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W.D.P. STEWART ET  AL. 

i Thc S c o r t i s h  sanq les  provide good examples from a  temperate  
mritiulr clirnace and the  s i t e s  chos 5 n f o r  s t u d y  a r e  shown i n  F ig .  

1 1. A t  rdch  sampling s i t e  of 10  km , t he  fo l lowing  s o i l  c l a s s e s  

! i were s e l e c t e d ,  i f  p r e s e n t :  a r a b l e  s o i l s ,  bogland, c o n i f e r o u s  wood- 

l a n d ,  deciduous woodland, f resh-water  marshes,  g r a s s l a n d ,  heath-  I 

l&nd ,  r i v e r  banks, rock ou tc rops ,  marine rocky shores ,  marine 
I sand-dunes and s a l t  marshes. Samples were c o l l e c t e d  us ing  a  

s t e r i l e  cork-borer,  o r  s t e r i l e  s c a l p e l ,  t r a n s f e r r e d  t o  s t e r i l e  
c o n t a i n e r s  and r e t u r n e d  t o  the  l a b o r a t o r y .  They were  then  

mois t sn id  v i t h  n i t rogen- f ree  medium ( 2 )  and incuba ted  f o r  2 - 4 
weeks i n  p = c r i  d i s h e s  a t  3000 lux  and 25 '~ .  Table 1 shows t h e  
a lga* vh ich  predominated i n  t h e  v a r i o u s  samples a t  t h e  end of 
t h i s  pe r iod .  9oscoc cornmcne was t h e  most common h e t e r o c y s t o u s  
a l p  p r e s s n c ,  wi th  Calothriz dominat ing i n  t h e  rocky shore  
1 s .  OsciZZatoria tenuis was t h e  most common non- 
heterocyhcous form and i n  maritime marshy a r e a s  Nodutaria 
z 2 ~ r i g e r a  and CZoeocwaa were p a r r i c u l a r i y  common. 

Fig. 1. Map of Scot land showing t h e  major sampling a r e a s  (0).  

NITROGEN FIXATION BY SOIL ALGAE 

, J 
TABLE 1 

The dominant a l g a e  d e t e c t e d  i n  a l g a l  samples from the  v a r i o u s  
h a b i ~ d t u  ; I I  ;~,,r.land o f c e r  i n c u b a t i o n  of samples i n  nitrogen-frca 
medium, a t  2 5 0 ~  and 3000 l u x  f o r  2 - 4 weeks. 

H a b i t a t  Dominant a l g a l  genera  

Arable  land 

Acid bogland 

Coniferous  woodland 

Deciduous woodland 

Freshwater  marsh 

Pernuncut  g r a s s l a n d  

Heathland 

Riverbanks 

Rock ou tc rops  

Marine rocky shores  

Sand dunes 

S a l t  marshes 

Nostuc, Anabaena, CyZindrospernncm, 
Osci I Zato~La 

O s ~ < l Z a t o ~ ~ a ,  Ardaena, Lyngbga, 
Nostoc 

G s ~ ~ t k z t o r i a  

NQS toc 

Osci Zlatoria, Phonnidium, Nosac, 
Anabaena 

Nos toc, Ouc-lZ Zatoz*ia, Lyngbya, 
Au?osira, Anabaena, Phormidiun 

Nos toc 

Osci ZZatoria, Noetcc, Phorrrridim 

Anabaena, Anabaenopsis, Nostoc, 
Pkomridiwn, OsciZZatoria, Lyngbya 

Nostoc, Anabaena, Lyngbya, 
Osci Llatoria 

Phorrrridiwn, OscilZatoria, Lyn,->?a, 
Allcbana, Nc:foc, No& laria,  
GZoeocapsa 

S t u d i e s  on Nige r i an  a l g a e  were concerned with  those  which 
occur red  a s  s o i l  c r u s t s  ( P l a t e s  1 and 2 ) .  F i f t y  sampling s i t e s  
were chosen and t h e  major ones a r e  shown i n  Fig. 2 .  These cover 
the  5 main types  of savanna found i n  t h e  country (de r ived  savanna, 
Southern Guinea savanna,  Northern Guinea savanna, Sudan savanna 
which covers  about  two-thi rds  of a l l  savanna land i n  N i g e r i a ,  and 
Sahel  savanna) a s  we l l  a s  t h e  predominant ly  f o r e s t e d  a r e a s  of the  
south-west of t h e  country .  There i s  a  decrease  i n  r a i n f a l l  from 
the  south-west where t h e  r a i n y  season l a s t s  f o r  about 11 months, 
t o  t h e  nor th-east  where t h e  r a i n y  season l a s t s  only f o r  about  
t h r e e  months and where the  s o i l s  a r e  extremely d ry  f o r  most of the  



W.D.P. STEWART ET AL. 

