  c o n s id e r a b le  q u a n t i t i e s  o f  N in  th e  

n e x t  p e r i o d  o f  r a i n .  U n d e r  t h e s e  c i r c u m s t a n c e s  i t  i s  p r o b a b le  th a t  th e  

c r o p  is  to o  o ld  to  b e n e f i t  f r o m  th e  a v a i la b le  N ,

D .  SUMMARY

A n a r e a  o f  obv ious  a lg a l  c o v e r  in  th e  f i e ld  w as  r e - w e t t e d  a f t e r  a  

p e r i o d  o f  d r y  w e a th e r  a n d  th e  r e c o v e r y  o f  n i t r o g e n a s e  a c t iv i ty  

i n v e s t ig a t e d .

S a m p le s  w ith  a  s l ig h t ly  h i g h e r  m o i s t u r e  c o n te n t  t a k e n  f ro m  

b e n e a th  s ta n d s  o f  E q u i s e tu m  sh o w e d  a  g r e a t e r  r e c o v e r y  th a n  s a m p l e s  

f r o m  d r i e r  a r e a s ,  b u t  a l l  s a m p l e s  b e c a m e  a c t iv e  abou t 200 m in u te s  

a f t e r  r e - w e t t i n g  i r r e s p e c t i v e  o f  th e  m a g n i tu d e  o f  r e c o v e r .

-107 -



S E C T IO N  7 .  SEASONAL M O N ITO RIN G  O F  N IT R O G E N A SE  A C T IV IT Y  ON
BRO A D BA LK .

A .  INTRODUCTION.

B . M ETH O D .

C .  R ESULTS.

(1 )  E s t i m a t e s  o f  A n n u a l F i x a t i o n .

(2) The E ffect  of N ,P  ,K ,N a  and M g,

( 3 ) T h e  E f fe c t  o f  H e r b ic i d e  T r e a t m e n t .

(4 ) A lg a l  C o v e r  an d  S p e c ie s  C o m p c s i t io n .

D .  SUM M ARY.

-108 -



7 .  SEASONAL M ON ITO RIN G  O F  N IT R O G E N A S E  A C T IV IT Y  ON

BROADBALK

A .  IN TR O D U C TIO N

B ro a d b a lk  i s  one  o f  th e  c l a s s i c  f ie ld s  a t  R o th a m s te d  E x p e r i m e n t a l  

S ta t io n  w h ich  h a s  b e e n  c u l t iv a t e d  u n d e r  r e c o r d e d  c o n d i t io n s  s in c e  1843.

T h e  lo w e r  e n d  o f  th e  f i e ld  i s  d iv id e d  in to  p lo t s  w h ic h  h a v e  b e e n  so w n  to  

w in t e r  w h e a t  c o n t in u o u s ly  f o r  130 y e a r s  ( s e e  F i g .  7 . l ) .  E a c h  p lo t  

r e c e i v e s  a  s e p a r a t e  f e r t i l i z e r  t r e a t m e n t  w h ich  h a s  r e m a i n e d  s u b s t a n t i a l l y  

th e  s a m e  o v e r  th i s  p e r i o d .  T h e  a r r a n g e m e n t  o f  th e  p lo t s  a n d  th e  

f e r t i l i z e r  t r e a t m e n t s  w h ic h  th e y  r e c e i v e ,  t o g e th e r  w ith  th e  c r o p  y i e l d s ,  

a r e  sh o w n  in  F i g . 7 . 2 .

T h e  to p s o i l  i s  a  s i l t  lo a m  o v e r ly in g  c l a y - w i th - f l i n t s  a n d  c h a lk  w h ich  

p ro v id e s  goo d  n a t u r a l  d r a in a g e  (A v e ry  a n d  B u l lo c k  1 9 6 8 ) .  T h e  pH is  

a d ju s t e d  to  ab o u t 7 . 5  by  th e  p e r i o d i c  a d d i t io n  o f  l i m e .  T h i s  h a s  b e e n  

p a r t i c u l a r l y  n e c e s s a r y  on  p lo t s  r e c e iv in g  h ig h  l e v e l s  o f  n i t r o g e n  b e c a u s e  

th e  a m m o n iu m  s u lp h a te  u s e d  up  to  1967 p r o d u c e d  a  m a r k e d  d ro p  in  p H .

F r o m  1968 o n w a rd s  n i t r o g e n  f e r t i l i z e r  w as  a p p l ie d  a s  n i t r o - c h a l k .

J e n k in s  on  ( l9 7 l)  i n v e s t ig a t e d  th e  n i t r o g e n  e c o n o m y  o f  B r o a d b a lk  an d  

e s t i m a t e d  th a t  r a i n f a l l  a c c o u n ts  f o r  1 .4  Kg N / h a / a n n u m , d r y  s o r p t io n  of  

a m m o n ia  a  m a x im u m  o f  13 K g / h a / a n n u m  a n d  o r g a n ic  n i t r o g e n  in  r a i n ,  d u s t  

a n d  b i r d  d ro p p in g s  1 .5  K g / h a / a n n u m . A llow ing  f o r  t h e s e  g a in s  th e  n i t r o g e n  

b a l a n c e  s h e e t s  f o r  th e  c o n t in u o u s  w h e a t  show  u n e x p e c te d  g a in s  o f  n i t r o g e n  

in  p lo t s  n o t  r e c e iv in g  f e r t i l i z e r  n i t r o g e n .  O v e r  th e  p a s t  90 y e a r s  P lo t s  3 

a n d  5 a p p e a r  to  h a v e  f ix e d  N 2 a t  a  r a t e  o f  35 K g / h a / a n n u m .

R h iz o s p h e re  f ix a t io n  w as  e x a m in e d  b y  D ay  e t  a l  ( l9 7 3 )  u s in g  th e .  

a c e ty le n e  r e d u c in g  a s s a y  on  s o i l  c o r e s  f r o m  w h ich  th e  top  1 c m  h a d  b e e n  

r e m o v e d .  T h e  f ix a t io n  r a t e s  o b ta in e d  w e r e  low  a n d  th e  a u t h o r ’s c o n c lu d e d  

th a t  b a c t e r i a l  n i t r o g e n  f ix a t io n  in  th e  top  16 cm  o f  s o i l  c o u ld  a c c o u n t  f o r  

o n ly  2 - 3 K g N / h a / a n n u m ,a n d  th a t  m o s t  o f  th e  n i t r o g e n  f ix e d  c o u ld  b e  

a t t r i b u t e d  to  th e  b l u e - g r e e n  a lg a l  c r u s t  w h ic h  i s  c l e a r l y  v i s ib l e  on  th e  s u r f a c e  

a t  c e r t a i n  t i m e s  o f  y e a r .
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F IG  7 . 2  P A R T  O F  BROADBALK CO NTINU O US W H E A T  EX P E R I  LI E N T

n e r o i c i d e

N3
<+)

N2 
( + )

N1 
( + )

NO 
( + )

NO
( - )

F Y M
( - )

N l , N 2 , N 3 , N 4  = N i t r o - c h a l k  a t  4 3 ,  9 6 ,  1 4 4 ,  196 Kg N / h a .  
F Y M  — F a r m  y a r d  m a n u r e
( + ) a n d  ( “ ) = W ith  a n d  w i th o u t  P ,  K ,  N a ,  Mg

G u a r d  ro w s

H e r b ic i d e
t r e a t e d

p lo t s

R e c e n t  c r o p  y ie ld s  ( to n n e s  o f  g r a i n  p e r  h a . )  f r o m  h e r b i c i d e  t r e a t e d  p lo t s

P l o t  N o .  
9 
8 
7 
6 
5 
3 
22

1970
5 . 5  
5 . 8
5 .1
4 .1
2 . 6
2 . 1  
5 . 3

1971
5 . 3
5 .7
6 .0
4 . 5
2 . 5  
2.1
6 .5

1972
5 .1
5 . 0
5 . 3  
4 . 7
2 . 1  
1 . 6
6 . 3

T a k e n  f r o m  R o t h a m s t e d  E x p e r i m e n t a l  S ta t io n  A n n u a l  R e p o r t  f o r  1 971
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T he  w o rk  d e s c r i b e d  in  th i s  s e c t i o n  w as  c a r r i e d  out in  an  a t t e m p t  

to  e v a lu a te  the  c o n t r ib u t io n  o f  th e s e  cJgae to  th e  n i t r o g e n  e c o n o m y  of 

s e v e r a l  p lo t s  on B r o a d b a lk .  T h e  n i t r o g e n a s e  a c t iv i t y  b e n e a th  th e  

w h e a t  c r o p  in  h e r b ic id e  t r e a t e d  p lo ts  3 , 5 , 6 ,  9 a n d  22 w as  m o n i to r e d  

on  a  r e g u l a r  b a s i s  o v e r  a  tw o y e a r  p e r i o d  f r o m  1971 to  1973, a n d  the  

n o n - h e r b i c id e  t r e a t e d  p lo ts  3 , 5 , 6  an d  9 w e r e  m o n i to r e d  in  1971.

O ccas iona lly  s a m p l in g s  w e r e  c a r r i e d  ou t on  p lo t s  7 a n d  8 .

B .  M ETH O D

E s t i m a t e s  o f  f ix a t io n  w e r e  i n f e r r e d  f r o m  th e  n i t r o g e n a s e  a c t iv i t y  o f  

s m a l l  c o r e  s a m p l e s  ( 0 . 84cm  d i a m e t e r  by  2 , 5 m m  d e e p )  w h ich  w e r e  

in c u b a te d  in  u n i v e r s a l  b o t t l e s  in  d ay l ig h t  a t  a i r  t e m p e r a t u r e .  S ix  rep lica tes  

w e r e  n o r m a l ly  t a k e n  f ro m  e a c h  p lo t  a t  w e e k ly  o r  fo r tn ig h t ly  i n t e r v a l s  

f ro m  M ay  u n t i l  th e  c r o p  w as  h a r v e s t e d  in  S e p t e m b e r ,  a n d  a  t o t a l  o f  a b o u t 

2000 c o r e s  w e r e  a s s a y e d  e a c h  s e a s o n .

In e a r l y  s a m p l in g s  c o r e s  w e r e  s e l e c t e d  f o r  e i t h e r  th e  v i s u a l  p r e s e n c e  

o r  a b s e n c e  o f  a lg a l  c o v e r .  On c e r t a i n  p lo t s  on s o m e  o c c a s io n s  d u r in g  the  

s e a s o n ,  i t  w as  e x t r e m e l y  d if f ic u l t  to  f ind  p o s i t iv e ly  id e n t i f i a b le  a r e a s  of 

b l u e - g r e e n  a lg a e  an d  s o m e  s a m p l e s  , w h ic h  d id  no t a p p e a r  in  th e  f i e ld  to  

h av e  any  a lg a l  c o v e r ,  f ix e d  r e l a t i v e l y  w e l l .  S u b s e q u e n t  m i c r o s c o p i c  

e x a m in a t io n  of t h e s e  s a m p l e s  s h o w e d  th a t  b l u e - g r e e n  a lg a e  w e r e  p r e s e n t  

an d  th e  v i s u a l  s e l e c t io n  p r o c e d u r e  w as  l a t e r  a b a n d o n e d  in  f a v o u r  o f  

r a n d o m  s a m p l in g .

T he  l a r g e  in  s i tu  in c u b a t io n  c h a m b e r s  u s e d  in  th e  f i e ld  e x p e r i m e n t s  

d e s c r i b e d  e a r l i e r  co u ld  no t be u s e d  on  B r o a d b a lk  b e c a u s e  o f  th e  p o s s i b i l i t y  

o f  c r o p  d a m a g e .  In  the  t h i r d  y e a r  p e r m i s s i o n  w a s  o b ta in e d  to  u s e  th e  

in c u b a t io n  c h a m b e r s  in  the  g u a r d  ro w s  o f  th e  m a in  p l o t s .  C o m p a r i s o n  o f  

th e  d a ta  o b ta in e d  u s in g  th e  tw o  m e th o d s  on  t h r e e  o c c a s io n s  s h o w e d  th a t  th e  

f ix a t io n  v a lu e s  i n f e r r e d  f ro m  th e  in c u b a t io n  c h a m b e r s  a r e  5-15% lo w e r  

th a n  th o s e  o b ta in e d  f ro m  the  s m a l l  c o r e  s a m p l e s .

A c o m p a r a t i v e  e s t i m a t e  o f  th e  v i s u a l  c o v e r  o f  g r e e n  a n d  b l u e - g r e e n  a l ^  

on  th e  v a r io u s  p lo ts  w as  a t t e m p te d  u s in g  a  r a n d o m  q u a d r a t  m e th o d  a t  th e  

e n d  of th e  1972 s e a s o n .  Nylon.' f ish in g  l in e  w as  p a s s e d  th ro u g h  h o le s  in  th e
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edge  o f  a  10cm s q u a r e  q u a d r a t  to  g iv e  a  1cm  g r i d  so  t h a t  th e  p e r c e n ta g e  

o f  a lg a l  c o v e r  w ith in  e a c h  100 s q . c m s . c o u ld  be  e s t i m a t e d .  G re e n  

an d  b l u e - g r e e n  a lg a e  w e r e  s e p a r a t e d  by t h e i r  a p p e a r a n c e  a n d  th e  r e s u l t s  

c h e c k e d  u n d e r  th e  m i c r o s c o p e  in  doub tfu l s a m p l e s ,  ( s e e  t a b le  7 . 5 ) .

C .  RESULTS

( l )  E s t i m a t e s  o f  a n n u a l  f ix a t io n

T h e  e s t i m a t e s  o f  a n n u a l  f ix a t io n  a r e  sh o w n  in  T a b le  7 .1  a n d  7 . 2 .  

T h e y  h av e  b e e n  m a d e  u s in g  th e  t h e o r e t i c a l  r a t i o  3C ^H ^  = IN ^  a n d  

in t e g r a t i n g  th e  a r e a s  u n d e r  th e  g r a p h s  sh o w n  in  F i g s .  7 . 5  to  7 .7  b e tw e e n  

M ay  a n d  S e p t e m b e r ,  a s s u m in g  a  16 h o u r  d a i ly  f ix a t io n  p e r i o d .  T he  

s t a n d a r d  d e v ia t io n s  a r e  d e r iv e d  f r o m  th e  s u m m e d  v a r i a n c e s  o f  th e  w e e k ly  

f ix a t io n  v a l u e s . T h e  h ig h  s t a n d a r d  d e v ia t io n  v a lu e s  fo r  p lo t s  9 a n d  22 a r e  

b e l i e v e d  to  r e f l e c t  d i f f e r e n c e s  in  algal d i s t r i b u t io n  ( s e e  l a t e r ) .

T a b le  7 .1  E s t i m a t e d  an n u a l  n i t r o g e n  f ix a t io n  on  B r o a d b a lk  1971

P lo t  No T r e a t m e n t s
E s t i m a t e d  an n u a l f ix a t io n  K g N ^ /h a
H e r b ic id e  t r e a t e d s d . No h e r b i c id e s . d  .

22 F a r m y a r d  m a n u r e 10 .66 5.13 11.22 4 . 0 4

9 N = 4 , P , K , N a , M g 1 .4 4 3o83 2 .3 8 3 .4 0

6 N = l , P , K , N a , M g 2 4 .5 4 2 .3 6 2 8 .2 2 6 .5 0

5 N = 0 , P , K , N a , M g 2 2 .8 8 6 .0 2 2 3 .4 5 4 . 8 5

3 N=0 13 .35 2 .4 5 18 .93 4 .3 1

T a b le  7 .2  E s t i m a t e d  an n u a l  f ix a t io n  on  B r o a d b a lk  1972

P lo t  N o . T r e a t m e n t E s t i m a t e d  a n n u a l  f ix a t io n  
(K g N ^ /h a )  H e r b i c i d e  

t r e a t e d

S ta n d a rd
d e v ia t io n

22 F a r m y a r d  m a n u r e 2 .3 5 0 .8 8

9 N = 4 , P , K , N a , M g 0.81 0 .5 9

6 N = l , P , K , N a , M g 9 .5 7 2 .61

5 N = 0 , P , K , N a , M g 12.82 4 .4 6

3 N=0 2 .8 2 1 .3 9
----------------------------
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T h e  1971 f ig u r e s  a r e  c o n s id e r a b ly  h ig h e r  th a n  th o s e  fo r  1972 b e c a u s e  

o f  th e  w e t t e r  s u m m e r  in  th e  f i r s t  y e a r .  T o ta l  r a i n f a l l  o f  2 3 2 m m  b e tw e e n  

M ay  a n d  S e p te m b e r  in  1971 w as  a s s o c i a t e d  w ith  a  m e a n  f ix a t io n  r a t e  on 

a l l  h e r b i c id e  t r e a t e d  p lo t s  o f  14 .6  K g N ^ /h a .  A to t a l  o f  145 m m  o f  r a i n  

f e l l  o v e r  a  s i m i l a r  p e r i o d  in  1972 g iv ing  a  m e a n  f ix a t io n  r a t e  by  h e r b i c id e  

t r e a t e d  p lo t s  o f  5 .5 7  K g N ^ /h a .

T h e  f ix a t io n  r a t e s  r e c o r d e d  on  a l l  p lo t s  o v e r  th e  p e r i o d  o f  m o n i to r in g  

a r e  c l e a r l y  r e l a t e d  to  r a in f a l l  a l th o u g h  s u b je c t  to  in d iv id u a l  m o d i f ic a t io n s  

a c c o rd in g  to  c o v e r  f r o m  the  s ta n d in g  c r o p  a n d  n i t r o g e n  s t a t u s .

T h e  a v e r a g e  o v e r a l l  f ix a t io n  r a t e  f o r  a l l  p lo t s  on  v a r io u s  d a te s  is  

c o m p a r e d  g r a p h ic a l l y  w ith  r a i n f a l l  in  F i g .  7 . 3  a n d  7 . 4 .

T h e  f ix a t io n  r a t e s  a r e  c o r r e l a t e d , n o t  w ith  th e  r a i n f a l l  a t  th e  t im e  o f  

s a m p l in g ,b u t  r a t h e r  w ith  th e  r a i n f a l l  in  th e  p r e v io u s  fo r tn ig h t  a t  th e  10% 

p r o b a b i l i t y  l e v e l  in  1971 b u t  l e s s  w e ll  in  1972. A lth o u g h  th e  r a i n f a l l  

a v e r a g e d  a b o u t 10mm. a w eek  f r o m  M ay o n w a rd  in  1972, th e  f ix a t io n  d id  n o t  

i n c r e a s e  u n t i l  th e  m id d le  o f  J u ly .  T h is  la g  m a y  be  p a r t l y  a t t r i b u t a b l e  to  

s o i l  t e m p e r a t u r e ,  b u t  th e  g ro w th  o f  th e  w h e a t  c an o p y  i s  a l s o  im p o r t a n t  

in  p r e v e n t in g  th e  s o i l  f r o m  d ry in g  o u t  b e tw e e n  s u c c e s s i v e  s h o w e r s .  

L a b o r a to r y  e x p e r i m e n t s  show  th a t  s e v e r e  d e s i c c a t i o n  o f  th e  s u r f a c e  

( s o i l  m o i s t u r e  c o n te n t  4%) c a n  c a u s e  l y s i s  o f  v e g e t a t i v e  c e l l s  w h i l s t  l e s s  

s e v e r e  d e c r e a s e s  c o n s id e r a b ly  r e d u c e d  n i t r o g e n a s e  a c t iv i t y  a n d  g r o w th .  