? l a c e  1. S 3 i l  c r u s t s  i r o n  X i g e r i a  (x 0.18). 

3 1  - a L  - -  2 .  S o i l  c r u s t  f r s =  S i g e r i a  showing a  g e l a t i n o u s  blue-green 

a1621 =c (x 0.9) .  

P l a t i  3 .  Ligh t  n icrograp 'n  o f  a  :;oazcc sp  from a  N i g e r i a n  s o i l  
c r u s t  (s 2 7 3 ) .  

NlTROGEN F!XATION BY SOIL ALGAE 

y e a r  ( s e e  15 ) .  The d i v e r s i t y  of  s o i l  t y p e s  i n  N i g e r i a  i s  greac  
b u t  most a r e  f e r r u g i n o u s  f e r r a t i t e s  and,  a p a r t  f r o n  a r e a s  where 
t h e r e  a r e  i r o n  pans ,  t h e  s o i l  can  u s u a l l y  suppor t  good a l g a l  
c r u s t s  when m o i s t u r e  is  a v a i l a b l e .  La rge  a r e a s  of  savanna a r e  
b u r n t  a n n u a l l y  and blue-green a l g a e  deve lop  p rominen t ly  i n  open 
a r e a s  a f t e r  t h e  s t a r t  o f  t h e  r a i n y  s e a s o n  ( s e e  15) .  They a r e  
l e a s t  abundant  i n  t h e  d r y  Sahel .  

On d i r e c t  m i c r o s c o p i c a l  examinat ion of t h e  s o i l  c r u s t s , i c  was 
found t h a t  a l l  were dominated by one a l g a l  genus Scytomnia, 
t o g e t h e r  v i t h  s m a l l  q u a n t i t i e s  of non-heterocystous  O s c i l l a c o r i a c e a s .  
and o c c a s i o n a l l y  w i t h  s p e c i e s  of  Tclypoth~~z and /o r  floszoc ( P l a t e  
3). The Sojtonem ( P l a t e s  4-6) shows t y p i c a l  f a l s e  b ranch ing ,  
fiumerous h e t e r o c y s c s  and f r e q u e n t l y  brown, b l a c k i s h ,  o r  o c h r e ,  
t h i c k  muci laginous  s h e a t h s  ( see  e .g .  P l a t e  6 ) .  The p resence  a i  
one dominant a l g a  o n l y  i n  Nige r i an  s o i l  c r u s t s  c o n t r a s t s  w i t h  ou r  
f i n d i n g s  f o r  S c o t t i s h  s o i l s  where s p e c i e s  d i v e r s i t y  i s  g r e a t e r  
and where Nostoc is  u s u a l l y  t h e  dominant h e t e r o c y s t o u s  a l g a .  

Fig .  2 .  Map of  N i g e r i a  showing t h e  ma jo r  sampling a r e a s  (a) and 
t h e  d i f f e r e n t  savanna zones.  
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TABLE 3 

W.D.P. STEWART ET AL. 

Acetylene r e d u c t i o n  by a l g a l  c r u s t  samples f rom v a r i o u s  h a b i t a t s  
i n  Nige r i a  

Mean r a t e  Maximum r a t e  
o f  C ~ H J  of  C2H2 

Area reductron-2 reduct ion-2 
(nrnoles cm h ) (nmoles cm h ) 

Sithe1 savanna 2 . 0  10.0 

Sudan sdvanna 0 . 6  1 5 . 2  

I ;o r t i~ r  rn  Guinea savanna 5 .7  29.7 

Suuchern Guinea savanna 9.2 23.7  

Derived savanna 10.6 2 4 . 5  

F o r e s t  11.2 7 6 . 4  

Fig. 3. Light-dependent a c e t y l e n e  r e d u c t i o n  by St igonema 
panmforme a t  2 5 ' ~  and 3000 lux.  The a c e t y l e n e  
r educ t ion  a s s a y  p e r i o d  was 60  min. 