(See s e c t io n  5 , th e  e f f e c t  o f  d e s ic c a t io n  on  a lg a l  c r u s t s ) .  T h e  f a c t  th a t  

th e  e x is t in g  a lg a l  p o p u la t io n  h a s  b e e n  r e d u c e d  to  s o m e  e x te n t  by  d r y  p e r io d s  

i s  sh o w n  by  th e  la g  b e tw e e n  r a i n f a l l  a n d  i n c r e a s i n g  n i t r o g e n a s e  a c t iv i ty  

in  A u g u s t  1971 ( s e e  F ig  7 . 3 ) .  I f  th e  a l g a e ,  w h ich  w e r e  f ix ing  w e l l  in  th e  

p r e v io u s  m o n th ,  w e r e  m e r e l y  in a c t iv a t e d  by  d e s i c c a t i o n  th e  r e s p o n s e  to  

r a i n f a l l  m ig h t  b e  e x p e c te d  to  b e  s o m e w h a t  m o r e  r a p i d  ( s e e  s e c t i o n  6 ,  

R e c o v e r y  o f  n i t r o g e n a s e  a c t iv i ty  a f t e r  a  p e r i o d  o f  d r y  w e a t h e r )  . T h e  

f ie ld  w as  s a m p l e d  on  th e  28 th  J u l y ,  tw o d a y s  a f t e r  th e  1 5 .5 m m  o f  r a in f a l l  

sh o w n  f o r  th e  w e e k  2 4 -3 1 s t  J u ly  in  F i g . 7 . 3 .  A ll  p lo t s  w e r e  th o ro u g h ly  

w e t te d  w ith  a  s o i l  m o i s t u r e  c o n te n t  in  e x c e s s  o f  15% ( s e e  F ig  7 . 8 )  bu t 

d e s p i t e  th i s  th e  m e a n  f ix a t io n  r a t e s  r e p r e s e n t e d  l e s s  th a n  25% o f  the
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F IG  7 . 3  S e a s o n a l  n i t r o g e n  f ix a t io n  ; B r o a d b a l k  1971

ngNVcm/hr
Rainfall

no herbicideFixation j
 herb ic idemm HD

mmHO

20

10

15 22 29 5 12 19 26 3 10 17 24 31
May June  Ju ly  A ugust

F IG  7 . 4  S e a s o n a l  n i t r o g e n  f ix a t io n  ; B r o a d b a l k  197X

Rainfall

14 21 28 4

ng NJcmVhr 
1201

80-

40

Fixation
(herbicide)

12 19 26 1
August.
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p r e v io u s  m a x i m u m .  T h e  s o i l  r e m a i n e d  d am p  a n d  th e  n i t r o g e n a s e  a c t iv i t y  

reach ed  t h a t  o f  th e  p r e v io u s  h ig h  p e r i o d  a f t e r  abou t 9 d ay s  a n d  a  m a x im u m  

v a lu e  a f t e r  14 d a y s .  T h e  la g  i s ,  a s  m ig h t  be  e x p e c te d ,  s u b s t a n t i a l l y  

l e s s  th a n  th e  lag  a t  th e  b eg in n in g  o f  th e  s e a s o n  w h en  th e  a lg a l  c r u s t  

m u s t  d e v e lo p  f ro m  th e  r e l a t i v e l y  s m a l l  in o c u lu n i  r e m a in in g  a f t e r  th e  

f i e ld  h a s  b e e n  p lo u g h e d  a n d  s u b je c t e d  to  th e  r i g o r s  o f  w in t e r  w e a t h e r .

(2 ) T h e  e f fe c t  of N ,P , K ,N a a n d  Mg

I t  i s  d i f f ic u l t  to  s e p a r a t e  th e  d i r e c t  e f fe c t  o f  f e r t i l i z e r  t r e a t m e n t  

on  th e  a lg a e  f r o m  th e  i n d i r e c t  e f f e c t s  a s s o c i a t e d  w ith  a  g r e a t e r  g ro w th  

o f  th e  s ta n d in g  c r o p  w h ic h  a f f e c t s  b o th  th e  s o i l  m o i s t u r e  a n d  l ig h t  i n t e n s i t y .  

T h e  s o i l  s u r f a c e  b e n e a th  th e  c l o s e d  w h e a t  can o p y  on  th e  h ig h e r  n i t r o g e n  

p lo t s  p r o v id e s  an  e q u a b le  a lg a l  h a b i t a t  in  th a t  i t  r e m a i n s  d a m p  f o r  long 

p e r io d s  a f t e r  h e a v y  r a i n f a l l  b e c a u s e  i t  i s  p r o t e c t e d  f r o m  th e  d ry in g  a c t io n  

o f  th e  s u n  a n d  w in d .

This eGTect is  in c r ea se d  further by the w eed cover  which o ccu rs on

non  h e r b i c id e  t r e a t e d  p lo t s  ( s e e  R e s u l t s  - 0 1 ^ / 7 . 4

T h e  l ig h t  i n t e n s i t i e s  r e c o r d e d  a t  g r o u n d  le v e l  on  v a r io u s  p lo t s  d u r in g  

b r ig h t  s u n l ig h t  a r e  sh o w n  in  t a b le  7 . 3  o v e r l e a f .  T h e  p e r c e n t a g e  o f  th e  

incident l ig h t  w h ich  i s  a b s o r b e d  h a s  b e e n  c a l c u l a t e d  to  g iv e  s o m e  in d i c a t io n  

o f  th e  r e l a t i v e  d e n s i ty  o f  th e  c a n o p i e s .

T h e  f ix a t io n  v a lu e s  o b ta in e d  f o r  p lo t  3 (no f e r t i l i z e r )  w e r e  low  a t  th e  

beginning o f the s e a so n , but in crea sed  in  A ugust as the sp a rse  co ver  of

v e g e ta t i o n  c l o s e d  o v e r  ( s e e  F i g s .  7 . 5 ,  7 . 6  a n d  7 ^ 7 ) .  On th e  no  h erb icid e  

a r e a s ,  w h e r e  th e  w e e d s  a s s i s t  i n  f o rm in g  th e  c a n o p y ,  th e  f ix a t io n  on  

p lo t  3 i n c r e a s e d  to  an  A u g u s t  m a x im u m  w h ic h  e x c e e d e d  th a t  o f  a l l  o th e r  

p lo t s  ( s e e  F i g .  7 . 6 ) .

T h i s  s u g g e s t s  th a t  a lg a l  g ro w th  an d  n i t r o g e n a s e  a c t iv i t y  i s  n o t  l i m i t e d  

by  th e  low  n u t r i t i o n a l  s t a t u s  p e r  s e .

P lo ts  5 (N = 0 ,P ,K ,N a ,M g ) a n d 6 (N = l, P ,K ,N a ,M g )  ach ieve a m oderate  

d egree o f plant cover  com bined w ith a low  n itrogen  status and th ese  p lots

g iv e  th e  h ig h e s t  o v e r a l l  f ix a t io n  in  h e r b i c id e  t r e a t e d  a r e a s .

-119-



T a b l e  7 . 3

Ligh t i n t e n s i t i e s  a t  g ro u n d  l e v e l  on  B r o a d b a lk  w in t e r  w h e a t  p lo t s ,  J u ly  6 th ,  
1971.

P l o t  N o . H e r b ic id e R a n g e  o f  l ig h t  
i n t e n s i t i e s  

(Lux)

% o f  l ig h t  a b s o r b e d  
by  c a n o p y  *

C o m m e n ts  
( r e a d i n g s  u n d e r  
n o r m a l  c r o p  u n le s s  
o th e r w i s e  s t a t e d )

9 . 570-3000 9 5 -9 9

9 + 27 0 0 -3 6 0 0 94 -9 6

22 - 110-117 99 U n d e r  v e tc h

22 - 4 4 0 -6 0 0 9 9 -9 9

22 + 1200-2300 9 6 -9 8

6 - 410 99 U n d e r  v e tc h

6 - 1800-4200 93-97

6 + 4 0 0 0 -5 0 0 0 9 2 -9 4

5 - 2 0 0 0 -4 0 0 0 96-97

5 - 1500 98 U n d e r  v e t c h

5 + 1800-22500 63 -7 0

5 + 24 0 0 -2 7 0 0 95-96 U n d e r  E q u i s e tu m

3 - 1900-2000 6 7 -6 9 ;

3 - 4 0 ,0 0 0 44 B e tw e e n  ro w s

3 + 2 0 ,0 0 0 -2 7 ,0 0 0 5 5-67

3 + 41 ,500 32 B e tw e e n  r o w s .

* U n s h a d e d  l ig h t  i n t e n s i t y  a t  g r o u n d  l e v e l  = 61000 Lux
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T h e  f ix a t io n  r a t e s  g e n e r a l l y  d e c r e a s e d  w ith  i n c r e a s e d  n i t r o g e n  

a p p l ic a t io n  f r o m  p lo t  6 to  p lo t  9 .  P l o t s  7 a n d  8 w e r e  n o t  m o n i to r e d  

r e g u l a r l y ,  b u t  e s t i m a t io n s  o f  f ix a t io n  w e r e  m a d e  on  fo u r  o c c a s i o n s .

T h e  r e s u l t s  a r e  sh o w n  in  t a b le  7 . 4  b e lo w .  A lth o u g h  th i s  e f f e c t  m ig h t  

b e  p a r t l y  due to  e x c e s s iv e  s h a d in g ,  n i t r o g e n  i s  i m p l i c a t e d  b e c a u s e , 

a s  F i g s .  7 . 5  a n d  7 . 6  s h o w ,  th e  c o n t r ib u t io n  f r o m  p lo t  9 i n c r e a s e s  '

s u b s t a n t i a l l y  to w a r d s  th e  en d  o f  th e  s e a s o n  w h en  m u c h  o f  th e  n i t r o g e n  

h a s  b e e n  t a k e n  up by  th e  c r o p  o r  w a s h e d  down th e  s o i l  p r o f i l e .

T a b le  7 , 4  T h e  e f fe c t  o f  v a r io u s  l e v e l s  o f  f e r t i l i z e r  n i t r o g e n  on  n i t r o g e n  
f ix a t io n .

> ......

P lo t  N o . S p r in g  N 
a p p l ic a t io n  

K g N /h a

2
N i t r o g e n  f ix a t io n  n g N p /c m  / h r

S e p t . 1st 1971 Ju n e  6th  1972 J u ly  6th  1972 Aug .10th  72

6 48 1 3 9 .9 4 . 0 5 1 7 .5 150 .5

7 96 116.5 3 .8 5 6 .6 0 7 6 .3

8 144 8 .0 0 2 .2 5 2 . 2 5

9 192 1 2 .0 0 . 2 8 1 .20 1 .40

T h e  f ig u r e s  sh o w n  a r e  th e  m e a n s  o f  6 r e p l i c a t e  s a m p l e s .

W i l l i a m s  a n d  R a n g e  le y  (l97Z) n o te  th a t  th e  c o n c e n t r a t i o n s  o f  n i t r a t e  in  

s o i l  on  p lo t s  6 -9  d ro p s  to  l e s s  th a n  5 p p m  to w a r d s  th e  e n d  o f  th e  s e a s o n .  

N a i r  an d  T a l ib u d e e n  ( l9 7 3 )  u s e d  s p e c i f i c  i r o n  e l e c t r o d e s  to  i n v e s t ig a t e  

th e  m o v e m e n t  o f  NO~ a n d  in  B r o a d b a lk  s o i l s . T h e  r e s u l t s  o b ta in e d  

on  p lo t s  7 a n d  9 sh o w  th a t  th e  n i t r a t e  c o n c e n t r a t i o n  5 cm  b e lo w  th e  s u r f a c e  

d e c r e a s e d  f r o m  ab o u t  10~^ g m  i o n s / l  NO"^ to  a b o u t  10~^ g m  i o n s / l  NO^ 

(ab o u t 600 p p m  to  6 p p m ) .

A lth o u g h  th e  a f f e c t  o f  n i t r a t e  c o n c e n t r a t i o n  on  a lg a l  n i t r o g e n  f ix a t io n  

m a y  o p e r a t e ,  to  s o m e  e x t e n t ,  b y  r e p r e s s i n g  n i t r o g e n a s e  s y n th e s i s  an d  

h e t e r o c y s t  f o r m a t i o n ,  m i c r o s c o p i c  e x a m in a t io n  o f  s a m p l e s  t a k e n  f r o m  

p lo t  9 s h o w e d  th a t  b lu e  g r e e n  a lg a e  w e r e  s c a r c e ,  b u t  t h a t  t h o s e  p r e s e n t  

d id  h a v e  h e t e r o c y s t s .  V is u a l  o b s e r v a t i o n s  d u r in g  th e  e a r l y  p a r t  o f  th e
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g ro w in g  s e a s o n  in d i c a te d  th a t  th e  s u r f a c e  o f  p lo t s  8 a n d  9 b o r e  l a r g e  

a r e a s  o f  g r e e n  a lg a e  a n d  s y s t e m a t i c  e x a m in a t io n  o f  c o v e r  u s in g  a 

r a n d o m  q u a d r a t  m e th o d  a t  th e  e n d  o f  th e  s e a s o n  s h o w e d  th a t  p lo t  9 h a d  

a  p r e d o m in a n c e  o f  g r e e n s  ( s e e  T a b le  7 . 5 ) .

A lthough  th i s  e f f e c t  m a y  n o t  b e c o m e  m a n i f e s t  o v e r  a  s in g le  s e a s o n ,  

th e  r e p e a t e d  a p p l ic a t io n s  o f  h ig h  l e v e l s  o f  n i t r o g e n  f e r t i l i z e r  o v e r  a 

long p e r i o d ,  s u c h  a s  h a s  o c c u r r e d  on B r o a d b a l k ,  m ig h t  b e  e x p e c te d  to  

b ia s  th e  in d ig e n o u s  p o p u la t io n  to w a r d s  s p e c i e s  w h ic h  a r e  f a v o u r e d  by  th e  

h ig h e r  s o lu b le  n i t r o g e n  c o n c e n t r a t i o n .

It w o u ld  s e e m  p r o b a b le  th a t  th e  l a c k  of  f ix a t io n  on  p lo t  9 e a r l y  in  

th e  s e a s o n  is  a t t r i b u t a b l e  to  a  la c k  o f  b l u e - g r e e n  a lg a e  a s  w e l l  a s  th e  

p o s s i b l e  d e a c t iv a t io n  o f  th o s e  p r e s e n t .

T h e  f ix a t io n  by  p lo t  22 ( f a r m y a r d  m a n u r e )  i s  g r e a t e r  th a n  th a t  o f  

p lo t  9 ,  b u t  th e  g e n e r a l  p a t t e r n  o f  n i t r o g e n a s e  a c t iv i t y  i s  s i m i l a r  w ith  

th e  h e r b i c id e  t r e a t e d  s e c t i o n s  r e a c h in g  a  m a x im u m  r a t h e r  l a t e r  th a n  th e  

o th e r  p lo t s  a t  th e  e n d  o f  A u g u s t .

T h e  e s t i m a t e  o f  c o v e r  on  th i s  p lo t  in  S e p te m b e r  1971 s h o w e d  th a t  

0.37% o f  th e  a r e a  w a s  c o v e r e d  by  g r e e n  a lg a e  a n d  0.58% by  b l u e - g r e e n  

a lg a e  (T a b le  7 . 5 ) .  T h e  d i s t r i b u t io n  o f  b l u e - g r e e n  a lg a e  d i f f e r e d  f r o m  

th a t  on  o th e r  p lo t s  in  be ing  v e r y  n o t i c e a b ly  c lu m p e d  in to  s m a l l  d e n s e  

p a tc h e s  l - 2 c m  a c r o s s .  T h i s  e f f e c t  i s  a l s o  m a n i f e s t e d  in  th e  s t a n d a r d  

d e v ia t io n  o f  th e  w e e k ly  f ix a t io n  e s t i m a t e s  w h ich  a r e  h ig h e r  th a n  th o s e  

o f  o th e r  p l o t s .  I t  i s  p o s s i b le  th a t  th i s  d i s t r i b u t io n  r e f l e c t s  th e  non  

u n i f o r m  o r ig i n a l  a p p l ic a t io n  o f  m a n u r e  w h ic h  r e m a i n s  in  q u ite  l a r g e  

lu m p s  p ro d u c in g  lo c a l  a r e a s  o f  h ig h  n u t r i e n t  c o n c e n t r a t i o n .  S i m i l a r l y  

h ig h  s t a n d a r d  d e v ia t io n s  a r e  p r o d u c e d  b y  p lo t  9 w h e r e  th e  a p p l ic a t io n  o f  

n i t r o - c h a l k  w as  r e a s o n a b l y  e v e n ,  a n d  v a r i a t i o n s  in  s o i l  to p o g ra p h y  

a n d  s t r u c t u r e ,  w h ic h  a l lo w  lo c a l i z e d  le a c h in g  o f  n u t r i e n t s  m a y  a l s o  be  

i m p o r t a n t .
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( s )  T h e  e f fe c t  o f  h e r b i c id e  t r e a t m e n t

V a r io u s  h e r b i c i d e s  h a v e  b e e n  u s e d  on  s o m e  s e c t i o n s  o f  B r o a d b a lk  

s in c e  1957. T h e  h e r b i c id e s  h a v e  b e e n  c h o s e n  on  a  y e a r  to  y e a r  b a s i s  to  

be  e f f e c t iv e  a g a i n s t  th e  e m e r g e n t  w e e d  s p e c i e s .

T h e  m o s t  p r o m i n e n t  w e e d s  e n c o u n t e r e d  o v e r  th e  tw o  y e a r  m o n i to r in g  

p e r i o d  w e r e  v e t c h  a n d  v a r io u s  g r a s s e s  on  th e  h ig h e r  n i t r o g e n  p lo t s  

a n d  E q u i s e tu m  on  p lo t  3 .  S om e id e a  o f  th e  d e n s i ty  o f  w e e d  c o v e r  c a n  b e  

g a in e d  f r o m  th e  l ig h t  i n t e n s i t i e s  a t  g r o u n d  le v e l  sh o w n  in  t a b le  7 . 3 .

T h e  g ro w th  o f  w e e d s  in  th e  a b s e n c e  o f  h e r b i c i d e s  i s  m o r e  m a n i f e s t  on  w e l l  

m a n u r e d  p l o t s .

T h e  s p r in g  h e r b i c id e  t r e a t m e n t s  u s e d  in  1971, 1972 a n d  1973 a r e  a l l  

m i x t u r e s  o f  M C P A  ( 4 - c h lo r o - 2 - m e th y lp h e n o x y a c e t i c  a c id )  , M e c a p ro p  

(2 -  ( 4 - c h l o r o - 2 - m e t h y l p h e n o x y ) p r o p r i o n i c  a c id ) a n d  d ic a m b a  ( 3 , 6 - d i c h l o r o - 2 -  

m e th o x y b e n z o ic  a c id )  m a r k e t e d  a s  B a n le n e  an d  B a s le n e  P l u s .

A l l  t h r e e  o p e r a t e  by  c r e a t i n g  a  h o r m o n a l  in b a la n c e  in  b r o a d  l e a v e d  

p l a n t s .  M C P A  a n d  M e c a p ro p  a r e  s u b s t i t u t e d  p h e n o x y a c e t i c  a n d  

p h e n o x y p r o p r io n ic  a c id s  w h ich  a r e  d e g r a d e d  qu ite  r a p id l y  in  th e  s o i l  

(h a l f  l i f e  a b o u t 1 w e e k ) w h e r e a s  d ic a m b a  i s  a  s u b s t i t u t e d  b e n z o ic  a c id  

w h ic h  i s  d e g r a d e d  s o m e w h a t  m o r e  s lo w ly  (h a l f  l i f e  a b o u t 1 m o n th )  .

M u ch  o f  th e  a p p l ie d  h e r b i c id e  i s  l o s t  to  th e  p la n t  can o p y  a t  th e  t i m e  of  

a p p l ic a t io n  a n d  r a d io a c t i v e  la b e l l in g  e x p e r i m e n t s  in d i c a te  th a t  h e r b i c id e  

w h ic h  d o es  r e a c h  th e  g ro u n d  i s  w ^ e d  q u i te  r a p id l y  down th e  s o i l  p r o f i l e  

( G . G . B r i g g s ,  P e r s o n a l  C o m m u n ic a t io n )  .

T h e  u s e  o f  h e r b i c i d e s  r e d u c e d  th e  a n n u a l  f ix a t io n  ( s e e  t a b le  7 . l )  

a n d  a  c o m p a r i s o n  o f  E i g . s  7 . 5  a n d  7 . 6  sh o w s  th a t  in  g e n e r a l  th e  

h e r b i c i d e  t r e a t e d  p lo t s  f ix  l e s s  w e l l  a t  th e  b e g in n in g  o f  th e  s e a s o n  th a n  

th e  u n t r e a t e d  p l o t s ,  b u t  b e t t e r  a t  th e  e n d  o f  th e  s e a s o n .  T h i s  m a y  be  

a t t r i b u t a b l e  to  b o th  th e  d i r e c t  a c t io n  o f  th e  h e r b i c i d e  on  th e  a lg a e  a n d  to  

i n d i r e c t  e f f e c t s  v i a  th e  s ta n d in g  c r o p .  .

L u n k v is t  ( l9 7 0 )  found  th a t  th e  n i t r o g e n a s e  a c t iv i t y  o f  l i q u id  c u l tu r e s  

o f  N . p u n c t i f o r m e , N . m u s  c o r u m  and C y lin d ro s-^ p e rm a n  s p .  w a s  s u p p r e s s e d
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b y  b o th  DCM U an d  2 , 4 - D  a t  c o n c e n t r a t i o n s  w h ich  a r e  n o r m a l ly  a p p l ie d  

in  th e  f i e l d .  A t lo w e r  c o n c e n t r a t i o n s  (lO "^ -  10“ ^ M ) ,  w h ic h  m ig h t  o c c u r  

in  th e  f i e ld  l a t e r  in  th e  s e  a s  o n ,  L u n k v is t  r e p o r t s  th a t  f ix a t io n  i s  a c tu a l ly  

s t i m u l a t e d .

T h i s  d i r e c t  e f f e c t  m a y  be  e x a g e r a t e d  by  th e  w e e d  c o v e r  w h ic h  p r o t e c t s  

th e  s o i l  s u r f a c e  on  th e  u n t r e a t e d  p lo t s  f r o m  d e s i c c a t i o n ,  en h a n c in g  a lg a l  

d e v e lo p m e n t  e a r l y  in  th e  s e a s o n .

T h e  h i s t o g r a m s  sh o w n  in  F i g .  7 , 8  c o m p a r e  n i t r o g e n  f ix a t io n  by  p lo t s  

w ith  a n d  w ith o u t  h e r b i c id e  in  r e l a t i o n  to  s o i l  m o i s t u r e  on  s e v e r a l  o c c a s io n s  

b e tw e e n  J u ly  a n d  S e p te m b e r  1971.

T h e  e f f e c t  o f  w e e d  c o v e r  c a n  be  c l e a r l y  s e e n  on  th e  6 th  J u ly  t h r e e  

w e e k s  a f t e r  h e a v y  r a i n f a l l .  T he  no  h e r b i c id e  s e c t i o n s  a r e  w e t t e r  th a n  th e  

o t h e r s  a n d  w ith  th e  e x c e p t io n  o f  p lo t  3 ,  a l l  sh o w  a h ig h e r  f ix a t io n  r a t e .

On th e  28 th  J u l y ,  a f t e r  two days  r a i n f a l l ,  th e  e f fe c t s  o f  e v a p o r a t io n  

a r e  no t y e t  a p p a r e n t  an d  th e  s o i l  m o i s t u r e  c o n te n ts  a r e  g e n e r a l l y  s i m i l a r ,  

b u t  by  th e  1st o f  S e p te m b e r  th e  no h e r b i c id e  p lo t s  a r e  d r i e r  th a n  th e  o t h e r s , 

p a r t i c u l a r l y  on  th e  h ig h  n i t r o g e n  p lo t s  9 a n d  22 w h e r e  th e  can o p y  i s  so  

d e n s e  th a n  m a n y  o f  th e  l ig h t  s h o w e r s  in  th e  p r e v io u s  fo r tn ig h t  p r o b a b ly  

d id  n o t  r e a c h  th e  g r o u n d .

A s F i g .  7 . 6  sh o w s  th a t  th e  u n t r e a t e d  a r e a s  o f  p lo t s  5 a n d  6 ,  w h ich  

s u p p o r t  a  r e a s o n a b l e  p la n t  c o v e r ,  g iv e  th e  g r e a t e s t  f ix a t io n  in  J u ly  w h i l s t  

p lo t  3 does  n o t  c o n t r ib u te  s u b s t a n t i a l l y  u n t i l  A u g u s t  w h e n  i t s  c o v e r  i s  a t  

m a x im u m .

(4 ) A lg a l  c o v e r  an d  s p e c i e s  c o m p o s i t io n

T h e  p e r c e n t a g e  a lg a l  c o v e r  on  h e r b i c i d e  t r e a t e d  p lo t s  w a s  

e s t i m a t e d  in  S e p te m b e r  1971 a f t e r  th e  w h e a t  h a d  b e e n  h a r v e s t e d ,  u s in g  th e  

r a n d o m  q u a d r a t  m e th o d  d e s c r i b e d  e a r l i e r .  I t  w as  n o t  p o s s i b l e  to  e s t i m a t e  

th e  c o v e r  e a r l i e r  in  th e  s e a s o n  w h en  f ix a t io n  w a s  a t  a  m a x im u m ,  b e c a u s e  

o f  th e  s ta n d in g  c r o p  a n d  th e  f ig u r e s  sh o w n  in  t a b le  7 . 5  o v e r l e a f  p r o b a b l y ' f a i l  

to  r e f l e c t  th e  m a x im u m  s e a s o n a l  c o v e r .
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F iG  7 . 8  T h e  e f f e c t  o f  h e r b i c i d e  t r e a t m e n t  on  s o i l  m o i s t u r e  a n l  f i x a t i o n .
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E a c h  v a lu e  i s  d e r iv e d  f ro m  32 q u a d r a t  e s t i m a t e s  e a c h  c o v e r in g  

100 s q u a r e  c m s .

T a b le  7 . 5 .  P e r c e n t a g e  o f  p lo t  a r e a  w ith  e v id e n t  v i s u a l  a lg a l  c o v e r .

P lo t  N o .  G r e e n  a lg a e  B l u e - g r e e n  a lg a e

22 0 .3 7  0 . 5 8

9 9 .3 6  1 .56

6 0 .2 9  1 7 .48

5 0 .0 9  21.37

3 0 .0 3  6 .51

T h e  s p e c i e s  c o m p o s i t io n  o f  a lg a e  on  B r o a d b a lk  w a s  f i r s t  s tu d ie d  by  

B r i s t o l  R o a c h  ( l9 3 9 )  who n o te d  th e  p r e s e n c e  o f  a  n u m b e r  o f  s p e c i e s  of 

b l u e - g r e e n  a lg a e  o f  w h ich  N o s to c  m u s c o r u m  a n d  C y l i n d r o s p e r m u m  

l i c h e n i f o r m e  a r e  now  a c c e p te d  a s  f ix ing  e l e m e n t a l  n i t r o g e n .  A t te m p ts  

w e r e  m a d e  by  B r i s t o l  R o a c h  to  e n u m e r a t e  th e  v a r io u s  s p e c i e s  p r e s e n t  

u s in g  th e  s e r i a l  d i lu t io n  m e th o d ,  b u t  a s  sh e  o b s e r v e s ,  th e  te c h n iq u e  i s  

m o s t  u n s u i ta b le  f o r  f i l a m e n to u s  b l u e - g r e e n  a l g a e .  T h e  c e l l s ,  w h ich  f o r m  

the  o f te n  th ic k  g e la t in o u s  l a m in a  c o v e r in g  c e r t a i n  a r e a s ,  do n o t  s e p a r a t e  

d u r in g  d i lu t io n  a n d  g iv e  a  f a l s e l y  low  e s t i m a t e  o f  n u m b e r s .  E s t i m a t e s  

o b ta in e d  in  th i s  m a n n e r  a r e  d e p e n d a n t  on  th e  d e g r e e  o f  w h ich  s u c h  

c o lo n ie s  a r e  b r o k e n  down a n d  th e  e s t i m a t e d  n u m b e r s  o f  f i l a m e n to u s  

a lg a e  g iv e n  by  m a n y  a u th o r s  a r e ,  in  any  c a s e ,  l a r g e l y  d e p e n d a n t  on  t h e i r  

in t e rp r e ta t io n  o f  w h a t  c o n s t i tu t e s  a  s in g le  a l g a .

N u m e r i c a l  e s t i m a t e s  w e r e  n o t  a t t e m p t e d  in  th i s  s tu d y  b u t  a  n u m b e r  o f  

s p e c i e s  w e r e  i s o l a t e d  in  u n i - a l g a l  c u l tu r e  a n d  id e n t i f i e d  b y  E . A . G e o r g e ,  th e  

c u r a t o r  o f  th e  C a m b r id g e  C o l l e c t io n  of A lg a e  a n d  P r o t o z o a ,  w ho w as  a l s o  

k in d  enough  to  in c lu d e  th e  i s o l a t e s  in  h is  c o l l e c t io n .

T h e  m o s t  p r o m i n e n t  f o r m s  d ev e lo p in g  on  n i t r o g e n  f r e e  a g a r  w e r e  

C y l i n d r o s p e r m u m  l i c h è n f o r m e , N o s to c  e l l i p s o s p o r u m , N . m u s c o r u m  a n d  an  

A n a b a e n a  s p e c i e s ,  p o s s i b ly  A . c y l i n d r i c a ,  d e s ig n a t e d  in  th e  C a m b r id g e  

C u l tu r e  C o l l e c t io n  a s  'C o l .  *
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D . SUM M ARY

T h e  s e a s o n a l  n i t r o g e n  f ix a t io n  on  B r o a d b a l k ,  one  o f  th e  R o th a m s te d  

C l a s s i c  p l o t s ,  w as  m o n i to r e d  o v e r  a  tw o y e a r  p e r i o d .  T h e  p lo t  i s  

s u b d iv id e d  in to  s t r i p s ,  e a c h  o f  w h ich  h a s  r e c e i v e d  a  s e p a r a t e  f e r t i l i z e r  

t r e a t m e n t  w h ic h  h a s  r e m a i n e d  s u b s t a n t i a l l y  th e  s a m e  f o r  th e  p a s t  140 

y e a r s . T h e  t r e a t m e n t s  r a n g e  f r o m  n o th in g  a t  a l l  th ro u g h  f a r m  y a r d  

m a n u r e ,  to  th e  s p r in g  a p p l ic a t io n  o f  192 Kg N / h a  a s  n i t r o - c h a l k  w ith  

th e  a d d i t io n  o f  N a ,  P  ,K  an d  M g ,  w ith  a n d  w ith o u t  h e r b i c id e  t r e a t m e n t .  

J e n k in s  on  ( l9 7 l )  c a l c u l a t e d  th a t  th e  c r o p  r e m o v e d  an  u n e x p la in e d  

35 Kg N / h a / a n n u m  f ro m  th e  s o i l  o f  p lo t s  r e c e iv in g  no n i t r o g e n o u s  

f e r t i l i z e r ,  a n d  D ay  ( l9 7 3 )  s u g g e s t  th a t  th i s  d e f ic i t  i s  p r i m a r i l y  m e t

by  th e  s u r f a c e  c r u s t  o f  b l u e - g r e e n  a l g a e .

E s t i m a t e s  o f  a lg a l  n i t r o g e n  f ix a t io n  w e r e  i n f e r r e d  f r o m  a c e ty le n e  

r e d u c t io n  by  s m a l l  s o i l  c o r e s .  S ix  r e p l i c a t e  s a m p l e s  w e r e  t a k e n  f r o m  

e a c h  p lo t  a t  w e e k ly  i n t e r v a l s  th ro u g h o u t  th e  s e a s o n .

T h e  s e a s o n a l  f ix a t io n  r a t e s  in  1972 v a r i e d ,  a c c o rd in g  to  th e  m a n u  r i a l  

t r e a t m e n t  o f  th e  p l o t s , f r o m  1 .4 4  Kg N 2/ h a / s e a s o n  ( h e r b ic id e  t r e a t e d  

p lo t s  r e c e iv in g  192 Kg N / h a )  to  2 8 .2 2  Kg N ^ / h a / s e a s o n  (p lo ts  r e c e iv in g  

42 Kg N / h a  w ith o u t  h e r b i c i d e )  . In  1973 th e  q u a n t i t i e s  o f  n i t r o g e n  f ix e d  

w e r e  s u b s t a n t i a l l y  s m a l l e r .  T h e  w e e k ly  f ix a t io n  v a lu e s  a r e  c lo s e ly  

c o r r e l a t e d  w ith  r a i n f a l l  in  th e  p r e v io u s  f o r tn ig h t  a n d  th e  lo w e r  f ix a t io n  

r a t e s  in  1973 a r e  a s s o c i a t e d  w ith  a  s e a s o n a l  p r e c i p i t a t i o n  o f  145 m m  

c o m p a r e d  w ith  232 m m  in  1972.

T h e  la g  b e tw e e n  r a i n f a l l  an d  d ev e lo p in g  n i t r o g e n a s e  a c t i v i t y ,  e v e n  

a f t e r  d r y  p e r io d s  l a t e r  in  th e  s e a s o n  w h e n  a  v i s ib l e  a lg a l  c r u s t  h a s  

a l r e a d y  d e v e lo p e d ,  s u g g e s t s  t h a t  m a n y  o f  th e  a lg a l  c e l l s  h a v e  d ie d  d u r in g  

th e  d r y  p e r i o d s ,  a n d  th a t  a  l a r g e  p a r t  o f  th e  r e c o v e r y  i s  by  r e g r o w t h .

S o il  m o i s t u r e  a p p e a r e d  to  be  th e  m o s t  i m p o r t a n t  s in g le  f a c t o r  

c o n t ro l l i n g  n i t r o g e n  f ix a t io n ,  a n d  i t  i s  d i f f ic u l t  to  s e p a r a t e  th e  e f fe c t s  o f  

f e r t i l i z e r  t r e a t m e n t  f r o m  i n d i r e c t  e f f e c t s  a s s o c i a t e d  w ith  th e  s ta n d in g  

c r o p  w h ic h  p r o t e c t s  th e  s o i l  s u r f a c e  f r o m  d e s i c c a t i o n .  A lg a l  n i t r o g e n  

f ix a t io n  d id  n o t ,  h o w e v e r ,  a p p e a r  to  b e  l i m i t e d  by  a  low  n u t r i t i o n a l  s t a t u s  

s in c e  , a l th o u g h  th e  f ix a t io n  on  u n f e r t i l i z e d  p lo t s  w a s  low  e a r l y  in  th e
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s e a s o n  w h en  th e  p la n t  c o v e r  w as  s p a r s e ,  i t  i n c r e a s e d  to w a rd s  

the  en d  o f  th e  s e a s o n  in  1972 to  a  v a lu e  w h ich  e x c e e d e d  th a t  o f  a l l  

o th e r  p l o t s .

T h e  in h ib i to ry  e f f e c t s  o f  h ig h  s o lu b le  n i t r o g e n  c o n c e n t r a t i o n s  a r e  

m a n i f e s t e d  on  p lo ts  r e c e iv in g  192 K g /h a N .  T h e  f ix a t io n  on th e s e  p lo t s  

w as  v e r y  low  a t  th e  b eg in n in g  o f  th e  s e a s o n  d e s p i t e  a  g o o d  c r o p  c o v e r ,  b u t  

i n c r e a s e d  m a r k e d ly  in  A u g u s t  a s  th e  n i t r o g e n  c o n c e n t r a t i o n  f e l l .

T h e  g r e a t e s t  o v e r a l l  f ix a t io n  w as  p r o d u c e d  by  p lo t s  o f  m o d e r a t e  

n u t r i t io n a l  s t a t u s  , w h ic h  h a d  a  goo d  c r o p  c o v e r  e n h an c in g  a lg a l  d e v e lo p 

m e n t ,  b u t  in s u f f ic i e n t  s o lu b le  n i t r o g e n  to  a f f e c t  n i t r o g e n a s e  a c t iv i t y  o r  

s p e c ie s  c o m p o s i t io n .  T h e  f ix a t io n  r a t e s  g e n e r a l l y  d e c r e a s e d  w ith  

i n c r e a s in g  n i t r o g e n  a p p l ic a t io n  a t  le \d s  a b o u t  48  Kg N / h a .

T h e  s e a s o n a l  f ix a t io n  w as  g r e a t e s t  on  p lo ts  w h ic h  r e c e i v e d  no 

h e r b ic id e  t r e a t m e n t . M e a s u r e m e n t s  o f  s o i l  m o i s t u r e  s h o w e d  th a t  t h e s e  

p lo ts  r e m a i n e d  m o i s t  fo r  lo n g e r  a f t e r  h e a v y  r a i n f a l l  b e c a u s e  o f  the  

i n c r e a s e d  w e e d  c o v e r ,  an d  i t  s e e m s  p r o b a b le  th a t  th e  g r e a t e r  f ix a t io n  

u n d e r  th e s e  c i r c u m s t a n c e s  i s  p a r t l y  a s s o c i a t e d  w ith  s o i l  m o i s t u r e  an d  

sh a d in g  a n d  p a r t l y  w ith  the  d i r e c t  a c t io n  o f  th e  h e r b i c id e  on  a lg a l  

d e v e lo p m e n t  a n d  n i t r o g e n  f ix a t io n .
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S E C T IO N  8 . ALGAL INOCULATION E X P E R IM E N T S

A .  IN T R O D U C T IO N .

B . E X P E R IM E N T A L  D E S IG N .

C .  P R E P A R A T IO N  O F  M A T E R IA L .

D .  E S T IM A TIO N  O F N IT R O G E N  F IX A T IO N .

E .  T R E A T M E N T  O F  D A T A .

F .  RESU LTS 1972.

1 ) E f fe c t  o f  R a in fa l l  an d  I r r i g a t i o n .

2) E f fe c t  o f  a d d e d  n i t r o g e n .

3 ) E f f e c ts  o f  s p e c i e s  o f  in o c u lu m  an d  m e th o d  o f  a p p l i c a t io n .

G .  RESU LTS 1973.

1 ) G e n e r a l .

2 ) T h e  E f fe c ts  o f  N i t r o g e n  A p p l ic a t io n  O v e r  Tw o S u c c e s s iv e  Y e a r s .