NITROGEN FIXATION BY SOIL ALGAE 51 

T e s t s  f o r  n i t r o g e n a s e  a c t i v i t y  by Stigonerna were c a r r i e d  ou t  
i n  t h e  l a b o r a t o r y  by weighing o u t  d i f f e r e n t  q u a n t i t i e s  o f  a lgae  
c o l l e c t e d  d u r i n g  t h e  d r y  s e a s o n ,  w e t t i n g  t h e s e  and then  t e s t i n g  f o r  
l i gh t -dependen t  n i t r o g e n a s e  a c t i v i t y  24 h l a t e r .  As F ig .  3 shows 
n i t r o g e n a s e  a c t i v i t y  i n c r e a s e s  w i t h  i n c r e a s e  i n  a l g a l  biomass 
i n d i c a t i n g  t h a t  t h e  a l g a  i s - . a  N2-f ix ing s p e c i e s .  No d a t a  were 
o b t a i n e d  on t h e  q u a n t i t a t i v e  s i g n i f i c a n c e  o f  t h i s  a l g a  i n  the  f i e l d .  

ENVIRONMENTAL FACTORS AFFECTING NITROCENASE 
ACTIVITY BY ALGAE 

I n  n a t u r a l  ecosys t ems  N2-fixing a l g a e  a r e  s u b j e c t e d  t o  a  
v a r i e t y  o f  extreme and o f t e n  r a p i d l y  f l u c t u a t i n g  environmcncitl 
c o n d i t i o n s  (18,32).' Among t h e  environmental parameters  whictl a r e  
i n p o r t a n t  a r e  pH, t e m p e r a t u r e ,  l i g h t ,  m o i s t u r e ,  and n u t r i e n t s  o t h e r  
than  n i t r o g e n .  The e f f e c t  o f  v a r i a t i o n  i n  t h e s e  on t h e  
n i t r o g e n a s e  a c t i v i t y  o f  t h e  v a r i o u s  s o i l  a l g a e  a r e  p r e s e n t e d  
be low. 

Blue-green a l g a e  a r e  c h a r a c t e r i s t i c  o f  n e u t r a l  and s l i g h t l y  
a l k a l i n e  s o i l s ;  t h e y  a r e  l e s s  common i n  a c i d  s o i l s  and a r e  r a r e l y  
a c t i v e  i n  pu re  c u l t u r e  a t  pH l e v e l s  below 5. Data on t h e  e f f e c t  
of  pH on a l g a e  from S c o t l a n d ,  N i g e r i a  and B r a z i l  a r e  p r e s e n t e d  i n  
Fig .  4 .  It i s  s e e n  t h a t  a l l  t h r e e  t y p e s  have a  wide pH t o l e r a n c e  
w i t h  an optimum n e a r  pH 8 and w i t h  good a c t i v i t y  o c c u r r i n g  a t  pH 
10. N i t rogenase  a c t i v i t y  by t h e  S c o t t i s h  samples d e c r e a s e s  
markedly below pH 6. The t r o p i c a l  a l g a e ,  on t h e  o t h e r  hand, show 
good a c t i v i t y  even a t  pH 4. Such a l g a e  must posses s  a n  e f f i c i e n t  
pH b u f f e r i n g  mechanism because  i n  vitro t h e  n i t r o g e n a s e  enzyme 
of cyanophytes  i s  v e r y  s u s c e p t i b l e  t o  pH change o u t s i d e  t h e  r ange  
7.0 - 7 . 5  (10) .  The c a p a c i t y  of t r o p i c a l  a l g a e  t o  f i x  N2 under 
a c i d  c o n d i t i o n s  may be  a  f a c t o r  c o n t r i b u t i n g  t o  t h e i r  e c o l o g i c a l  
s u c c e s s  i n  tll;lny a r c a s .  

I Temperature 

Most b lue-green a l g a e  grown i n  l a b o r a t o r y  c u l t u r e  show 
t empera tu re  opt ima n e a r  32.5 - 3S°C, a l though  e x c e p t i o n s  o c c u r  
( s e e  32) ,  and f i e l d  p o p u l a t i o n s  may show v e r y  d i f f e r e n t  t empera tu re  
optima. Data on t h e  e f f e c t  of t empera tu re  o n  s o i l  c o r e s  from 
Sco t l and ,  s o i l  c r u s t s  f rom N i g e r i a  and St igonema from t h e  Amazon 
r e g i o n  a r e  p r e s e n t e d  i n  F i g .  5. 