3 ) T h e  E f f e c ts  o f  A lg a l  A p p l ic a t io n  O v e r  T w o S u c c e s s iv e  Y e a r s .

H .  SU M M A R Y .
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8 . ALGAL INOCULATION E X P E R IM E N T S

A .  IN TR O D U C TIO N

E x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  R o th a m s te d  E x p e r i m e n t a l  S ta t io n  

in  1972 a n d  1973 to  i n v e s t ig a t e  th e  e f fe c t  o f  a lg a l  in o c u la t io n  on  e s t i m a t e d  

n i t r o g e n  f ix a t io n  a n d  w h e a t  y i e l d .  In  th e  f i r s t  y e a r  s e v e r a l  s p e c i e s  o f  

a lg a e  w e r e  u s e d  w ith  two m e th o d s  o f  a p p l ic a t io n  on  i r r i g a t e d  an d  

u n - i r r i g a t e d  p lo t s  w ith  an d  w ith o u t  a d d e d  n i t r o g e n .  In  th e  s e c o n d  y e a r  

o n ly  one  m e th o d  o f  a p p l ic a t io n  ( l iq u id  in o c u lu m )  w as  u s e d  w ith  two a lg a l  

s p e c i e s  (N .e l l i p s o s p o r u m  an d  A . c y l i n d r i c a )  .

A n a ly s e s  o f  th e  d a ta  o b ta in e d  in  1972 s h o w e d  no s t a t i s t i c a l l y  

s ig n i f i c a n t  i n t e r a c t i o n  b e tw e e n  th e  a lg a l  in o c u la t io n  an d  th e  w h e a t  y i e ld  , 

a n d  th e  e x p e r i m e n t  w as  c o n t in u e d  in  1973 u s in g  th e  s a m e  p lo t s  to  s e e  i f  th e  

a lg a l  n i t r o g e n  b e c a m e  a y a i la b le  to  th e  c r o p  in  th e  s e c o n d  y e a r .

U n fo r tu n a te ly  th e  1973 w h e a t  c r o p  b e c a m e  in f e c te d  w ith  T a k e - a l l  

( C a e o m a n n o m y c e s  g r a m i n i s ) . T h i s  fu n g a l  in f e c t io n  of  th e  r o o t s ,  w h ic h  

i s  n o t  u n c o m m o n  w hen  w h e a t  i s  g ro w n  in  s a m e  g r o u n d  f o r  tw o c o n s e c u t iv e  

y e a r s ,  c a u s e s  a  r a d i c a l  r e d u c t io n  in  c r o p ,  an d  th e  h a r v e s t  w as  so  p o o r  

th a t  th e  s t a t i s t i c a l  a n a ly s e s  o f  c r o p  y i e ld  w e r e  u n fo r tu n a t e ly  valud.ess .

T h e  d a ta  p e r t a in in g  to  a lg a l  f ix a t io n  in  r e l a t i o n  to  th e  o th e r  f i e ld  

p a r a m e t e r s  a r e  g iv e n  in  th i s  s e c t i o n .

B .  E X P E R IM E N T A L  DESIGN

A n a r e a  o f  a p p r o x im a te ly  O .lh a  on G r e a t  f i e l d  II w as  d iv id e d  in to  

60 7* X  1 5 ' p lo t s  w h ich  w e r e  so w n  to  W in te r  W h e a t  ( M a r i s  R a n g e r ) .

T h e  p lo t s  w e r e  s e p a r a t e d  by  p a th s  2 f t .  w ide  a n d  th e  ed g e  e f f e c t s  

m i n i m i z e d  by  u s in g  th e  o u te r  9” m a r g i n s  o f  e a c h  p lo t  a s  g u a r d  ro w s  

w h ich  w e r e  n o t  in c lu d e d  in  th e  h a r v e s t ,  ( s e e  F i g .  8 . l )  .

P  a n d  K w e r e  a p p l ie d  to  a l l  p lo ts  a t  th e  r a t e s  sh o w n  fo r  B r o a d b a lk  

a n d  n i t r o g e n  a s  n i t r o - c h a l k  w as  a p p l ie d  a t  80 K g / h a  in  a c c o r d a n c e  w ith  

th e  r a n d o m i z e d  e x p e r i m e n t a l  p l a n .
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Fig . 8.1 Test plots for algal inoculation experim ents. The 
difference between the plots is due to the added 
nitrogenous fer t i l izer .

F ig . 8 . 2  One of 420  incubation chambers in position in the 
test plot.
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E a c h  p lo t  w a s  s u b je c t  to  4  v a r i a b l e s ;  S p e c ie s  o f  a lg a l  in o c u lu m ,  

m e th o d  o f  a p p l i c a t io n ,  i r r i g a t i o n ,  a n d  n i t r o g e n  s t a t u s  .

i )  S p e c ie s  o f  a lg a l  in o c u lu m

a )  none

b )  N . e l l i p s o s p o r u m  ( in d ig e n o u s  s t r a i n )

c )  N .p u n c t i f o r m e

d) A .c y l i n d r i c a

i i )  M e th o d  o f  a p p l ic a t io n

a )  L iqu id  c u l tu r e  a p p l ie d  a t  a  know n v o lu m e  p e r | i o t  w i th  a  
w a te r in g  c a n .

b )  D r y  sand c r u s t  b r o a d c a s t  by  h a n d .

i i i )  I r r i g a t i o n

a )  none

b )  T o  c o m p e n s a te  f o r  w a te r  d e f i c i t .

c )  C o n t in u o u s ly  m o i s t  s u r f a c e .

In  p r a c t i c e  i r r i g a t i o n  p r o v e d  d if f ic u l t  b e c a s e  th e  a v a i la b le  w a te r  

s u p p ly  i s  u n d e r  h e a v y  u s e  d u r in g  th e  s u m m e r ,  a n d  i t  w a s  n o t  p o s s i b l e  

to  c o m p e n s a t e  f o r  th e  w a t e r  d e f ic i t  e v e n  w h e n  th e  h o s e  w as  u s e d  c o n t in u o u s ly  

f o r  10 h o u r s  a  d a y .  U n d e r  t h e s e  c i r c u m s t a n c e s  p lo t s  w h ich  s h o u ld  h a v e  

b e e n  th o ro u g h ly  i r r i g a t e d  w e r e  m e r e l y  w e t t e d  a s  m u c h  a n d  a s  o f te n  a s  

p o s s i b l e .

iv )  A p p l ie d  n i t r o g e n

a )  none

b )  80 K g /h a  N a s  n i t r o - c h a l k

C .  P R E P A R A T IO N  O F  M A T ER IA L

A bou t 80 1 o f  e a c h  s p e c i e s  o f  a lg a e  f o r  l i q u id  a p p l ic a t io n  w a s  g ro w n  

in  th e  g l a s s  c o lu m n s  p r e v io u s l y  d e s c r i b e d  (S ee  s e c t i o n  2 )  . T h e  n i t r o g e n  

c o n t e n t ,  d r y  w e ig h t ,  a n d  v o lu m e  o f  th e  c u l t u r e s  a p p l ie d  i s  sh o w n  in  

t a b le  8 .1  o v e r l e a f .
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T a b le  8.1 D ry  w e ig h t  a,nd N c o n te n t  o f  a lg a l  c u l tu r e s  u s e d  as  l iq u id  in o c u la

S p e c ie s

r~'.............. . ”■■■
A lg a l 
d r y  w t .  
m g / L

K je ld a h l  N 
m g N /L

V o lu m e  
a p p l ie d  

p e r  p lo t

D r y  w t . / h a  
* N / h a

*

N . e l l i p s o s p o r u m 100 4 .2 0 9L 0 .9 2 7  Kg 0 .0 3 8  Kg

N . p u n c t i f o r m e 102 3 .9 8 9L 0 .9 4 6  Kg 0 .0 3 7  Kg

A . c y l in d r i c a 46 5 .0 7 9L 0 .4 2 6  Kg 0 .0 4 4 7  Kg

M ix tu re 74 5 .0 4 9L 0 .6 8 6  Kg 0 .0 4 6  Kg

* P l o t  a r e a  = 0 .0 0 0 9 7  h a

F o r  th e  d r y  s a n d  in o c u la  a lg a e  w e r e  g ro w n  on  6 '  x  4* t r a y s  on  

q u a r tz  s a n d  a b o u t 3 ” d e e p ,  m o is tem d  w ith  th e  m e d iu m  o f  A l le n  a n d  A rn o n  

( l 9 5 6 ) .  T h e  t r a y s  w e r e  p l a c e d  in  a  g r e e n h o u s e  an d  h e a v i ly  in o c u la te d  

w ith  th e  d e s i r e d  a lg a l  s p e c i e s .

T h e  a lg a l  c r u s t  w h ich  d e v e lo p e d  w as  t u r n e d  in  e v e r y  7-10 day s  so  th a t  

th e  a lg a e  w e r e  f o r c e d  to  c o n t in u a l ly  r e - c o l o n i z e  th e  s u r f a c e .  A f te r  2 

m o n th s  th e  t r a y s  w e r e  a l lo w e d  to  d r y  s lo w ly  o v e r  a b o u t a  w e e k .  T h e  

c o n te n ts  w e r e  th e n  th o ro u g h ly  m i x e d  a n d  t r a n s f e r r e d ,  in  iK g  s a m p l e s ,  

to  p o ly th e n e  b a g s  w h e r e  th e y  w e r e  s t o r e d  f o r  a  w eek  b e f o r e  b e in g  b r o a d c a s t  

on to  th e  p l o t s .

T h e  e s t i m a t e d  q u a n t i t i e s  o f  a p p l ie d  n i t r o g e n  a r e  sh w n  in  t a b le  8 .2  

b e lo w .

T a b le  8 .2  A lg a l  n i t r o g e n  in  s a n d  in o c u la .

S p e c ie s K jd d ah l  N /K g  
d ry  s a n d

W t.  o f  s a n d  in o c u lu m  
p e r  p lo t  (K g)

T o ta l  a lg a l  N / h a  
(K g)

N . e l l ip s o s p o r u m 15 .6  m g 3 .5 0 .0 5 6

N .p u n c t i f o r m e 9 .0 3  m g 3 . 5 0 .0 3 2

A ,  c y l in d r ic a . 11.2 m g 3 . 5 0 .0 4 0

M ix tu re 11.94 m g 4 . 0  Kg 0 .0 4
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B oth  th e  l iq u id  a n d  s a n d  c u l tu r e s  w e r e  a p p l ie d  to  th e  p lo t s  on  

th e  9th M ayo

D .  E ST IM A TIO N  O F  N IT R O G E N  F IX A T IO N .

F iv e  in  s i tu  in c u b a t io n  c h a m b e r s  w e r e  d r iv e n  in to  e a c h  p lo t  a t  th e  

b eg in n in g  o f  M ay  w hen  th e  W h ea t w as  3 - 4 ” h ig h  ( F i g .  8 . 2 ) .  T h e  

n i t r o g e n a s e  a c t iv i ty  w as  m o n i to r e d  a t  a p p r o x im a te ly  w e e k ly  i n t e r v a l s  

t h e r e a f t e r  u n t i l  the  f i e ld  w as  p lo u g h e d  in  S e p t e m b e r ,  u s in g  th e  te c h n iq u e  

d e s c r i b e d  in  S e c t io n  2 .

E .  T R E A T M E N T  O F  D ATA

T h e  e th y le n e  p r o d u c t io n  w ith in  th e  in c u b a t io n  c h a m b e r s  h a s  b e e n  

c a l c u la te d  u s in g  th e  m e th o d  sh o w n  in  A p p en d ix  1 w ith  th e  c o n t a in e r  v o lu m e  

an d  g a s  lo s s  b e in g  i n f e r r e d  f r o m  th e  a c e ty le n e  c o n c e n t r a t i o n .

T h e  m e a n  v a lu e  f r o m  five  c h a m b e r s  w as  o b ta in e d  fo r  e a c h  p lo t  on  

e a c h  s a m p l in g  o c c a s io n  to g e th e r  w ith  th e  s t a n d a r d  d e v ia t io n .  In  c a s e s  

w h e r e  r e p l i c a t e  p lo t s  h a v e  b e e n  r u n  to g e th e r  m e a n s  an d  s t a n d a r d  d e v ia t io n s  

h a v e  b e e n  r e - c a l c u l a t e d  f r o m  th e  o r ig i n a l  c h a m b e r  v a l u e s .

T h e  s t a n d a r d  d e v ia t io n  v a lu e s  f o r  in d iv id u a l  p o in ts  sh o w n  on  th e  g r a p h s  

w e r e ,  in  s o m e  c a s e s ,  l a r g e r  th a n  50% o f  th e  m e a n ,  a n d  f o r  th i s  r e a s o n  

s o m e  o f  th e  p o in ts  g r a p h ic a l l y  c o m p a r e d  a r e  n o t  s ig n i f i c a n t ly  d i f f e r e n t .

T h e  d i f f e r e n c e  b e tw e e n  the  v a r io u s  t r e a t m e n t s  d o e s ,  h o w e v e r ,  b e c o m e  

h ig h ly  s ig n i f i c a n t  w h en  th e  r e s u l t s  a r e  t a k e n  c o l l e c t iv e ly  o v e r  th e  s e a s o n  to  

g ive  e s t i m a t e s  o f  an n u a l  f ix a t io n .

T h e  an n u a l  f ix a t io n  v a lu e s  h a v e  b e e n  o b ta in e d  by  c u m u la t in g  th e  

e s t i m a t e d  q u a n t i ty  o f  n i t r o g e n  f ix e d  e a c h  w e e k  a n d  th e  v a r i a n c e  a s s o c i a t e d  

w ith  th i s  v a l u e .  T h e  r e l a t i v e  e r r o r  i s  d e c r e a s e d  d u r in g  th i s  p r o c e s s  

b e c a u s e  i t  i s  th e  v a r i a n c e  r a t h e r  th a n  th e  s t a n d a r d  d e v ia t io n  w h ich  i s  

s u m m e d .

F .  RESULTS 1972

l )  E f fe c t  o f  r a i n f a l l  an d  i r r i g a t i o n

A lth o u g h  th e  f ix a t io n  r a t e s  on  th e  d i f f e r e n t  p lo t s  v a r y  c o n s id e r a b ly  

a c c o rd in g  to  th e  t r e a t m e n t s  th e y  h a v e  r e c e i v e d ,  a l l  sh o w  s i m i l a r  t r e n d s  in
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r e s p o n s e  to  r a i n f a l l ,  ( fo r  e x a m p le  F i g ,  8 . 6 ) .  A g r a p h i c a l  c o m p a r i s o n  

o f  o v e r a l l  f ix a t io n  an d  r a i n f a l l  i s  sh o w n  in  F i g .  8 . 3 .  T h e  v a lu e s  p lo t te d  

a r e  th e  m e a n  w e e k ly  f ix a t io n  r a t e s  f o r  a l l  p lo t s  i r r e s p e c t i v e  o f  t r e a t m e n t .

T h e  p a t t e r n  o f  s e a s o n a l  f ix a t io n  i s  s i m i l a r  to  th a t  o b ta in e d  fo r  

B r o a d b a lk  in  th e  s a m e  y e a r  w ith  f ix a t io n  i n c r e a s i n g  m a r k e d l y  d u r in g  

A u g u s t  a f t e r  tw o w eek s  o f  r e l a t i v e l y  h e a v y  r a i n f a l l .

I t  i s  n o t  th e  r a i n f a l l  p e r  s e  w h ich  a f f e c t s  th e  a lg a l  d e v e lo p m e n t ,  

b u t  r a t h e r  th e  s o i l  m o i s t u r e  w h ic h  i s  a  s u m m a t io n  o f  p r e c i p i t a t i o n  an d  

e v a p o r a t io n  w h ich  i s  r e l a t e d  to  h u m id i ty ,  s u n s h i n e ,  a i r  t e m p e r a t u r e  

a n d  w in d .

T h e  la c k  o f  f ix a t io n  e a r l y  in  th e  s e a s o n  w ith  an  a v e r a g e  r a i n f a l l  o f  

abou t 7 m m  a  w e e k  m a y  be  a t t r i b u t a b l e  to  th e  d ry in g  p e r io d s  b e tw e e n  

s h o w e r s  w h ich  c a u s e d  o b s e r v a b le  s u r f a c e  d e s i c c a t i o n  a t  s o m e  t i m e  

d u r in g  m o s t  w e e k s  , b u t  i t  i s  o d d  t h a t ,  a s  F i g . 8 . 4  s h o w s ,  th e  f ix a t io n  

p a t t e r n  i s  s i m i l a r  e v e n  in  th e  i r r i g a t e d  p l o t s .

T h e  e s t i m a t e d  s e a s o n a l  f ix a t io n  on i r r i g a t e d  p lo t s  o f  2 .5 5  K gN 2/ h a  

( s , d , =  1.01 K g) i s  h ig h e r  th a n  th e  1 .5 8  K g / h a  ( s b d .=  0 .5 4  K g) r e c o r d e d  

on  th e  u n - i r r i g a t e d  p l o t s ,  b u t  th e  d i f f e r e n c e  o n ly  b e c o m e s  m a n i f e s t  

to w a rd s  th e  en d  o f  th e  s e a s o n .  T h e  t - t e s t  sh o w s th a t  th e  d i f f e r e n c e s  

a r e  s ig n i f i c a n t  a t  th e  1% l e v e l .

I t  is  p o s s i b le  t h a t  the  l a c k  o f  f ix a t io n  e a r l y  in  th e  s e a s o n  i s  

a t t r i b u t a b l e  to  d e s ic c a t io n  e v e n  on  i r r i g a t e d  p lo t s  s i n c e ,  a s  w a s  m e n t io n e d  

e a r l i e r ,  th e  a v a i la b i l i t y  o f  w a t e r  w as  s u c h  th a t  i t  w as  im p o s s ib l e  to  

m a in ta in  th e  i r r i g a t e d  p lo t s  in  a  c o n t in u o u s ly  w e t  s t a t e .

I f  a k i n e t e s ,  w h ich  h a v e  s u r v i v e d  th e  w i n t e r ,  s t a r t  to  g e r m i n a t e  d u r in g  

o n ly  t r a n s i t o r y  p e r io d s  o f  m o i s t u r e ,  i t  i s  p o s s i b l e  t h a t  a  p a r t i a l  w e tt in g  

i s  w o r s e  th a n  none  a t  a l l .  A s s e c t i o n  5 s h o w s ,  d e s i c c a t i o n  c a n  c a u s e  

c e l l u l a r  l y s i s  an d  th e  g e r m i n a t i n g  c e l l s  m a y  be  k i l l e d  by  s h o r t  d ry  

p e r io d s  b e c a u s e  th e y  a r e  u n a b le  to  î ê - a k in e t i æ . a.fc»>ietes
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F IG  8 .3  E f fe c t  o f  r a i n f a l l  on n i t r o g e n a s e  a c t iv i t y ;  In o c u la t io n  e x p .  1972 
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F IG  8 . 4  E f fe c t  o f  i r r i g a t i o n  on s e a s o n a l  n i t r o g e n a s e  a c t iv i t y .  1972 .
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2 ) E f fe c t  o f  a d d e d  n i t r o g e n

T h e  a d d i t io n  o f  n i t r o g e n o u s  f e r t i l i z e r  in  th e  s p r in g  a t  80 tg  N / h a  

p r o d u c e d  an  i n c r e a s e  in  n i t r o g e n  f ix a t io n  on  a l l  p l o t s .  T h e  m e a n  s e a s o n a l  

f ix a t io n  v a lu e s  fo r  p lo t s  in o c u la te d  w ith  th e  v a r io u s  s p e c i e s  o f  a lg a e  w ith  

a n d  w ith o u t a d d e d  n i t r o g e n  a r e  sh o w n  in  T a b le  8 .3  b e lo w .

T a b le  8 .3  E s t i m a t e d  s e a s o n a l  n i t r o g e n  f ix a t io n  w ith  an d  w ith o u t  a d d e d  
n i t r o g e n

S p e c ie s  
o f  in o c u lu m

80 K g /h a  a p p l ie d  N No a p p l ie d  N t  v a lu e  * 
b e tw e e n  
m e a n sK g N g /h a s  . d K g N 2 /h a s .  d .

U n in o c u la te d
c o n t ro l s

0 . 7 9 0 .2 0 0 . 4 9 a . 14 4 .91

N . e l l i p s o s p o r u m • 5 .9 6 1 .34 3.15 0 .91 6 . 9 5

A . c y l in d r i c a 3.11 1 .48 2 . 2 8 0 . 6 7 2 . 0 4

N .p u n c t i f o r m e 1,71 0 . 3 3 1.35 0 . 3 5 2 .9 9

T h e  v a lu e s  sh o w n  a r e  d e r iv e d  f r o m  th e  s u m m e d  w e e k ly  f ix a t io n  
v a lu e s  a n d  v a r i a n c e s  on  16 o c c a s io n s  th ro u g h o u t  th e  s e a s o n .
* T a b le s  in d ic a te  th a t  ‘t* v a lu e s  a r e ;  10% = 1 .7 5 ,  2% = 2 . 6 0 ;
0.1% = 4 .0 7

T h e  t - t e s t  i n d i c a te s  th a t  th e  i n c r e a s e s  a r e  s ig n i f i c a n t  b e y o n d  th e  0.1% 

p r o b a b i l i t y  l e v e l  f o r  th e  c o n t ro l  p lo t s  a n d  th o s e  i n o c u la te d  w ith  N . e l l i p s o s 

p o r u m  . T h e  d i f f e r e n c e s  b e tw e e n  th e  n i t r o g e n  a n d  no  n i t r o g e n  p lo t s  

in o c u la te d  w ith  A .  c y l in d r i c a  a n d  N . p u n c t i f o r m e . w h ic h  a r e  s o m e w h a t  

s m a l l e r ,  a r e  s ig n i f i c a n t  a t  th e  10% a n d  2% le v e l s  r e s p e c t i v e l y .

T h e  d i f f e r e n c e s  b e c a m e  m o r e  m a n i f e s t  to w a r d s  th e  e n d  o f  th e  s e a s o n  a n d ,  

a s  F i g .  8 .5  sh o w s  ., in  th e  c a s e  o f  N . e l l i p s o s p o r u m , s p r in g  n i t r o g e n  

a p p l ic a t io n  a p p e a r s  to  a c tu a l ly  r e p r e s s  f ix a t io n  in  th e  f i r s t  h a l f  o f  th e  

s e a s o n .

T h e  to t a l  q u a n t i t i e s  o f  n i t r o g e n  f ix e d  a t  th e  b eg in n in g  a n d  e n d  o f  th e  

s e a s o n  a r e  sh o w n  in  t a b le  8 . 4  o v e r l e a f .
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FIG 8 . 5  E f f e c t  o f  n i t r o g e n  f e r t i l i z e r  on  s e a s o n a l  n i t r o g e n  f ix a t io n  by-
p lo t s  i n o c u la t e d  w ith  N o s to c  ^ e l l i p s o s p o r u m  ,

ng N/cm/hr

80 Kg/ha N

No app l ied  N

100 '

80  ■

60 '

2 0 *

A ugus tMay September. JulyJune
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T a b l e  8 . 4  E f fe c t  o f  n i t r o g e n o u s  f e r t i l i z e r  on  p lo t s  in o c u la te d  w ith
N .  e l l i p s o s p o r u m .

S p r in g  n i t r o g e n  

a p p l ic a t io n

T o ta l  s e a s o n a l  
f ix a t io n

F ix a t io n  
9th M ay  -• 21st J u ly

F ix a t io n  
27 th  J u ly  -  6 th  Sep

K ^ N ? /h a S . d . K g N p /h a S . d . K g N ^ /h a S . d .
8 0 K g N /h a

5 .9 6 1 .3 4 0 . 3 8 0.17 5 .5 8 2 .1 9  '

N one 3 .9 5 0 .91 0 .7 5 0 .2 0 2 .4 0 0 .8 9

*t * v a lu e s  
b e tw e e n  m e a n s 4 .9 7 5 .6 6 5 .3 9

T a b le s  in d ic a te  t h a t  m e a n s  a r e  d i f f e r e n t  a t  th e  0.1% p r o b a b i l i t y  l e v e l  
i f  e x p e r i m e n t a l  *t* v a lu e s  \  4 .0 7  .

T h e  v a lu e s  sh o w n  a r e  d e r iv e d  f r o m  th e  s u m m e d  w e e k ly  f ix a t io n  v a lu e s  
a n d  v a r i a n c e s  on  16 o c c a s io n s  th ro u g h o u t  th e  s e a s o n .

T h e  t - t e s t  sh o w s  th a t  th e  f ix a t io n  on  th e  n i t r o g e n  t r e a t e d  p lo ts  i s  lo w e r  

th a n  th a t  on  th e  u n t r e a t e d  p lo t s  a t  th e  0.1% p r o b a b i l i t y  l e v e l  b e tw e e n  th e  

9 th  M ay  a n d  21st J u l y ,  a n d  h ig h e r  th a n  th e  u n t r e a t e d  p lo t s  a t  th e  0.1% le v e l  

t h e r e a f t e r .

T h i s  p h e n o m e n o n  i s  s i m i l a r  to  th a t  n o te d  on  th e  h ig h e r  n i t r o g e n  p lo ts  

o f  B r o a d b a lk  ( s e e  s e c t i o n  ? )  . E a r l y  in  th e  s e a s o n  th e  h ig h  s o lu b le  

n i t r o g e n  c o n c e n t r a t i o n  m a y  r e p r e s s  n i t r o g e n a s e  s y n th e s i s  a n d  h e t e r o c y s t  

f o r m a t i o n ,  a l th o u g h  th e  g r e a t e r  w h e a t  g ro w th  e n h a n c e s  a lg a l  e s t a b l i s h m e n t  

by  p r o te c t in g  th e  s o i l  s u r f a c e  f r o m  d e s i c c a t i o n .  T h e  n i t r o g e n  c o n c e n t r a t io n  

d e c r e a s e s  to w a r d s  th e  e n d  o f  th e  s e a s o n  b e c a u s e  o f  le a c h in g  a n d  r e m o v a l s  

by  th e  c r o p  (W il l i a m s  a n d  R a n g e ly  1972) w i th  a  c o n s e q u e n t  i n c r e a s e  in  

f ix a t io n .

3) E f f e c ts  o f  s p e c i e s  o f  in o c u lu m  a n d  m e th o d  o f  a p p l ic a t io n

T h e  v a H o u s  a lg a l  s p e c i e s  w e r e  a p p l ie d  a s  e i t h e r  a  l iq u id  in o c u lu m  o r  

a s  d r y  s a n d  g ro w n  c u l t u r e s  p r e p a r e d  a s  d e s c r i b e d  e a r l i e r .

T h e  e f fe c t iv e n e ss  o f  th e  tw o m e th o d s  o f  in o c u la t io n  w ith  th e  t h r e e  

a lg a l  s p e c i e s  a r e  c o m p a r e d  in  F ig  8 .6  a n d  T a b le  8 . 5 .  o v e r l e a f .
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FIG  8 . 6  E f f e c t  o f  s p e c i e s  o f  in o c u lu m  a n d  m e th o d  o f  a p p l i c a t i o n  on
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T a b le  8 .5  E f fe c t  o f  s p e c ie s  o f  a lg a l  in o c u lu m  an d  m e th o d  o f  a p p l ic a t io n

I
■ A lg a l  s p e c ie s  j 

■ !
Liquid  in o c u lu m

j
I S an d  in o c u lu m

!

•t' v a lu e s  b e tw e e n  
* m e a n s

1 I

1 L
K g N ^ /h a s . d . j K g N ^ /h a s . d .

1 1 
;N .e l l i p s o s p o r u m  i 4 .7 5 1 .7 8 1 2 . 9 3

I  i 
1 0 . 8 4 3 .6 4 6

j i 
jA. c y l in d r i c a  I 2 .2 0  ■ 0 .6 6 1 3 .13

I
' 0 .81

I
3 .5 8 0

;N .p u n c t i fo rm e  ! 1.50 0 .3 3  ̂ 2 . 0 8 ' 0 .5 5 2 . 6 2 8

iU ninocuIa ted  c o n t r o l ;  1 .34  Kg N / h a ;  ! 2 s . d .  = 0 . 3 8

* T h e  m e a n s  a r e  s ig n i f i c a n t ly  d i f f e r e n t  a t  th e  1% le v e l  i f  
' t '  e x p e r i m e n t a l  4 . 0 7 3 .
T h e  f ig u r e s  a r e  d e r iv e d  f r o m  th e  m e a n  an d  v a r i a n c e  v a lu e s  
fo r  16 w e e k ly  r e a d i n g s .

W ith  the  e x c e p t io n  o f  l iq u id  c u l tu r e s  o f  N . p u n c t i f o r m e  a l l  th e  in o c u la te d  

p lo ts  g av e  an  i n c r e a s e  in  f ix a t io n  o v e r  th e  c o n t ro l  w h ich  i s  s ig n i f i c a n t  a t  

th e  1% p r o b a b i l i t y  l e v e l .  T he  * t’ v a lu e s  o b ta in e d  by  c o m p a r in g  th e  m e a n  

of th e  tw o m e th o d s  of a p p l ic a t io n  a r e  sh o w n  in  th e  r i g h t  h a n d  c o lu m n  of 

T a b le  8 . 5 .  T h e  d i f f e r e n c e s  a r e  a l l  s ig n i f i c a n t  a t  th e  1% l e v e l .  T h e  m o s t  

e f fe c t iv e  t r e a t m e n t  w as  a  l iq u id  in o c u la t io n  w ith  N . e l l i p s o s p o r u m  w h ich  

g av e  an  i n c r e a s e  o v e r  th e  b a s a l  l e v e l  o f  250%.

It is  of i n t e r e s t  th a t  th i s  s p e c i e s  w a s  m o r e  e f fe c t iv e  w h en  a p p l ie d  

a s  a  l iq u id  w h ile  b o th  A . c y l in d r i c a  an d  N . p u n c t i f o r m e  g av e  b e t t e r  r e s u l t s  

w hen  th e y  w e r e  a p p l ie d  as  d ry  s a n d  c u l t u r e s .  S in c e ,  a s  s e c t i o n  5 s h o w s ,  

th e  v e g e ta t iv e  c e l l s  a r e  k i l l e d  by  s e v e r e  d e s i c c a t i o n ,  the  e f f e c t iv e n e s s  o f  

th e  s a n d  in o c u la  i s  p ro b a b ly  l a r g e l y  d e p e n d e n t  on  r e l a t i v e  n u m b e r s  of 

a k in e te s  p r e s e n t .  T h is  w il l  p r e s u m a b l y  d e p e n d  on  th e  a lg a l  s p e c i e s ,  th e  

s t a t e  o f  g ro w th  o f  th e  c u l tu r e s  a n d  th e  d e g r e e  a n d  r a t e  o f  d e s i c c a t i o n .

R e g u la r ly  m o i s t e n e d  l a b o r a t o r y  c u l t u r e s  o f  A . c v l i n d r i c a  a nd  

N . e l l ip s o s p o r u m  h a v e  b e e n  o b s e r v e d  to  u n d e r g o  e x te n s iv e  a k in e t i z a t i o n  

on s e v e r a l  o c c a s io n s  w hen  o t h e r ,  a p p a r e n t ly  s i m i l a r ,  c u l tu r e s  

c o n t in u e  to  sh o w  h e a l th y  v e g e ta t iv e  g r o w th .  T h e  f a c t o r s  w h ich  

in d u c e  s u c h  c h a n g e s  w e r e  n o t  i n v e s t i g a t e d ,  b u t  th e y  w o u ld  s e e m  to  b e  o f
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c o n s id e r a b le  i n t e r e s t  s in c e  h e a v i ly  a k in e t i z e d  c u l tu r e s  o f  th i s  ty p e  

c o u ld  be  d r i e d  to  f o r m  a  h ig h ly  v i a b l e ,  r e a d i l y  s t o r e d  a lg a l  in o c u lu m .

It w as  found  th a t  the  a lg a e  c o u ld  be  a p p l ie d  to  th e  p lo t s  w ith  e q u a l  

e a s e  as  e i t h e r  l iq u id  o r  s a n d  a n d  b o th  ty p e s  o f  c u l t u r e  a r e  e a s i l y  

p r e p a r e d  in  th e  l a b o ra to r y ,a l th o u g h  s a n d  c u l t u r e s  m a y  h a v e  a  s l ig h t  

advartage in  th a t  th e  a p p a r a tu s  r e q u i r e d  f o r  t h e i r  p ro d u c t io n  i s  e x t r e m e l y  

s i m p l e .

A k in e t iz e d  s a n d  c u l tu r e s  m a y  a l s o  o f f e r  a n  a d v a n ta g e  i f  th e  m a t e r i a l  

i s  to  be  a p p l ie d  d u r in g  d ry  w e a t h e r .  U n d e r  t h e s e  c o n d i t io n s  th e  a k in e te s  

c a n  r e m a i n  d o r m a n t  u n t i l  s u i t a b le  c o n d i t io n s  o c c u r ,  w h i l s t  th e  s u d d e n  

d e s ic c a t i o n  w h ich  h a s  b e e n  n o te d  w hen  r e l a t i v e l y  s m a l l  v o lu m e s  o f  l i q u id  

c u l tu r e  a r e  a p p l ie d  to  f ie ld  p lo ts  m a y  c a u s e  e x te n s iv e  c e l l u l a r  l y s i s .

G .  RESULTS 1973

1 ) G e n e r a l

T he  1972 e x p e r i m e n t  w as  c o n t in u e d  in to  th e  s e c o n d  y e a r  u s in g  th e  

s a m e  p l o t s ,  a g a in  so w n  to  w in te r  w h e a t .  Som e o f  th e  p lo t s  w e r e ,  h o w e v e r ,  

s u b d iv id e d  s o  th a t  th e  e f fe c t  o f  n i t r o g e n  a p p l ic a t io n  a n d  a lg a l  in o c u la t io n  

o v e r  tw o c o n s e c u t iv e  y e a r s  c o u ld  be  in v e s t ig a t e d .

A s w as  m e n t io n e d  in  th e  in t r o d u c t i o n ,  th e  c r o p  b e c a m e  s e v e r e l y  

in f e c te d  w ith  t a k e - a l l  an d  th e  m o n i to r in g  w a s  a b a n d o n e d  a f t e r  s ix  w e e k s  

w hen  th e  e f f e c t s  o f  th e  G a e u m a n n o m y c e s  in f e c t io n  b e c a m e  m a n i f e s t .

A t th i s  t i m e  th e  w h e a t ,  e v e n  on  th e  n i t r o g e n  f e r t i l i z e d  p l o t s ,  w as  

e x t r e m e l y  s p a r s e  w ith  l a r g e  o p en  a r e a s  a n d  e x t e n s iv e  p a t c h e s  o f  v a r i o u s  

w e e d s .

T h e  r e s u l t s  o b ta in e d  o v e r  th i s  p e r i o d  g e n e r a l l y  c o m p l im e n t  th o s e  

d e s c r i b e d  fo r  1972, a l th o u g h  th e  r e c o r d e d  f ix a t io n  r a t e s  w e r e  r a t h e r  

h ig h e r  a t  th e  b eg in n in g  o f  th e  s e c o n d  y e a r ,  p r e s u m a b l y  b e c a u s e  o f  th e  

g r e a t e r  r a i n f a l l  (T h e  r a in f a l l  b e tw e e n  J u n e  a n d  J u ly  1972 w as  5 6 .2  m m  

c o m p a r e d  w ith  1 42 .9  m m  o v e r  th e  s a m e  p e r i o d  in  1 9 7 3 ) ,
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2 ) T he  e f f e c t s  o f  n i t r o g e n  a p p l ic a t io n  o v e r  two s u c c e s s i v e  y e a r s

T h e  1972 r e s u l t s  in d i c a te d  th a t  a l th o u g h  a p p l ie d  n i t r o g e n  s t i m u l a t e d  

f ix a t io n  to w a r d s  th e  en d  o f  th e  s e a s o n  i t  p r o d u c e d  a  s ig n i f i c a n t  in h ib i t io n  

e a r l i e r  o n .  T h i s  e f fe c t  i s  b o rn e  ou t in  the  s e c o n d  y e a r .  T h e  c u m u la t iv e  

n i t r o g e n  f ix a t io n  a t  th e  b e g in n in g  of th e  1973 s e a s o n  w ith  v a r io u s  

c o m b in a t io n s  o f  a p p l ie d  n i t r o g e n  t r e a t m e n t  a r e  sh o w n  in  T a b le  8 .6  b e lo w .  

T h e  v a lu e s  g iv e n  a r e  no t d i r e c t ly  c o m p a r a b l e  w ith  t h o s e  f r o m  th e  p r e v io u s  

y e a r  s in c e  th e y  r e p r e s e n t  on ly  a  s ix  w e e k  p e r i o d .

T a b le  8 .6  T h e  e f fe c t  o f  n i t r o g e n  a p p l ic a t io n s  in  s u c c e s s i v e  y e a r s .

N i t ro g e n
t r e a t m e n t

U n in o c u la te d A .  c y l in d r i c a N .  e l l i p s o s p o r u m

KgET^/ha s . d . K g N ^ /h a s . d . K g N ^ /h a s . d .

No a p p l ie d  N 1.12 0.71 1 .43 0 .7 3 1.72 1.15

N a p p l ie d  in  
1st y e a r

1 .60 0 .6 8 1.90 1.17 1.40 0 .5 0

N a p p l ie d  in  
2nd  y e a r

1.18 0 .6 9 1 .35 0 .7 5 1.15 0o74

N a p p l ie d  in  
b o th  y e a r s

1.11 0 .7 6 1.12 0 .4 4 1 .0 8 0 .6 0

T h e  r e s u l t s  sh o w n  a r e  d e r iv e d  f r o m  th e  s u m m e d  w e e k ly  
f ix a t io n  v a lu e s  a n d  v a r i a n c e s  on  6 w e e k ly  o c c a s io n s  f r o m  
J u n e  21st to  J u ly  2 4 th ,  1973.

P lo t s  w ith  th e  lo w e s t  n i t r o g e n  c o n c e n t r a t i o n , w h ic h  h a d  r e c e i v e d  

e i t h e r  no n i t r o g e n  a t  a l l ,  o r  n i t r o g e n  o n ly  in  th e  f i r s t  y e a r ,  g a v e  th e  

g r e a t e s t  f ix a t io n  v a l u e s .  P lo t s  w h ich  h a d  r e c e i v e d  n i t r o g e n  in  th e  s e c o n d  

y e a r  f ix e d  s o m e w h a t  l e s s  e f f e c t iv e ly  w h ile  th e  m o s t  d e le te r io u s  t r e a t m e n t ,  

a t  l e a s t  a t  th e  b eg in n in g  o f  th e  s e a s o n ,  w a s  a  n i t r o g e n  a p p l ic a t io n  in  

b o th  y e a r s .