W.D.P. STEWART ET A L  

g .  $. The e f f e c t  o f  pH on a c e t y l e n e  r e d u c t i o n  by (a) a  S c o t t i s h  
s o i l  Arsbaem, (b )  Scytonema c r u s t s  and ( c )  S t i g o n e m  
pcmnifbrme. The samples were incuba ted  st t h e  v a r i o u s  
pH l e v e l s  f o r  24 h  p r i o r  t o  t h e  60  min a c e t y l e n e  r e d u c t i o n  
assay.  The pH o f  t h e  medium d i d  n o t  change from t h e  
v a l u e s  g iven  by more than  0.2 pH u n i t s  d u r i n g  t h e  
expe r imen ta l  pe r iod .  . 

NITROGEN FIXATION BY SOIL ALGAE 

I--- - .I 

P i g .  5 .  'I'l~c c l i c c t  01 tc l l l l lc raeu~ '~  U I I  a c c t y  lcuc  r c d u c ~ i u r r  b y  (.I) 
S c o t t i s h  s o i l  c o r e s  dominated by Nostoc and Cyliridrooparmwr, 
(b) S c y t o n e m  c r u s t s  from N i g e r i a ,  and ( c )  St igonena 
pmrniforme from B r a z i l .  

The a l g a e  show r a t h e r  d i f f e r e n t  r e s p o n s e s  t o  temperature .  Thus, 
w h i l e  t h e  S c o t t i s h  samples reduced a c e t y l e n e  a t  O°C, t h e  t r o p i c a l  
forms showed l i t t l e  a c t i v i t y  even a t  5OC. A c t i v i t y  by t h e  S c o t t i s h  
samples ,  however, v a s  s t i l l  h i g h  a t  40°C, <al though they  had a  
t empera tu re  optimum of 15 - 25OC. The N i g e r i a n  samples ,  
s u r p r i s i n g l y ,  showed i n c r e a s e d  n i t r o g e n a s e  a c t i v i t y  w i t h  i n c r e a s e  
i n  t empera tu re  t o  40°C, w h i l e  a c t i v i t y  of Stigonzma d e c l i n e d  s t eep ly  
above 30°C. The S c o t t i s h  a l g a e  showed t h e  g r e a t e s t  r e sponse  t o  
t empera tu re  i n c r e a s e s  from 0 - lo°C, w i t h  t h e  co r re spond ing  ranges  
f o r  N i g e r i a n  and B r a z i l i a n  samples b e i n g  15  - 20°C and 20 - 2 5 ' ~  
r e s p e c t i v e l y .  There i s  t h u s  a  g e n e r a l  d i r e c t  c o r r e l a t i o n  between 
t h e  t empera tu re  responses  of t h e  a l g a e  and the  t empera tu res  a f  t h e  
h a b i t a t s  from which they were c o l l e c t e d ,  a l though  t h e  S c o t t i s h  
a l g a e  were a b l e  t o  reduce a c e t y l e n e  a t  t empera tu res  which would 
seldom, i f  e v e r ,  be expe r i enced  i n  S c o t l a n d ,  e x c e p t  p o s s i b l y  i n  
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c e r t a i n  l o c a l i s e d  s o i l  n i c h e s  f o r  s h o r t  p e r i o d s  i n  summer. 
Alexander  ( I ) ,  f o r  example, r e p o r t e d  how i n  the  A r c t i c ,  h e a t  
a b s o r p t i o n  by da rk  coloured mosses i n  summer may r e s u l t  i n  h igh  
t empera tu res  and h i g h  r a t e s  of  N2- f ixa t lon  then.  The d i f f e r e n c e  

i n  response  of  t h e  Nige r i an  and B r a z i l i a n  a l g a e  t o  h i g h  
t empera tu res  i s ,  however, unexpected.  