3) T h e  e f f e c t s  o f  a lg a l  a p p l ic a t io n  o v e r  tw o  s u c c e s s i v e  y e a r s

T h e  e f f e c t s  o f  in o c u la t io n  in  1972 b e c a m e  m a n i f e s t  o n ly  l a t e r  in  th e  

s e a s o n  a n d  i t  i s  d if f ic u l t  to  e v a lu a te  th e  e f f e c t  o f  th e  v a r io u s  c o m b in a t io n s  

o f  in o c u lu m  u s e d  in  1973 f ro m  th e  d a ta  a t  th e  b eg in n in g  o f  th e  s e a s o n .

T h e  o n ly  f a c t  w h ich  c l e a r l y  e m e r g e s  f ro m  th e  c u m u la t iv e  f ix a t io n  v a lu e s
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i s  th a t  the  in o c u la te d  p lo ts  g e n e r a l l y  f ix e d  b e t t e r  th a n  th e  u n in o c u la te d  

o n e s . T h e  d a ta  a r e  sh o w n  in  T a b le  8 .7  b e lo w .

T a b le  8 .7  T h e  e f fe c t  o f  a lg a l  in o c u la t io n  in  tw o  c o n s e c u t iv e  y e a r s .

(a ) A c y l in d r i c a

A lg a l  t r e a t m e n t 8 0 K g /h a  a p p l ie d  N No a p p l ie d  n i t r o g e n

K g N ^ /h a s .  d . ^ghi^/ha. s ^ d .

In o c u la te d  in  bo th  
y e a r s

1.12 0 . 4 4 1 .43 0 .7 3

In o c u la te d  in  1st 
y e a r

0 .9 2 0 .4 6 1 .53 0 .8 0

Inocu la ted in  2nd  
y e a r

0 .9 5 0 . 5 4 1 .00 0 .4 5

U n in o c u la te d 1.11 0 .7 6 1.12 0.71

(B ) N . e l l ip s o s p o r u m

I n o c u la te d  in  bo th  
y e a r s

1 .08 0 .6 0 1.72 1.15

I n o c u la te d  in  1st 
y e a r

2 .0 2 1.00 1 .73 0 .8 0

In o c u la te d  in  2nd  
y e a r

2 .2 8 1.51 1 .2 9 0 .8 5

U n in o c u la te d 1 .09 0 .7 6 1.12 0 .7 1

T h e  r e s u l t s  sh o w n  a r e  d e r iv e d  f r o m  th e  s u m m e d  w e e k ly  
f ix a t io n  v a lu e s  a n d  v a r i a n c e s  on  6 w e e k ly  o c c a s i o n s  f ro m  
J u n e  21st to  J u ly  24 th  1973.

T h e  w e e k ly  f ix a t io n  v a lu e s  a p p e a r  to  sh o w  th a t  th i s  d i f f e r e n c e  m a y  b e  

a t t r ib u t a b le  to  the  lag  in  f ix a t io n  on  th e  u n in o c u la te d  p l o t s . T h e  f ix a t io n  

b y  u n f e r t i l i s e d  p lo ts  in o c u la te d  in  1972, in o c u la te d  in  1973 a n d  in o c u la te d  

in  n e i th e r  y e a r  a r e  c o m p a r e d  in  F i g .  8 . 7 .

T h e  p lo t s  in o c u la te d  in  1973 ( 8 .7 B )  a c h ie v e  a  r e l a t i v e l y  h ig h  le v e l  o f  

f ix a t io n  i m m e d i a t e l y ,  w h e r e a s  f ix a t io n  on  th e  u n in o c u la te d  p lo t s  i n c r e a s e s
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FIG  8 . 7  E F F E C T  O F  ALGAL IN O CU LA TIO N  ON T H E  D E V E L O P M E N T ,

N IT R O G E N A S E  A C T IV E T Y
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m o r  s lo w ly  ( 8 . 7 A ) ,

A s i m i l a r  p r o g r e s s i v e  i n c r e a s e  in  a c t iv i ty  a l s o  o c c u r s  on  p lo t s  

w h ich  w e re  in o c u la te d  only  in  the  f i r s t  y e a r  ( F i g . 8 . 7 C ) .

T h e  d e v e lo p m e n t  of n i t r o g e n a s e  a c t iv i ty  on  n i t r o g e n  t r e a t e d  p lo ts  

is  s lo w  i r r e s p e c t i v e  o f  in o c u la t io n  p r o b a b ly  b e c a u s e  of th e  i n i t i a l  

i n h ib i to ry  e f f e c t s  o f  the  h igh  s o lu b le  n i t r o g e n  c o n c e n t r a t i o n .

H .  SUMMARY

T h e  e f fe c t  o f  a lg a l  in o c u la t io n  w ith  l iq u id  o r  d r i e d  s a n d  c u l t u r e s  of 

t h r e e  s p e c ie s  o f  a lg a e  w as  i n v e s t i g a t e d  on 60 f ie ld  p lo t s  so w n  to  w in te r  

w h e a t ,  w ith  an d  w ithou t ad d e d  n i t r o g e n  a n d  i r r i g a t i o n .

T he  a lg a e  h a d  no s ig n i f i c a n t  e f f e c t  on  th e  w h e a t  y ie ld  in  a  s in g le  y e a r .

T he  w e e k ly  f ix a t io n  v a l u e s ,  l ik e  th o s e  of B r o a d b a l k ,  a r e  c lo s e ly  

c o r r e l a t e d  w ith  r a i n f a l l .

The q u a n t i ty  o f  w a te r  a v a i la b le  f o r  i r r i g a t i o n  w as  s u c h  th a t  th e  p lo ts  

c o u ld  no t be k e p t  c o n t in u o u s ly  m o i s t ,  a n d  a l th o u g h  a  g r e a t e r  r a t e  of 

f ix a t io n  w as  g iv e n  by  i r r i g a t e d  p lo ts  l a t e r  in  the  s e a s o n ,  th e  in i t i a l  e f f e c t s  

w e r e  n e g l ig ib le .  I t  i s  p o s s ib le  th a t  t r a n s i t o r y  w e tt in g  i s  w o r s e  th a n  

none a t  a l l  s in c e  th e  v e g e ta t iv e  c e l l s  w h ich  d ev e lo p  f ro m  a k in e te s  m a y  

be k i l l e d  by  d e s ic c a t i o n  ( s e e  a l s o  s e c t i o n  5 ) .

T h e  s p r in g  a p p l ic a t io n  o f  80Kg N / h a  a s  n i t r o  c h a lk  s ig n i f i c a n t ly  

r e d u c e d  th e  n i t r o g e n  f ix a t io n  on N . e l l i p s o s p o r u m  in o c u la te d  p lo t s  e a r l y  

in  the  s e a s o n ,  bu t s t im u la t e d  f ix a t io n  l a t e r  on  w h en  m u c h  o f  th e  n i t r o g e n  

h a d  b e e n  u s e d  by  the  c r o p  an d  l e a c h e d  ou t by  r a i n f a l l .  T h e  s t im u la t io n  

a p p e a r s  to  o p e r a t e  p r i m a r i l y  v ia  the  w h e a t  c r o p  w h ic h  i s  s u f f ic ie n t ly  

d e n s e ,  on  n i t r o g e n  t r e a t e d  p lo ts  , to  p r o t e c t  th e  s o i l  s u r f a c e  f r o m  

d e s i c c a t i o n .  A s i m i l a r  e f fe c t  w as  o b s e r v e d  in  th e  s e c o n d  y e a r  w h en  th e  

f ix a t io n  r a t e s  in  th e  f i r s t  s ix  w e e k s  o f  th e  s e a s o n  w e r e  lo w e s t  on  p lo ts
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w h ich  h a d  r e c e i v e d  a p p l ie d  n i t r o g e n  f o r  two s u c c e s s i v e  y e a r s .

N . e l l ip s o s p o r u m  a p p l ie d  a s  a  l iq u id  in o c u lu m  g av e  th e  g r e a t e s t  

i n c r e a s e  in  n i t r o g e n  f ix a t io n  fo l lo w e d  by  A . c y l in d r i c a  a n d  N . p u n c t i f o r m e  

w h ic h ,  in  c o n t r a s t  to  N . e l l i p s o s p o r u m  , w e r e  m o s t  e f f e c t iv e  w h en  a p p l ie d  

a s  a  d r i e d  s a n d  c r u s t .  T h e  d i f f e r e n c e s  b e tw e e n  in o c u la te d  a n d  u n in o c u la te d  

p lo t s  b e c a m e  m a n i f e s t  in  th e  f i r s t  y e a r  o n ly  a f t e r  w e t  w e a t h e r  a t  th e  e n d  

o f  th e  s e a s o n .  D a ta  o b ta in e d  in  th e  s e c o n d  y e a r  s u g g e s t  t h a t  d i f f e r e n c e s  

m a y  a l s o  o c c u r  e a r l y  in  th e  s e a s o n  i f  th e  w e a th e r  i s  w e t .  U n d e r  t h e s e  

c i r c u m s t a n c e s  in o c u la te d  p lo t s  a c h ie v e  a  h ig h  le v e l  o f  f ix a t io n  m u c h  m o r e  

r a p id ly  th a n  th o s e  p lo ts  w h e r e  th e  a lg a l  f l o r a  m u s t  d ev e lo p  f r o m  a  

s m a l l  in o c u lu m .

-147 -



S E C T IO N  9 .  G E N E R A L  DISCUSSION

-148-



9 .  G EN ER A L DISCUSSION

D o n z e ,  R a a t  an d  V an  G o rk o m  ( l9 7 4 )  h a v e  p r o d u c e d  d a ta  in  a  very- 

r e c e n t  p a p e r  w h ich  s u b s t a n t i a t e s  th e  c o n c lu s io n ,  d e s c r i b e d  in  S e c t io n  3 

of  th i s  T h e s i s ,  th a t  th e  A T P  r e q u i r e m e n t  f o r  n i t r o g e n a s e  a c t iv i t y  u n d e r  

n o r m a l  co n d i t io n s  in  th e  l ig h t  i s  m e t  by  b o th  p h o to p h o s p h o ry la t io n  an d  

o x id a t iv e  p h o s p h o r y la t io n .  T h e i r  e v id e n c e  i s  b a s e d  on  th e  e f f e c t  o f  

ox y g en  an d  in h ib i to r s  on  a c e ty le n e  r e d u c t io n  by  c a r b o n  s t a r v e d  c u l tu r e s  

o f  A n a b a e n a  c y l in d r i c a  in  th e  l ig h t  a n d  in  th e  d a r k .

T h e y  o b s e r v e  th a t  th e  r a t e  o f  a c e ty le n e  r e d u c t i o n  by  n o r m a l  c u l tu r e s  

u n d e r  a n a e r o b ic  c o n d i t io n s  in  th e  l ig h t  i s  s i m i l a r  to  th a t  g iv e n  u n d e r  

a e r o b i c  co n d i t io n s  in  th e  d a r k .  (T h e  w o rk  d e s c r i b e d  in  S e c t io n  3 s u g g e s t s  

th a t  th is  w o u ld ,  in  f a c t ,  be  d ep e n d a n t  on  th e  l ig h t  i n t e n s i ty )  a n d  th e  r a t e  

u n d e r  a n a e r o b ic  c o n d i t io n s  in  th e  d a r k  r e p r e s e n t e d  o n ly  a b o u t 5% o f  t h a t  

in  th e  p r e s e n c e  o f  o x y g e n .  T h e  in je c t i o n  of  o x y g en  in to  a n a e r o b ic  c u l tu r e s  

in  th e  d a r k  p r o d u c e d  a  r a p i d  i n c r e a s e  in  n i t r o g e n a s e  a c t iv i t y  a s s o c i a t e d  

w ith  th e  p r o d u c t io n  o f  A T P  b y  o x id a t iv e  p h o s p h o r y la t io n .

In c a r b o n  s t a r v e d  c e l l s  th e  a n a e r o b ic  f ix a t io n  in  th e  l ig h t  w as  s i m i l a r  

to  th a t  b e f o r e  s t a r v a t i o n ,  b u t  th e  o x y g en  d e p e n d a n t  d a r k  f ix a t io n  w as  

h a lv e d .  T h e  a u th o r s  c o n c lu d e  th a t  s in c e  r e s p i r a t i o n  in  t h e s e  c e l l s  does  

n o t  a p p e a r  to  be  r e d u c e d ,  th e  lo w e r  r a t e  o f  n i t r o g e n a s e  a c t iv i t y  i s  due 

to  la c k  o f  r e  d uc t a n t .  T h is  i s  s u p p o r te d  by  th e  D CM U  s e n s i t i v i t y  o f  c e l l s  

u n d e r  th e s e  co n d i t io n s  a n d  th e  f a c t  th a t  th i s  s e n s i t i v i t y  c a n  b e  r e l i e v e d  

by  the  a d d i t io n  o f  a  D P IP  ( 2 ,6 - d i c h lo r o p h e n o l  in d o p h e n o l)  /  a s c o r b a t e  

e l e c t r o n  g e n e r a t in g  s y s t e m .

T he  o x y g e n -d e p e n d a n t  c o n t in u a t io n  o f  a c e ty le n e  r e d u c t i o n , o b s e r v e d  

in  th e  f i e ld  o v e r n ig h t ,m a y  b e  p a r t i a l l y  d e p e n d a n t  o f  day  le n g th  s in c e  th e  

p h o to s y n th e t ic a l ly  p r o d u c e d  e n d o g en o u s  s u b s t r a t e s ,w h ic h  a c c u m u la te  

d u r in g  th e  d a y ,a r e  d e p le te d  a t  n ig h t .  T h e  c o n t r i b u t io n  f r o m  o v e r n ig h t  

f ix a t io n  m a y  th u s  b e c o m e  l i m i t e d  a s  th e  day s  s h o r t e n  to w a r d s  th e  e n d  o f  

th e  s u m m e r  . C o n v e r s e ly  th e  h ig h  l e v e l s  o f  n i t r o g e n a s e  a c t i v i t y , r e c o r d e d  

b y  H e n r ik s  s o n  ( l9 7 l )  d u r in g  th e  s h o r t  S w e d ish  n i g h t s ,  a r e  p r e s u m a b l y

-149-



a s s o c i a t e d  w ith  a  h ig h  le v e l  o f  en d o g en o u s  s u b s t r a t e .

I t  m u s t  be  e m p h a s i s e d  th a t  th e  r e s u l t s  p e r t a in in g  to  o v e r n ig h t  

f ix a t io n  a r e  o n ly  t e n ta t i v e  s in c e  th e y  a r e  b a s e d  on  e s t i m a t e s  o f  

a c e ty le n e  r e d u c t io n .

T h e  e s t i m a t e s  o f  to t a l  f ix a t io n  in  th e  f id d  p r e s e n t e d  in  s e c t i o n s  

7 a n d  8 a r e  g iv e n  as  s e a s o n a l  r a t h e r  th a n  y e a r l y  v a lu e s  b e c a u s e  th e  

p lo t s  m o n i to r e d  w e r e  p lo u g h e d  in  S e p te m b e r  in  a c c o r d a n c e  w ith  n o r m a l  

a g r i c u l t u r a l  p r a c t i c e .  F o r a y s  in to  th e  f i e ld  d u r in g  p e r io d s  o f  r e l a t i v e l y  

w a r m  w e a th e r  in  th e  w in te r  f a i l e d  to  p r o d u c e  an y  s a m p l e s  w h ich  s h o w e d  

p o s i t iv e  n i t r o g e n a s e  a c t iv i t y ,  a n d  i t  w o u ld  s e e m  th a t  v e r y  l i t t l e  n i t r o g e n  

f ix a t io n  p e r s i s t s  in  th e  w in te r  in  th e  t e m p e r a t e  a g r i c i i t u r a l  h a b i t a t s  

s a m p l e d ,  a l th o u g h  th e  s o i l  m o i s t u r e ,  w h ic h  a p p e a r e d  to  l i m i t  a lg a l  

d e v e lo p m e n t  in  th e  s u m m e r ,  w as  h ig h .  T h e  d e v e lo p m e n t  o f  a lg a l  

n i t r o g e n  f ix a t io n  h a s  b e e n  r e c o r d e d  by  F o g g  a n d  S te w a r t  ( l9 6 8 )  d u r in g  

the  a n t a r c t i c  s u m m e r  in  th e  S outh  O rk n e y  I s l a n d s  a t  a  t e m p e r a t u r e  

w h ich  r a n g e d  f ro m  4 to  10°C . I t  i s  p o s s i b l e  th a t  th e  la c k  o f  n i t r o g e n  

f ix a t io n  d u r in g  p e r io d s  o f  s i m i l a r  t e m p e r a t u r e  in  th i s  c o u n t ry  i s  

a t t r ib u t a b le  to  e i t h e r  th e  la c k  o f  a  s u i t a b le  a lg a l  s p e c i e s , o r  th e  s h o r t e r  

d a y le n g th .  I f  th e  f o r m e r  f a c t o r  i s  in d e e d  o p e r a t i v e ,  i t  w o u ld  l e a d  to  th e  

i n t e r e s t i n g  p o s s i b i l i t y  o f  e x p lo i t in g  a r c t i c  a n d  a n t a r c t i c  a lg a l  s p e c i e s  

f o r  w in te r  f ix a t io n  in  t e m p e r a t e  s o i l s .

T h e  s e v e r e  c e l l u l a r  l y s i s  a t te n d a n t  on  th e  d e s i c c a t i o n  o f  s o i l  c r u s t s  

in  th e  l a b o r a t o r y  (S e c t io n  5 ) ,  c o m b in e d  w ith  th e  low  r e c o v e r y  o f  d e s i c c a t e d  

s a m p l e s  on  th e  f i e ld  (S e c t io n  6 ) , a n d  th e  long  d e la y  b e tw e e n  r a i n f a l l  a n d  

th e  r e c o v e r y  o f  a  m a g n i tu d e  o f  n i t r o g e n  f ix a t io n  e q u a l  to  t h a t  a c h i e v e d  in  

th e  p r e v io u s  f ix a t io n  m a x im u m ,  a l l  s u p p o r t  th e  c o n c lu s io n  th a t  th e  a lg a l  

d e v e lo p m e n t  on  th e  t e m p e r a t e  s o i l s  in v e s t ig a t e d  i s  s e v e r e l y  l i m i t e d  by  

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

T h e  e f f e c t  o f  s o i l  m o i s t u r e  o n  a lg a l  d i s t r i b u t io n  i s  sh o w n  by  b o th  

th e  o b s e r v a t i o n s  on  th e  i n t e r a c t i o n  b e tw e e n  c r o p  c o v e r  a n d  a lg a l  d e v e lo p m e n t  

a n d  th e  g e n e r a l  o b s e r v a t i o n  t h a t ,  w i th in  th e  r a n g e  o f  h a b i t a t s  in v e s t ig a t e d ,  

th e  a lg a e  w e r e  n o r m a l l y  l i m i t e d  to  a r e a s  o f  s o i l  w h ic h  w e r e  s h e l t e r e d
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f ro m  th e  d ry in g  a c t io n  o f  th e  w in d ,  c o m p a c te d  ( im p ro v in g  c a p i l l a r y  r i s e )  

and  o f ten  lo c a l ly  d e p r e s s e d .

A lthough  th e  e f f e c t  o f  a lg a l  n i t r o g e n  d id  n o t  b e c o m e  n o t i c e a b le  in  th e  

f i r s t  y e a r  o f  th e  in o c u la t io n  e x p e r i m e n t s ,  th e y  a r e  r e f l e c t e d  by  the  

c ro p  y ie ld s  on  B r o a d b a l k ,  w h e re  th e  e s t i m a t e d  y e a r l y  f ix a t io n  r a t e s  

a p p ro a c h  th e  n i t r o g e n  d e f ic i t  im p l i e d  by  th e  c r o p  y ie ld s  ( J e n k in s o n  197l) .

A s S e c t io n  7 s h o w s ,  th e  c u m u la te d  n i t r o g e n  f ix a t io n  i s  c l o s e l y  

r e l a t e d  to  r a i n f a l l .  T h e  m e a n  r a i n f a l l  s in c e  1840 b e tw e e n  M ay  a n d  

S e p te m b e r  is  234 m m  w h ich  i s  v e r y  c lo s e  to  th e  232 m m  o f  r a i n f a l l  

r e c o r d e d  o v e r  th e  s a m e  p e r i o d  in  1971 w h en  a  f ix a t io n  o f  2 2 . 8  Kg N £ /h a  

w as  r e c o r d e d  on  h e r b i c id e  t r e a t e d  p lo ts  r e c e iv in g  o n ly  P , K , N a  a n d  M g .  

D ay  e t  a l c a l c u l a t e d  th a t  th e  r h i z o s p h e r e  f ix a t io n  on  t h e s e  p lo t s  a c c o u n te d  

fo r  abou t 2 - 3  Kg N ^ / h a  g iv ing  a  to t a l  o f  a b o u t 25 Kg N 2/ h a  c o m p a r e d  w ith  

J e n k in s o n  *s e s t i m a t e d  d e f ic i t  o f  30 Kg N 2/ h a .

T he  y ie ld s  f ro m  p lo t s  r e c e iv in g  no a d d e d  n i t r o g e n  a r e  low  a n d  th e  

u s e  o f  a lg a e  a s  th e  s o le  n i t r o g e n  s o u r c e  in  th e  p r o d u c t io n  o f  t e m p e r a t e  

a g r i c u l t u r a l  c r o p s  w o u ld  no t s e e m  p r a c t i c a b l e .  T h e  c r o p  r e t u r n s  f r o m  

p lo ts  r e c e iv in g  4 8 Kg N / h a  a p p l ie d  n i t r o g e n  a r e ,  h o w e v e r ,  o f  c o n s id e r a b le  

i n t e r e s t  in  th i s  r e s p e c t .

Such  p l o t s ,  w h ich  o f f e r  a  c o m p r o m is e  b e tw e e n  a  v e r y  s p a r s e  w h e a t  

c o v e r  an d  a  s o n s e q u e n t ly  r a p i d  d e s ic c a t i o n  o f  th e  s o i l  s u r f a c e ,  a n d  h ig h  

c o n c e n t r a t io n s  o f  s o lu b le  n i t r o g e n  w h ich  in h ib i t  n i t r o g e n a s e  a c t iv i t y ,  f ix e d  

2 5 Kg N ^ / h a  u n d e r  a v e r a g e  r a i n f a l l  c o n d i t io n s .  T h e  to t a l  a m o u n t  o f  

n i t r o g e n  a v a i la b le  to  th e  c r o p  a p p r o x im d e s , on  a  y e a r l y  b a s i s , to  a b o u t 

73 Kg N / h a  o f  w h ich  m o r e  th a n  h a l f  i s  p r o v id e d  b y  a lg a l  n i t r o g e n  

f ix a t io n .  T h e  y ie ld  p r o d u c e d  by  t h e s e  p lo t s  i s  a b o u t  4 . 7  to n n e s  o f  g r a i n / h a  

c o m p a r e d  w ith  5 . 3  t o n n e s / h a  p r o d u c e d  by  p lo t s  r e c e iv in g  192 Kg N / h a .

T h e  a lg a l  c o n t r ib u t io n  in  th e  l a t t e r  c a s e  w as  1 .4  Kg w h ich  i s  l e s s  th a n  

1% of th e  t o t a l .

W h e th e r  o r  n o t  th i s  m e th o d  o f  a g r i c u l t u r e  i s  p r a c t i c a b l e  w i l l  d e p e n d  

to  a  l a r g e  e x te n t  on  th e  d e g r e e  o f  a lg a l  c o v e r  w h ic h  c a n  b e  a c h i e v e d .  

A lthough  h ig h ly  s ig n i f i c a n t  i n c r e a s e s  in  n i t r o g e n  f ix a t io n  w e r e  p r o d u c e d  by
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a lg a l  in o c u la t io n s  th e  r a t e s  o b ta in e d  r e p r e s e n t e d  o n ly  ab o u t  h a l f  of 

th o s e  g iv e n  by  th e  n a t u r a l  a lg a l  p o p u la t io n  on  B r o a d b a lk  in  th e  s a m e  y e a r .

A n u m b e r  o f  f a c t o r s  m ig h t  be  r e s p o n s i b l e  f o r  t h i s .

T h e  s i z e  o f  in o c u lu m  a p p l ie d  w as  p r o b a b ly  v e r y  s m a l l  c o m p a r e d  w ith  

th e  n u m b e r s  o f  a k in e te s  w h ich  h a v e  a c c u m u la te d  on  B r o a d b a l k  o v e r  th e  

l a s t  140 y e a r s , a n d  th e  e f fe c t  o f  th e  in o c u la t io n  m ig h t  p r o d u c e  a  c u m u la t iv e  

i n c r e a s e  in  a lg a l  p o p u la t io n  in  s u b s e q u e n t  y e a r s .  A n o th e r  f a c t o r  w h ich  

m a y  be  o f  i m p o r t a n c e ,  i s  th e  to p o g r a p h ic a l  p o s i t io n  o f  th e  p lo t s  in  r e l a t i o n  

to  s o i l  m o i s t u r e .  T h e  a r e a s  o f  B r o a d b a lk  s tu d ie d  l ie  a t  th e  b o t to m  o f  a  

s h a l lo w  s l o p e ,  w h e r e a s  th e  f i e ld  t r i a l  p lo t s  w e r e  on  f l a t ,  r e l a t i v e l y  h ig h ,  

g r o u n d .  T h e  a f fe c t  o f  adding  M o , w h ich  h a s  b e e n  sh o w n  to  g iv e  an  i n c r e a s e  

in  a lg a l  n i t r o g e n  f ix a t io n  u n d e r  p a d d y  c o n d i t io n s  (De a n d  M a n d a i  1956) , 

m ig h t  h a v e  b e e n  in t e r e s t i n g  in  r e s p e c t  to  a lg a l  e s t a b l i s h m e n t .

T h e  m o s t  e f fe c t iv e  s p e c i e s  o f  in o c u lu m ,  N o s to c  e l l i p s o s p o r u m  , w as  

an  in d ig e n o u s  s t r a i n  i s o l a t e d  in  a x e n ic  c u l tu r e  f r o m  th e  f i e l d .  In  

r e t r o s p e c t  th i s  f ind ing  m ig h t  h a v e  b e e n  p r e d i c t e d  s in c e  t h e r e  i s  p r e s u m a b l y  

c o n s id e r a b le  c o m p e t i t io n  b e tw e e n  th e  a lg a l  s p e c i e s  f o r  s u i t a b le  n ic h e s  

w i th in  th e  m i c r o - e n v i r o n m e n t  on  th e  s o i l  s u r f a c e ,  a n d  i t  w o u ld  s e e m  

l ik e ly  th a t  s p e c ie s  f lo u r i s h in g  n a t u r a l l y  u n d e r  t h e s e  c o n d i t io n s  a r e  w e ll  

a d a p te d  to  t h e m .  T h e  s u i t a b i l i ty  o f  a  n ic h e  in  th i s  c o n te x t  w o u ld  s e e m  to  

be  p r i m a r i l y  c o n t r o l l e d  by  s o i l  m o i s t u r e .

A s th e  a lg a l  in o c u la t io n  e x p e r i m e n t s  s h o w ,  i r r i g a t i o n  w o u ld  u n d o u b te d ly  

i n c r e a s e  th e  c o n t r ib u t io n  o f  b io lo g ic a l ly  f ix e d  n i t r o g e n  to  t e m p e r a t e  

a g r i c u l t u r a l  s o i l s ,  b u t  th e  w a t e r  r e q u i r e d  i s  i t s e l f  a  l i m i t e d  c o m m o d i ty  w h ich  

i s  a s  n e c e s s a r y  a s  th e  f ix e d  n i t r o g e n  fo r  w h ic h  i t  m a y  b e  e x c h a n g e d .
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CALCULATIONS

G as p h a s e  s a m p l e s  f r o m  a c e ty l e n e / e t h y le n e  r e d u c a t io n  a s s a y s  

w e r e  a n a ly s e d  by  g a s  c h r o m a to g r a p h y  a n d  th e  d a ta  th u s  p r o d u c e d  w a s  

t r e a t e d  as  sh o w n  b e lo w .

Let i n i t i a l  an d  f in a l  e th y le n e  p e a k  h e ig h ts  = a n d  E 2

Let i n i t i a l  a n d  f in a l  i n t e r n a l  s t a n d a r d  p e a k  h e ig h ts  = A^ a n d  A 2 .

C o r r e c t e d  e th y le n e  p e a k  h e ig h t  = E 2 . -  E^ = E ^

•^2

( i f  a  b la n k  s a m p le  i s  u s e d  as  a  c o n t ro l  to  a v o id  ta k in g  tw o s u c c e s s i v e  

g a s  p h a s e  s a m p l e s  f ro m  e a c h  b o t t l e ,  i t  i s  s u b t r a c t e d  f r o m  th e  e x p r e s s i o n  

sh o w n  above  i n s t e a d  o f  th e  i n i t i a l  e th y le n e  v a lu e )  .

Let th e  p e a k  h e ig h t  g iv e n  by  e th y le n e  s t a n d a r d  c o n ta in in g  Y p p m  

e th y le n e  b e  E^ (A BOC s p e c i a l  g a s  m ix  c o n ta in in g  100 p p m  e th y le n e  in  

a r g o n  w as  n o r m a l l y  u s e d )  . T h e n ;

E th y le n e  c o n c e n t r a t i o n  in  s a m p l e s  = E ^  . Y p p m
Eg

1 pp m  = 1 ] i l / l ,  t h e r e f o r e ;

E th y le n e  p r o d u c e d  by  s a m p le  = E ^  . Y . V j i l , w h e r e  V = c o n t a in e r
Eg v o lu m e  in  l i t r e s  •

1 p m o l e  o f  e th y le n e  o c c u p ie s  2 2 . 4  p i  a t  S T P ,  t h e r e f o r e ;

th e  s a m p le  h a s  p r o d u c e d  E^. x  Y x  V

Eg X 2 2 . 4
p  m o le s  o f  e th y le n e  o r

E  X Y X V
c ^  _____  X 10^ n m o l e s  e th y le n e .

E  X 2 2 .4  s

F o r  th e  f i e l d  s a m p l e s  th e  .va lues  w e r e  t r a n s f o r m e d  to  N^ f ix e d  on  the  

a s s u m p t io n  th a t  11^2“ ^ ^2E-4* T h u s ;

1 m o le  o f  C 2H ^ 2 8  g N 2 , o r  1 n m o l e  C ^ H ^ 3 .9 .3 3  ng N^
3
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T h e  v o lu m e  o f  d a ta  p r o d u c e d  b y  th e  f i e ld  e x p e r i m e n t s  (a b o u t  

5000 s a m p l e s  e a c h  y e a r )  w a s  s u c h  th a t  m a n u a l  c a l c u l a t i o n  w a s  

e x t r e m e l y  t i m e  c o n s u m i n g ,  a n d  th e  c o m p u t e r  p r o g r a m  s h o w n  b e lo w  

w a s  d e s ig n e d  to  c a r r y  o u t  th e  m o r e  t e d io u s  a r i t h m e t i c .

T h e  p r o g r a m  c a l c u l a t e s  th e  e th y le n e  p r o d u c t io n  b y  e a c h  s a m p l e  

a n d  th e  m e a n  a n d  s t a n d a r d  d e v ia t io n  o f  e a c h  b lo c k  o f  *N ’ s a m p l e s .

10 PRIMT "INTERNAL ST ANDARD
20 PRINT "WHAT IS  THE P .M . 0
30 INPUT Cl
40 PRINT "WHAT IS  P .M . OF IN
50 INPUT 04
60 PRINT "WHAT IS  IN J EOT ION
70 INPUT I
80 PRINT
90 PRINT "AT WHAT ATT EN U AT 10
100 . INPUT A
I 13 PRINT "WHAT IS THE R E F ."
123 IN PUT 05
130 PRINT
140 PRINT OS
153 PRINT "WHAT IS  THE BLOCK
163 INPUT N
170 IF  N=0 THEN 4 1 3
130 LET S 1=3
193 LET S 2= 0
203 FOR J = 1 TO N
2 1 3 INPUT % 1 ,F 1 , Y 1
2 2 0 INPUT % 2 ,F 2 ,Y 2
230 LET D = Y 1»X 2*F2/Y 2 -X M F 1
243 I F  D>0 THEN 2 6 0
250 LET D=0
260 LET V = 1 0 1 0 * 0 4 * 1 / ( Y1*A)
2 7 0 LET Y = 100*D *V/O1
2 8 0 PRINT "THE : VOLUME
29 3 PRINT V
300 PRINT "  MICRO MLS ETHYL El
310 PRINT Y
320 LET S1=S1+Y
330 LET S2=S2+Y »Y
340 NEXT J
353 LET M=S1/N
360 LET V=S2/N-M*M
370 LET W=SGRCV)
380 PRINT "BLOCK MEAN AND SD
4 3 3 GOTO 110
42 0 END :

T h e  c o n s ta n t s  f o r  e a c h  b lo c k  o f  d a ta  n e e d  b e  in p u t  o n ly  o n c e  ( th e  

p r o g r a m  lo o p s  b a c k  f r o m  l in e  400  to  l in e  110) a n d  th e  v a r i a b l e s  d e s ig n a t e d  

X i ,  F ^ ,  Y j  a n d  X g ,  F ^ ,  Y^ a r e  th e  i n i t i a l  a n d  f in a l  v a l u e s  f o r  e th y le n e
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p e a k  h e ig h t ,  c h r o m a to g r a m  a t te n u a t io n  f o r  e th y le n e ,  a n d  th e  

a c e ty le n e  ( i n t e r n a l  s t a n d a r d )  p e a k  h e i g h t .  T h e  a c e ty le n e  a t te n u a t io n  

s e t t in g  i s  n o r m a l ly  s i m i l a r  f o r  a l l  th e  m e m b e r s  o f  a  b lo c k ,  a n d  i t  i s  

t h e r e f o r e  c o n v e n ie n t ly  in p u t  o n ly  o n ce  w ith  th e  c o n s ta n t s  a t  th e  b eg in n in g  

o f  th e  p r o g r a m .

T h e  in i t i a l  v o lu m e  o f th e  in c u b a t io n  c h a m b e r  i s  i n f e r r e d  in  l in e  260 

f r o m  th e  v o lu m e  o f  th e  in j e c t e d  a c e t y l e n e ,  th e  i n i t i a l  a c e ty le n e  p e a k  

h e ig h t ,  th e  s t a n d a r d  e th y le n e  r e a d in g  ( c o m p e n s a t in g  f o r  v a r i a t i o n s  in  

c h r o m a to g r a m  r e s p o n s e  f ro m  o c c a s io n  to  o c c a s i o n ) a n d  a  c o n s ta n t  d e r iv e d  

e x p e r i m e n t a l ly  u s in g  a  c o n ta in e r  o f  known v o lu m e .  F u r t h e r  l o s s e s  d u r in g  

in c u b a t io n  a r e  c o m p e n s a te d  fo r  by  th e  i n t e r n a l  s t a n d a r d .  T h e  a p p a r e n t  

v o lu m e  o f the  c o n ta in e r  ( th a t  i s  th e  v o lu m e  o f  th e  in c u b a t io n  c h a m b e r  

a n d  the  s o i l  i n t e r s t i c e s  in to  w h ich  th e  g a s  c a n  d i f fu s e )  i s  p r i n t e d  o u t  

( l in e  2 9 0 ) so  th a t  v a lu e s  o b ta in e d  f r o m  c h a m b e r s  w ith  an  e x c e s s iv e  

l e a k a g e  c a n  be  d i s a l lo w e d .  T h is  w as  g e n e r a l l y  done i f  th e  a p p a r e n t  c o n t a in e r  

v o lu m e  e x c e e d e d  20 t i m e s  th e  v o lu m e  o f  i n j e c t e d  a c e t y l e n e ,  i . e .  th e  

c o n c e n t r a t i o n  o f  th e  a c e ty le n e  h a d  d ro p p e d  to  l e s s  th a n  5%}.

-170-



A P P E N D I X  2

SIM PL E  A P P A R A T U S  F O R  D E T E R M IN IN G

2-2 c o n c e n t r a t i o n  i n  g a s  s a m p l e s
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SIM PL E  A P P A R A T U S  FO R  D E T E R M IN IN G  0 C O N C E N T R A T IO N  IN 

GAS SAM PLES

C o n s t r u c t io n

A d ia g r a m  of th e  a p p a r a tu s  i s  sh o w n  o v e r l e a f .  It w as  c o n s t r u c t e d  

f r o m  a  100 m l  s e p a r a t in g  funne l  a n d  tw o 1 m l  c a l i b r a t e d  p ip e t te s  jo in e d  

w ith  th in  (1 /g  in c h  O . D . )  bu ty l  r u b b e r  tu b in g  s e r v e d  to  r e d u c e  th e  i n t e r n a l  

g as  v o lu m e  so  m in im iz in g  v o lu m e  c h a n g e s  due to  t e m p e r a t u r e .  T h e  e n d s  o f  

th e  funnel a n d  th e  p ip e t te s  w e r e  d r a w n  ou t in  a  g a s  f la m e  to  a c c o m m o d a te  

th e  tu b e .

P y r o g a l l o l  p ack in g

T he  a lk a l in e  p y r o g a l lo l  m u s t  no t be  a l lo w e d  to  c o m e  in to  c o n ta c t  w i th  

a t m o s p h e r i c  o x y g e n .  T h e  p r o c e d u r e  u s e d  i s  d e s c r i b e d  b e lo w .

A s a t u r a t e d  so lu t io n  o f  p y ro g a l lo l  w a s  p r e p a r e d  in  a  500 m l  m e d ic a l  

f la t  c a p p e d  w ith  a  s u b a s e a l .  T h e  s o lu t io n  w a s  m a d e  a lk a l in e  by  in je c t in g  

5N NaOH th ro u g h  the  cap  w ith  a  20 m l  h y p o d e r m ic  s y r in g e  f u r n i s h e d  

w ith  a l a r g e  n e e d l e .

T he  c e l i t e  c a r r i e r  w as  a l s o  p la c e d  in  a  m e d ic a l  f la t  (ab o u t ^  fu l l )  

a n d  the  a lk a l in e  p y r o g a l lo l  w as  i n j e c te d  th ro u g h  th e  s u b a s e a l  c a p .