L igh t  

Many blue-green a l g a e  a r e  o b l i g a t e  pho toau to t rophs  r e c e i v i n g  
t h e i r  necessa ry  ene rgy  from pho tophosphory la t ion ,  some grow 
p h o c o h e t e r o t r o p h i c a l l y  a t  low l i g h t  i n t e n s i t i e s  which do n o t  
s u p p o r t  p h o t o a u t o t r o p h i c  growth, and o t h e r s  grow s lowly  i n  t h e  
d a r k  ( see  32). Data ob ta ined  w i t h  S t i g a e m  pannifome show t h e  
type  of r e s u l t  most u s u a l l y  o b t a i n e d  (Fig.  6 ) .  It i s  seer.  t h a t  
on  i n c u b a t i n g  t h i s  a l g a  i n  t h e  d a r k ,  t h e r e  i s  a  r a p i d  d e c l i n e  i n  
n i t r o g e n a s e  a c t i v i t y ,  compared w i t h  t h e  l i g h t ,  v i t h  a c t i v i t y  
c e a s i n g  a f t e r  20 h i n  t h e  da rk .  I n  s o i l  samples from Sco t l and  a  
r a t h e r  s i m i l a r  p a t t e r n  was obse rved ,  a l though  some samples showed 

luw race of dark  r~itrugcnuttc a c t i v i t y  Lor u t  1c ; lu t  24 1 1 .  
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Data were a l s o  o b t a i n e d  on t h e  r e sponse  o f  t h e  t r o p i c a l  a lgae  
t o  i n c r e a s e  i n  l i g h t  i n t e n s i t y .  I t  was Pound t h a t  b o t h  
photosyntf ies is  (02 e v o l u t i o n )  and n i t r o g e n a s e  a c t i v i t y  i n c r e a s e d  
wi th  i n c r e a s e  i n  l i g h t  i n t e n s i t y  up t o  80,000 l u x  p robab ly  because 
t h e  dark-pignented s h e a t h s  of t h e s e  a l g a e  se rved  a s  a  l i g h t  s c reen .  
Th i s  vas  l i k e l y  t o  be  t h e  c a s e  p a r t i c u l a r l y  wi th  t h e  Stigonema 
which occur red  on l i g h t  co loured  "Campina" s o i l s .  Data  on  t h e  
r e l a t i v e  l i g h t  t r a n s m i s s i o n  through a l g a l  mats o f  d i f f e r e n t  
t h i c k n e s s  were t h e n  o b t a i n e d  by f i l t e r i n g  d i f f e r e n t  amounts of  

[ S t i g o ~ r m  on to  Whatman CFC f i l t e r s ,  c l e a r i n g  t h e  f i l t e r s  i n  
Cedar Wood o i l  and t h e n  measuring t r a n s m i s s i o n  o f  l i g h t  o f  66Snm 
( t h e  a b s o r p t i o n  maximum o f  c h l o r o p h y l l  a ) .  As Fig .  7 shows, 
v i t h  i n c r e a s e  i n  a l g a l  biomass t h e r e  is, a s  expec ted ,  a  d e c r e a s e  
i n  l i g h t  t r a n s m i s s i o n  w i t h  an  a l g a l  l a y e r  l e s s  t h a n  2 mm t h i c k  
reducing l i g h t  t r a n s m i t t a n c e  by approximately  80%. Thus i n  n a t u r e  
it i s  l i k e l y  t h a t  t h e s e  t r o p i c a l  a l g a e  a d a p t  t o  t h e  p e r t a i n i n g  
l i g h t  i n t e n s i t y  by v a r y i n g  t h e i r  p igmen ta t ion  a n d / o r  by 
aggrega t ing  t o g e t h e r  t o  cause  se l f - shad ing ,  a s  Castenholz  noted 
wi th  some f i l amen tous  h o t  s p r i n g  a l g a e  ( 5 ) .  

F ig .  6. Ni t rogenase  a c t i v i t y  i n  t h e  da rk  a s  Z of  n i t r o g e n a s e  
a c t i v i t y  i n  t h e  l i g h t  by Stigonem panniforme. 
The a l g a  had been growing p r e v i o u s l y  a t  3000 l u x  and 
25OC b e f o r e  be ing  p l a c e d  i n  t h e  dark  a t  0  time. 
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Fig.  7 .  R e l a t i v e  t r a n s m i t t a n c e  o f  665 nm wavelength  l i g h t  
through Stigonema pmniforme mats.  A v a l u e  o f  200 vg 
c h l  a c o r r e s p o n d 8  approximately  t o  a n  a l g a l  l a y e r  2  mm 
t h i c k .  L igh t  vns  s u p p l i e d  by a  100 w a t t  i ncandescen t  
bu lb  p l aced  15 ca from t h e  a l g a l  mat. 
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Moisture  