T he  a t m o s p h e r e  in  the  b o t t le  c a n  be  r e p l a c e d  w ith  A r  o r  N£ bu t 

th i s  i s  no t a b s o lu te ly  n e c e s s a r y  s in c e  th e  0^ is  q u ic k ly  a d s o r b e d  a n d  th e  

20% d e c r e a s e  in  i n t e r n a l  p r e s s u r e  f a c i l i t a t e s  f u r t h e r  in j e c t io n  o f  th e  

s o lu t io n .

T he  p a c k in g  c a n  be  t r a n s f e r r e d  to  th e  s e p a r a t in g  funne l  a n a e r o b ic a l ly  

by  w o rk in g  w ith  th e  h an d s  in s id e  a  p o ly th e n e  bag  u n d e r  a  s t r e a m  o f  N ^ .

M e th o d  of  U se

B e fo re  th e  a p p a r a tu s  c a n  b e  u s e d ,  i t  m u s t  b e  f lu s h e d  th ro u g h  v /ith  a n  

i n e r t  g a s  to  r e m o v e  th e  0^ in  th e  tu b e s  w h ic h  o th e r w i s e  d i f fu s e s  s lo w ly  

b a c k  in to  th e  P y r o g a l lo l  g iv ing  a  s lo w  v o lu m e  d e c r e a s e .

W ith  a  tu b e  c la m p  o p en  th e  le v e l  o f  m a n o m e t e r  f lu id  in  th e  le f t
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Tube clamp

Subaseal [sample injection
inlet ]

-e

Modified 1rnl p ipette

Manometer fluid

Modified 100 ml separating  
funnel

-Alkaline pyrogallol on an  
in e rt  ce lite  ca rr ie r

Porcelain sh a rd s

014 Tap

P olyth en e  tub ing  '

Backing board

Simple ap p a ra tu s  for determ ining Oj. concentration in g a s  sa m p les



h a n d  p ip e t te  i s  a d ju s t e d  to  z e r o  by  r a i s i n g  o r  lo w e r in g  the  a r m  on  th e  

r i g h t  h a n d  s i d e .

T he  c l a m p  is  c l o s e d  o ff  a n d  a  1 m l  g a s  s a m p le  i s  i n j e c t e d  in to  th e  

s e p a r a t i n g  funnel th ro u g h  th e  s u b a s e a l .  T h e  0^ i s  a d s o r b e d  a n d  th e  

r e s i d u a l  g a s  d i s p la c e s  the  m a n o m e t e r  f lu id .  T h e  p ip e t t e s  a r e  a g a in  

a d ju s t e d  so  th a t  th e  l e v e l  i s  th e  s a m e  in  b o th  a n d  the  v o lu m e  o f  g a s  i s  

r e a d  o ff .  I f  th e  le f t  h a n d  p ip e t te  i s  m o u n te d  u p s id e  dow n w ith  th e  "1 m l "  

m a r k  a t  th e  to p ,  th e  p r o p o r t i o n  o f  0^ in  a  1 m l  s a m p le  c a n  be  r e a d  o ff  

d i r e c t l y .

P r e c a u t io n s

1. T h e  tw o p ip e t te s  u s e d  in  c o n s t r u c t in g  th e  a p p a r a tu s  m u s t  b e ,  a s  n e a r l y  

a s  p o s s i b l e ,  th e  s a m e  so  th a t  th e  c a p i l l a r y  r i s e  i s  th e  s a m e  in  b o th .

2 .  S om e ty p e s  o f  b u ty l  r u b b e r  tu b in g  a r e  p e r m e a b l e  to  c e r t a i n  g a s e s  

( e . g .  Ap an d  H 2 ) w h ich  d if fu se  o u t  s lo w ly  g iv ing  a  s t e a d i l y  d e c r e a s i n g  

v o lu m e  r e a d i n g .  S u ita b le  tu b in g  s u c h  a s  p o ly th e n e  m u s t  b e  u s e d  fo r  

th is  r e a s o n .

3 .  T h e  a p p a r a tu s  m u s t  be  h e l d i n  a  v e r t i c a l  p o s i t i o n .

4 .  T he  t e m p e r a t u r e  m u s t  r e m a i n  c o n s ta n t  d u r in g  th e  p e r i o d  b e tw e e n  z e r o  

s e t t in g  th e  m a n o m e te r  an d  r e a d in g  th e  v o lu m e .  I f  th e  l a b o r a t o r y  

t e m p e r a t u r e  i s  s u b je c t  to  r a p i d  f lu c tu a t io n s  o f  m o r e  th a n  2 o r  3 ° C , 

th e  a p p a r a tu s  m a y  be  p l a c e d  in  a  w a t e r  b a t h .
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C U L T U R E  M E D I A
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C U LTU R E M ED IA

A lle n  an d  A m  on Q.955)

0 .001  M M gSO^ P h o s p h a te  a u to c la v e d  s e p a r a t e l y
a n d  0 .02!

2 d e s i r e d .
0 .0 0 0 5  M C a C U  ^ ^ d e d  i f

0 .0 0 4  M N a C l  

0 .0 0 2  M K ^ H P O ^

+ M ic r o n u t r i e n t  s o lu t io n

M ic r o n u t r i e n t  s o lu t io n  

F e  (a s  E D T A  C o m p le x )  4  p p m .

M n (a s  M nSO ^. 411^0) 0 . 5  p p m .

Mo (as  M oO ^) 0 .1  p p m .

Z n  (a s  Z n S 0 ^ .4 H ^ 0 )  0 .0 5  p p m .

Cu (a s  C u S O ^ ,5 H ^ O )  0 .0 2  p p m .

B (a s  H^BO^) 0 .  5 p p m .

V (a s  N H ^V O ^) 0 .01  p p m .

Co ( a s  C o ( N 0 ^ ) 2 . 6H ^O ) 0 .01  p p m .

Ni (a s  NiSO .6H^O) 0 .01  p p m .

C r ( a s  C r 2 ( S 0 ^ ) ^ K ^ S 0 ^ . 2 4 H ^ 0 )  0 .01  p p m .  

W ( a s  N a  WO - 2H ^O ) 0 .01  p p m  

T i ( a s  T iO (C ^ O ^ )  x . Y . H ^ O )  0 .01  p p m .

H e n r ik s  s on  (l95l)

K H P O  0 .5 g  

M gSO ^. 7H^Q 0.15g 

C a C l^ .  2H^O 0 .0 5 g  

N a C l 0 .0 5 g

F e  C i t r a t e  0 .01g  

C i t r i c  a c i d  0 .0 1 g  

N a M o 0 ^ .2 H ^ O  0 .2 5 g  

M ade  up  to  1 l i t r e  w ith  d i s t i l l e d  w a t e r

-1 7 6 -



C hu 6942)

K ^H P O  0 . 01 -  0 .0 0 5  M

M gS O ^. 7H O 0 .0 2 5  M

N a^C O ^ 0 .0 2  M

N aSiO 0 .0 2 5  M

F e C l^ 0 .0 0 8  M

C a ( N P ^ ) ^ 0 .0 4  M

(1942)

KH P O  
2 4

0 .2 5 g

MgSO . 7H 0 0 .125g

N aC l 0.125g

FeS O  .7 H  0 2 .  5mg

MnSO .4H ^O 2 .5 m g

N aM oO  .2H ^O 0 .2 5 m g

C aC O 5 .5 g

M ade  up  to  1 l i t r e  w ith  g l a s s  d i s t i l l e d  w a te r ,
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A P P E N D I X  4

E S T IM A T E D  WEEKLY F IX A T IO N  

VALUES ON BROADBALK
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E s t im a te d 'N i t r o g e n  F ix a t io n ,  B ro a d b a lk  1972

M a y  12

P l o t  No

22

9

6

5

3

M e a n  F ix a t io n  S t a n d a r d  

2̂ 
0 . 0 2

n g N p /cm ^ /h r

0
186 .3

0

0

d e v ia t io n

0 .0 3

0

109 .0

0
0

No o f r e p l i c a te s

3

3

3

3

3

M ay  24

22

9

6

5

3

0
0 .2 6

8 .4 2

0 .3 4

1.12

0

0 .3 7

5 .4 2

0 .2 5

1 .0 8
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J u n e  1

J u n e  6

J u n e  13

P l o t  No M e a n  F ix a t io n  S t a n d a r d  No o f  r e p l i c a t e s
c m ^ / h r d e v ia t io n

22 0 .14 0 .2 0 3

9 1 .4 3 1 .70 3

6 0.41 0 .51 3

5 0 0 3

3 0.41 0 .3 3 3

7 0 .3 8 0 .3 8 2

8 0 0 1

22 4 . 2 4 3 .3 0 4

9 2 . 8 5 4 .7 6 4

6 1.70 1 .8 9 4

5 8 .5 3 3 2 .6 2 4

3 0 0 4

22 8 .7 7 1.81 2

9 0.12 0.12 2

6 3 .7 4 3 . 7 4 2

5 2 6 .7 3  , 2 6 .7 3 2

3 0 0 2

- ]8 0 -



Ju n e  21

P lo t  No M e a n  F ix a t io n  S ta n d a rd  No o f r e p l i c a t e s  
n gN 2/ c m ^ / h r  d e v ia t io n

22 3 7 .3 0  5 .8 7  4

9 0 .2 9  0 .5 0  4

6 2 3 4 .2  112.8 4

5 3 9 6 .0  2 2 3 .7  4

3 1 3 .6 4  1 .7 8  4

J u n e  29

22 15 .22  10 .06  4

9 3 .9 0  4 . 5 4  4

6 3 9 .0 5  4 5 .0 5  4

5 234 .1  2 2 7 .8  4

3 8 .4 4  5.61 4

J u ly  6

22 1.61 1.41 4

9 1 .2 3  1.21 4

6 17 .70  21.81 4

5 5 2 .3 2  2 9 .9 7  4

3 1 .7 4  1 .6 5  4

7 6 .5 9  6 .6 3  4

8 2 .8 7  ' 2 .15  4

J u ly  14

22 0 0 2

6 1.41 0 .5 9  2

5 0 0 2

3 1 .37  1 .37  2

-181-



J u ly  2 0

J u ly  27

A u g u s t  1

A u g u s t  10

P lo t  No M e a n  f ix a t io n  S ta n d a r d  No of r e p l i c a t e s  
n g N ^ / c m ^ / h r  d e v ia t io n

22 1 .06  2 . 5  4

9 4 .2 1  3 . 3 4  4

6 0 .16  0 . 2 4  4

5 0 .7 6  0 .2 6  4

3 0 .7 5  0 . 7 9  4

22 0 .0 6  0 .0 9  4

9 0 .2 9  0 .0 9  4

6 0 .51  0 .4 6  4

5 0 .4 5  0 .4 7  4

3 0 .15  0 .16  4

22 2 4 .2 4  6 J6  4

9 0 0 4

6 6 5 .0 7  2 . 0 3  4

5 103 .0  4 0 .0 5  . 4

3 8 .8 0  1 .3 6  4

22 4 5 .8 5  4 8 . 9 4  4

9 1 .3 9  1 .2 3  4

6 1 55 .0  112.8 4

5 1 7 6 .5  1 3 8 .6  4

3 8 0 .6 3  5 .0 3  4

-1 8 2 -



A u g u st 16

A u g u s t  23

A u g u s t  31

lo t No M e a n  F ix a t io n  
n g N ^ / c m ^ / h r

S ta n d a rd
d e v ia t io n

No o f  r e p l i c a t e s

22 6 3 .8 6 61 .69 4

9 8 .7 0 2 .01 4

6 120.7 114.8 4

5 37.61 3 6 .4 8 4

3 134 .0 1 3 3 .3 4

22 1.11 0 .0 2 2

6 0 .8 3 0 .0 3 2

5 0 .7 2 0 .4 3 4

3 1 .59 0 .9 9 4

22 0 .0 9 0.16 4

9 0 .2 6 0.17 4

6 0 .3 5 0 .4 8 4

5 0.31 0 .5 4 4

3 0 .0 9 0.16 4

-183 -



E s t im a te d  N itro g e n  F ix a t io n ,  B ro a d b a lk  1971

J u n e  28 S a m p le s  s e l e c t e d  f o r  th e  v i s u a l  p r e s e n c e  o f  a lg a e

P l o t  No H e r b ic id e M e a n  F ix a t io n  
n g N ^ /c m  2 / h r

S ta n d a r d  No o f  i 
d e v ia t io n

22 + 3.915 0 .6 2 3

22 - 162*45 4 2 .3 5 2

9 + 0 .8 5 1 .2 3

9 - - -

6 + 10 .525 2 .2 5 3

6 4 . 6 0 .7 2

5 + 9 .6 9 .3 5 2

5 - 168 .5 41.1 3

3 + 7 3 .5 4 8 . 4 3

3 - 5 7 .4 5 5 0 .3 3

S a m p le s s e l e c t e d  f o r  th e  v i s u a l  a b s e n c e  o f  a lg

P l o t  No H e r b ic id e M ean  F ix a t io n  
n g N ^ /c m  / h r

S ta n d a r d  N o o f 
d e v ia t io n

22 + 22 .215 2 0 .3 7 5 2

22 - 0 .16 0 .2 2 5 3

9 + 1 .95 1 .5 3

9 - — *- 2

6 + 2 .4 5 6 .1 3

6 - 3 .3 5 2 . 6 3

5 + 9.15 7 .0 5 3

5 - 4 9 , 6 2 7 . 4 3

3 - — -

3 13 .85 1 7 .95 3

-1 8 4 -



J u ly  6 S a m p le s  s e le c te d  fo r  th e  v is u a l  p r e s e n c e  o f  a lg a e

P l o t  No H e r b ic id e  M e a n  F ix a t io n  S t a n d a r d  No o f  r e p l i c a t e s
n g N ^ / c m ^ / h r d e v ia t io n

22 + 21 .5 2 5 .5 6

22 - 6 5 .5 3 7 .4 6

9 + 1 .03 1 .05 6

9 - 9 .2 0 5 .4 0 6

6 + 172 .0 26 .1 6

6 - 5 3 8 .0 212 .0 6

5 + 8 8 .2 4 5 . 8 6

5 - 3 3 6 .0 174 .0 6

3 + 9 6 .0 3 9 .2 6

3 - 8 0 .0 3 0 .2 6

J u ly  6 S a m p le s  s e l e c t e d  f o r  th e  v i s u a l  a b s e n c e  o f  a lg a e

P lo t  No H e r b ic id e M e a n  F ix a t io n  
n g N ^ /c m  2 / h r

S ta n d a rd
d e v ia t io n

No o f  r<

22 + 2 .21 1 .90 6

22 - 13 .8 6 .8 0 6

9 + 2 .7 3 1 .0 4 6

9 - 7 .4 0 5 .8 0 6

6 + 16 .6 19 .6 6

6 . - 4 8 .0 3 8 .0 6

5 + 9 .7 8 4 .8 5 6

5 - 6 5 .8 8 9 .8 6

3 + 3 6 .5 2 2 .6 6

3 6 2 .6 2 3 .6 6

-1 8 5 -



J u ly  28 S a m p le s  s e le c te d  fo r  th e  v is u a l  p r e s e n c e  o f a lg a e .

P l o t  No H e r b ic id e  M e a n  F ix a t io n  S ta n d a r d  No xsf r e p l i c a t e s
n g N ^ / c m ^ / h r d e v ia t io n

22 + 0 .415 0 . 8 6

22 - 8 .8 7 .3 5 6

9 + 1 .9 4 .8 7 6

9 - 1 .975 2 .8 5 6

6 + 11.0 19 .35 6

6 - 4 0 .5 5 5 8 .5 6

5 + 6 5 .8 4 4 .0 6

5 - 91.75 4 8 .0 6

3 + 3 5 .3 5 2 6 .5 6

3 - 5 2 .0 2 8 .5 6

S a m p le s  s e l e c t e d  f o r  th e  v i s u a l  a b s e n c e  o f  a l g a e .

P l o t  No H e r b ic id e M e a n  F ix a t io n  
n g N 2 / c m ^ / h r

S ta n d a r d
d e v ia t io n

No o f  T i

22 + 0 .14 0 .0 8 6

22 - 3 . 8 1 .90 6

9 + 1 .3 0 .8 0 6

9 - - - 6

6 + 4 .2 5 5 4 . 5 5 6

6 - 7 .2 0 .5 0 5

5 + 7.15 3 .6 0 6

5 - 16 .85 1 4 .5 6

3 + 10.2 5 .5 0 5

3 2 4 .3 1 4 .8 6

-1 8 6 -



A u g u s t 4  S a m p le s  s e le c te d  fo r  th e  v is u a l  p r e s e n c e  o f  a lg a e .

P l o t  No H e r b ic id e M e a n  F ix a t io n  
n g N ^ / c m ^ / h r

S ta n d a rd
d e v ia t io n

No of r e p l i c a t e s

9 - - - -

6 - 317.7 1 0 9 .4 7

5 - 2 7 3 .5 148 .0 6

3 - 401 .5 2 3 8 .5 7

A u g u s t  11 S a m p le s s e l e c t e d  fo r  th e  v i s u a l  p r e s e n c e  o f  a l g a e .

P l o t  No H e r b ic id e M e a n  F ix a t io n  
n g N ^ / c m ^ / h r

S ta n d a rd
d e v ia t io n

No of r e p l i c a t e s

22 + 3 8 .4 64 8

22 - 214 .0 128 .5 8

9 + 1 7 .4 4 8 .2 8

9 - 61 .8 115.5 8

6 + 5 3 5 .0 6 6 .0 8

6 - 3 5 7 .5 1 4 0 .5 8

5 + 5 2 5 .5 127 .0 8

5 - 3 3 8 .5 135 .0 8

3 + 3 3 3 .5 7 9 .5 8

3 - 4 3 9 .5 141.0 8

A u g u s t  27 S a m p le s  s e l e c t e d  f o r  th e v i s u a l  p r e s e n c e  o f  a lg ae

P l o t  No H e r b ic id e M e a n  F ix a t io n  
n g N 2 / c m ^ / h r

S ta n d a rd
d e v ia t io n

No o f  r e p l i c a t e s

22 + 5 2 0 .0 2 8 9 .5 6

9 + 5 2 .0 9 2 .5 5

6 + 3 9 9 .5 91.0 6

5 + 3 4 6 .0 2 9 2 ,0 6

3 + 126 .0 5 0 .2 6

-1 8 7 -



S e p te m b e r  1 S a m p le s  s e le c te d  fo r  th e  v is u a l  p r e s e n c e  o f a lg a e

P l o t  No H e r b ic id e  M e a n  F ix a t io n  S ta n d a r d  No of r e p l i c a t e s
n g N ^ / c m ^ / h r  d e v ia t io n

22 + 1 0 9 .4  5 6 .5  6

22 -  1 08 .5  4 8 . 9  6

9 + 1 6 .3  3 5 .0  6

9 -  1 .20  0 .7 0  6

8 + 111.8 6 8 . 9  6

8 -  0 .8 0  0 .6 7  6

7 + 1 3 2 .9  61 .6  6

7 -  116.7 8 2 .5  6

6 + 8 4 .4  2 9 .5  6

6 -  139 .5  3 8 . 4  6

5 + 7 9 .5  3 6 .2  6

5 -  6 9 . 4  4 4 . 6  6

3 + 50 .1  9 .4 5  6

3 -  5 8 .6  3 7 .4  4

-188-