Des icca t ion  o r  l ack  of moi s tu re  is  a  major f a c t o r  a f f e c t i n g  
a l g a l  g rov th  and n i t r o g e n a s e  a c t i v i t y  by b lue -g reen  a l g a e  i n  
Leuperate  (12,13,25),  t r o p i c a l  (26,37) and p o l a r  r e g i o n s  (7.14).  
However blue-preen a l g a e  wi th  t h e i r  g e l - l i k e  p ro top lasm and t h i c k  
mucilaginous s h e a t h s  a r e  a b l e  t o  abso rb  w a t e r  ex t r eme ly  qu ick ly  
vnrn i t  i s  a v a i l a b l e  and l o s e  i t  much more s lowly.  Thus a s  Fig .  8 
shows when a i r d r i e d  Stigonema p a n n i f o m e  clumps a r e  moistened 
, ~ h s y  absorb s e v e r a l  t i u e s  t h e i r  d r y  we igh t  of w a t e r  w i t h i n  60 s e c  

and Kake s e v e r a l  hour s  t o  l o s e  t h a t  absorbed wa te r  even  on 
bulbcqucnt  i n c u b a t i o n  a t  a  r e l a t i v e  humidi ty  of  40%. S i m i l a r  
r ebu l t t i  were ubtil incd wi th  ;~lg;lc  1ru111 Nige r i an  iltld S c u ~ ~ i s l ~  uui l t i .  
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Fig .  8. Uptake and subsequent  l o s s  of  wa te r  by S c y t a e m a  from 
Nige r i a  ( ) and by Stigonerrn panniforme f rom B r a z i l  
( 0 ). The samples were i n i t i a l l y  p l aced  a t  a  r e l a t i v e  
humidity of  LOX u n t i l  t hey  e q u i l i b r a t e d ,  t h e y  were then  
p laced  i n  w a t e r  a t  0 t ime and up take  o f  w a t e r  measured 
by weighing o f  s u r f a c e - d r i e d  samples  a t  i n t e r v a l s  
t h e r e a f t e r .  A f t e r  60 n i n  they  were removed from t h e  
water  and t h e  r a t e  of w a t e r  l o s s  a t  a  r e l a t i v e  humidi ty  
of 40% monitored. The t empera tu re  th roughou t  was 
25OC. 
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Fig .  9.  Time cour se  o f  a c e t y l e n e  r e d u c t i o n  a f t e r  r e w e t t i n g  a i r -  
d r i e d  samples o f  a l g a e  (Nostoc and Anabmna)from S c o t t i s h  
s o i l s  ( X ), Scytonema from N i g e r i a  ( 0 ) and Stigmrerna 
pann i fome  from B r a z i l  ( O ). The temperature  was 25%. 

The r e s u l t s  i n  F ig .  9 show f u r t h e r  than  on re-wet t ing a i r - d r i e d  
and i n a c t i v e  a l g a e ,  l i gh t -dependen t  n i t r o g e n a s e  a c t i v i t y  r e s t a r t s  
w i t h i n  24 h even i n  t h e  c a s e  o f  N ige r i an  and B r a z i l i a n  samples  
which had been k e p t  d r y  f o r  s e v e r a l  months be fo re  r emois t en ing .  
Another  f a c t o r  which may be impor t an t ,  and which has  been seldom 
cons ide red  i n  r e l a t i o n  t o  moi s tu re  supp ly  i s  t h e  r e l a t i v e  humidi ty  
of  t h e  atmosphere. Thus a s  F i g .  1 0  shows, S c o t t i s h  s o i l  a l g a e  
r e t a i n e d  under a  r e l a t i v e  humidi ty  of  97.5% s u s t a i n  a n  a c t i v e  
n i t r o g e n a s e  when o t h e r  f a c t o r s  a r e  non- l imi t ing ,  whereas a l g a e  
exposed t o  lower r e l a t i v e  h u m i d i t i e s  (87% and 75%) l o s e  t h e i r  
a c t i v i t y  wi th in  60  h. A c t i v i t y  r e c o v e r s  j u s t  a s  q u i c k l y  a s  i t  i s  
l o s t  however when the  a l g a e  a r e  subsequen t ly  r e tu rned  t o  a  h i g h  








